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ABSTRACT 
 

A seismic landmine detection system has been under development at Georgia 
Tech for several years. The system, as it is currently configured, incorporates a ground 
coupled seismic source and a radar-based non-contact displacement sensor, which is 
scanned over the soil surface to form a synthetic array that covers the minefield. In 
operation, the system detects the presence of the mine through resonant motions of the 
mine and the soil above it that are excited by the passage of the seismic wave. The system 
has been demonstrated with a variety of anti-personnel (AP) and anti-tank (AT) mine 
types in a laboratory experimental model. Work is presently underway to transition 
system testing from the laboratory to field sites. Initial testing of the system, at a site on a 
satellite campus of Georgia Tech, has been conducted in three phases. In the first of 
these, the site was characterized using coring techniques and surface-mounted arrays of 
triaxial accelerometers and geophones. This was done to identify wave types, propagation 
speeds, signal levels and thresholds of nonlinearity. In the second phase, the linear 
propagation characteristics were measured using the radar sensor. The results of both sets 
of measurements were in agreement with each other and remarkably similar to 
measurements made in the experimental model, despite widely disparate soil properties 
between these two sites. In the third phase of testing, a plastic anti-personnel mine was 
buried at the field site and detected using the system.  

 
 

INTRODUCTION 
 
 A landmine detection technique is currently being investigated at Georgia Tech. 
In this technique, surface-seismic waves (Rayleigh waves) are used to interrogate the 
near-surface layers of the earth1.  These waves are excited by a single source and the 
surface-normal-displacement component of the wave field ahead of the source is 
interrogated using a two-dimensional array of non-contact sensors.  As the surface waves 
propagate through the region of interest, they interact with buried objects such as mines 
and both naturally occurring and man-made clutter objects. The presence of the mines is 
detected, and their discrimination from clutter accomplished, due to unique displacement 
characteristics of the soil immediately above the mine. The most distinctive features of 
the soil motion over a buried mine are those associated with structural resonances of the 
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mine and the weakly supported soil layer above it2. In previous papers it has been shown 
experimentally and theoretically that the detection and imaging of both anti-personnel 
(AP) mines and anti-tank (AT) mines can be accomplished by exploiting these features3.  
 The prototype system, which has been constructed to test this mine detection 
technique, is depicted in Figure 1. The seismic source used in this system is a 100 lb. 
electrodynamic shaker coupled to the ground through a narrow foot. This configuration 
appears to preferentially excite Rayleigh waves rather than bulk shear and compressional 
waves. The sensor array is synthesized by moving a single sensor through all of the 
receiving locations using a two-axis positioner. This is done to reduce the cost and 
complexity of the system. In recent experiments, a second sensor was translated along 
with the first to mimic the interaction effects of nearest neighbors in the array. These 
have been found, as expected, to be negligible. The prototype non-contact displacement 
sensor is a novel radar-based design that has been developed in conjunction with the 
system concept4. Currently the sensor operates by illuminating the ground with an 8 GHz 
continuous signal transmitted through a corrugated horn and focused onto the ground 
with a plastic lens5,6. The signal reflected from the ground is received through the same 
antenna. Motion of the ground produces a time-varying phase modulation of this signal, 
which is extracted to deduce the dynamic displacement of the surface. The time invariant 
phase is extracted to determine surface topology and the received power is extracted as a 
measure of surface reflectivity and roughness. 

 
 
 Testing of the prototype mine detection system has revealed several interesting 
features of wave propagation in the ground that have the potential to impact system 
performance and data processing techniques. These features have been investigated in a 

Figure 1: Prototype Seismic Mine Detection System. 
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laboratory experimental model which uses damp compacted sand as a soil surrogate and 
at a field site at the Georgia Tech Research Institute Cobb County Research Facility 
(GTRI-CCRF) in a northern suburb of Atlanta.  The model, which has been described in 
detail in previous papers1, offers a relatively compliant medium in which mines can 
easily be buried and the surrounding material recompacted for a reasonable degree of 
homogeneity. The field site offers a set of conditions diametrically opposed to those of 
the experimental model. The soil at the site is a well-weathered mixture of clay, silt, and 
sand with a much higher concentration of fine particles than the experimental model. A 
site survey indicated that the surface soil would provide a sufficient foundation for the 
construction of a five-story building. Small excavations indicate that burial of a mine in 
this soil is quite difficult. It is therefore unlikely that the detection of buried mines will be 
required in appreciably stiffer soils.  The investigations in both the model and the field 
site have included measurements with the radar and with ground contacting sensors such 
as geophones and accelerometers. The phenomena observed with these devices include 
two measurable surface wave modes that propagate at lower velocity than the sound 
speed in air, linear and nonlinear dispersion of the measured waves, harmonic generation, 
nonlinear saturation, amplitude dependent group velocities, and resonances of the mine 
and soil system which can be used as detection cues. 
 
 

MEASUREMENTS WITH GROUND CONTACTING SENSORS 
 
 Measurements of the normal surface motion and motion in the two in-plane 
directions that are inaccessible with the radar sensor have been accomplished using 
triaxial geophones and accelerometers, shown in Figure 2. The accelerometers are PCB 
W356A12 quartz shear accelerometers with internal charge amplifiers. Since they are 
cubical and roughly 1.4 cm on a side, they are much smaller than a seismic wavelength 
over the entire frequency range of interest for the mine detection problem (<1 kHz). Their 
sensitivity (100 mV/g) and internal noise specifications (<2x10-3g) indicate that they 
provide comparable sensitivity to the radar sensor (~1 nm in with a 1 Hz resolution band) 
down to about 200 Hz. There is a 12-dB/octave relative degradation below 200 Hz and a 
corresponding improvement at higher frequencies. The geophones are 10 Hz resonant 
Sensor Nederland SM-7 types. These offer flat velocity response from just above the 10 
Hz cutoff frequency of the radar sensor to about 300 Hz. Two different array 
configurations were used for the ground contacting sensors in the laboratory model and at 
the field site, shown in Figures 3a and 3b, respectively. The model configuration involved 
two linear arrays of eight accelerometers that spanned a distance of two meters away 
from the source. The first of these arrays was equally spaced just below the surface of the 
ground. The second was located 21 cm directly below the first. The limited extent of this 
arrangement was dictated by the size of the model, however the ease with which the soil 
surrogate could be disturbed and replaced in the model permitted the installation of the 
deeper array, which was not possible at the field site. The field-site array was laid out in a 
line along the surface and involved both accelerometers in the near range of the source 
and geophones located further away. This was done to exploit the bandwidth of both 
types of sensors given the frequency dependence of the propagation loss.  



Proceedings of the Bouyocous Conference on Agroacoustics, Fourth Symposium, 
The University of Mississippi, National Center for Physical Acoustics, May 6-9, 2002 

4 

  

 

 
Data acquired in the experimental model indicate the presence of two surface-

guided wave types that express themselves in substantial vertical motion within the 
region of interest (<2 m from the source). These can be seen in the graphs plotted in 
Figure 4; the displacement has been plotted as both a time history and in a pair of 
hodograms of particle motion for the most distant points in both the surface and the deep 
arrays. The polarity indicator reflects the sign of the measured angle between the velocity 
vector and the acceleration vector; positive values have been arbitrarily assigned to 
counter-clockwise motion.  From this figure, it can be seen that the first motion at the 

Figure 2: Triaxial Geophone and Accelerometer 
 

Figure 3: (A) Sensor Array Installed in the Laboratory Experimental Model, (B) 
Sensor Array Installed at the Field Test Site. 
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surface is prograde elliptical and this is followed by a larger amplitude retrograde 
elliptical motion. The first arrival is consistent with published predictions and 
observations for a leaky surface wave that satisfies Rayleigh’s equation7,8, but sheds 
energy into a plane shear wave and therefore decays rapidly with propagation distance. 
The second arrival is consistent with a classical Rayleigh wave in which all of the energy 
is confined near the surface. At the point 21 cm below this measurement, the first motion 
can be seen to be linear along an axis directed away from the source. This motion 
precedes the surface motion and is therefore consistent with a bulk compressional wave 
(P-wave), which is the fastest anticipated wave type and is longitudinal in nature. This 
arrival appears to have traveled with a speed of approximately 200 m/S, which is 
consistent with published measurements of P-wave velocity in sand9. At times concurrent 
with the measurement of retrograde motion at the surface, the deeper accelerometer 
exhibits prograde motion, further confirming this arrival as a classical Rayleigh wave. 
 

 
At the field-test site, the soil was extremely well compacted which made the 

installation of a subsurface accelerometer array unfeasible. Figure 5, therefore, shows 
only a surface measurement of the particle motion at the field site. It is apparent from this 
measurement that the field site is similar to the experimental model in that the signal is 
characterized by a prograde first arrival followed by a retrograde second arrival. The 
relative amplitude of the first arrival (as compared to the second arrival) measured at the 
field site is much greater than that observed in the experimental model. This supports the 

Figure 4: Particle Motion Measured in Experimental Model (A) at X=208 cm, Z=1cm 
and (B) at X=208cm, Z=21cm 
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conjecture that, because of the length scales involved, the prograde wave may play an 
important role in the landmine detection problem8. The reason for the large contribution 
of the prograde wave may be that soil stratification impedes the radiation of the bulk 
shear wave, which is locked to the prograde wave, thereby reducing the prograde wave’s 
decay rate. It is possible to compute the propagation speeds of each of these wave types 
by tracking both corresponding phase points and points of polarity reversal for the 
particle motion across the array. Both of these techniques give similar results of roughly 
270 to 310 m/s for the faster prograde wave and about 135 m/s for the slower retrograde 
wave. These numbers are about 70% and 40% higher than the corresponding wave speeds 
measured in the experimental model10, which is consistent with them being waves of 
similar type propagating in the stiffer medium of the field site. 

 
There are three observable sources of nonlinearity in the model and at the test site: 

source and source-to-surface coupling, propagation path nonlinearities (i.e. the properties 
of the medium), and nonlinearities that arise at local inhomogeneities such as buried 
mines or clutter objects. It is possible that the ground-coupled sensors themselves act as 
local inhomogeneities in this regard, however it is impossible to isolate this effect from 
the propagation path without co-located simultaneous measurements (which were not 
made during these field experiments).  Propagation path and inhomogeneity induced 
nonlinearities are important with respect to the mine detection problem. Source 
nonlinearities are largely incidental to this problem because they can be suppressed by 

Figure 5: Particle Motion Measured at the Field Site 
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either a redesign of the source or a renormalization of the data to a fixed point in the 
field. Figure 6a shows data taken in the experimental model that depict many of the 
salient features of propagation path nonlinearities observed in the ground. Some similar 
features are apparent in the data from the field site in Figure 6b, however they are far less 
pronounced in those data sets and overshadowed by other effects. In Figure 6a, data is 
shown for four locations on the surface of the ground while the source was pulsed with a 
Gaussian waveform and the amplitude was incrementally increased. Each of the depicted 
acceleration waveforms is normalized by the corresponding drive amplitude and by the 
first measured signal so that the effects of drive amplitude dependant changes in the 
impulse response will not be obscured by the dynamic range of the measurements or by 
the geometrical spreading of the measured signals. This normalization explains the 
apparent increase in noise for the signals at the lower right of the graph, since these have 
been multiplied by the largest coefficients. The signals have also been windowed in time 
to remove location-dependant propagation delays. Thus, in the absence of dispersion, 
scattering, near-field effects, and propagation path nonlinearity, all of the plotted 
waveforms would be identical. Linear dispersion, scattering, and near-field effects cause 
the shape of the waveform to change with distance at low drive levels. The extent to 
which this range dependence differs at high drive levels is indicative of corresponding 
nonlinear effects. Incipient saturation is apparent in that the normalized received signal 
appears to shrink in amplitude at high drive levels. The group velocity can also be seen to 
slow at higher drive levels. This is a quite different phenomenon from the dependence of 
phase velocity on amplitude that accompanies nonlinear steepening and shock formation 
in bulk P-wave propagation. Here it is the energy, rather than just a point of constant 
phase, that is traveling at a slower speed. Although several explanations have been 
explored for this, the most likely appears to be strong hysteresis in the response of the 
soil surrogate. If this is correct, then it is consistent with other authors’ observations and 
predictions of the slowing of shear waves in granular media11.  

The data in Figure 6b is somewhat similar to that in Figure 6a. The first 
measurement location at the field site was further from the source for logistical reasons 
and the acceleration levels were, in general, lower at the field site because the soil at the 
field was much stiffer than the sand in the experimental model. The incremental 
amplitudes used at the field site were not uniform as they were in the lab. The non-
uniform vertical spacing of the waveforms in Figure 6b represents this. Initially the drive 
signal was increased in 5 dB increments using the gain adjustment of the power amplifier 
in the drive system. A higher gain setting was ultimately reached at the field site than in 
the laboratory because no problems with dynamic fluidization of the soil close to the 
source were encountered there. Unfortunately, saturation in the power amplifier rather 
than the soil-source system ultimately limited the drive level; this was not discovered 
during the experiment. This caused the last depicted gain increment to be less than 3 dB 
and the last measured increment ,which has not been plotted, to be only a fraction of 1 
dB.  The field measurements show a general reduction in the waveform content at higher 
frequencies as the signal level is increased and a general reduction of energy in the 
leading edge of the waveform. There is no clear time separation of the leaky wave from 
the Rayleigh wave in these measurements. The leading edge effects may, therefore, 
reflect nonlinearities of the leaky wave only. There is a third arrival apparent in the data 
at 61cm that arises with increasing drive levels and is incorporated in the tail of the 



Proceedings of the Bouyocous Conference on Agroacoustics, Fourth Symposium, 
The University of Mississippi, National Center for Physical Acoustics, May 6-9, 2002 

8 

surface wave pulse as the latter appears to slow in a manner similar to that observed in 
the experimental model. This is most likely the effect of a local inhomogeneity in the 
form of a delaminated soil layer. The ground had a distinctly hollow sound near this 
second location. It may be that there was a weak bond between two soil layers, which 
ruptured at a relatively low drive level. This then produced a standing wave or a pulse 
traveling in the opposite direction. The waveforms measured at 122 cm look surprising 
linear given their causal precedents. Slight nonlinear dispersion is apparent in the shape 
of these waveforms and, surprisingly, they increase in normalized amplitude with 
increasing drive levels. Although this appears to be the inverse of the expected saturation, 
it may be explained by the constructive interference of the incident signal with the 
forward scattering from the inhomogeneity. As a group, these observations seem to 
indicate that soil inhomogeneities dominate nonlinear effects at the field site for the range 

Figure 6: Acceleration in Response to a Pulse excitation Measured at 4 locations with Varying 
Drive Levels in (a) the Experimental Model and (b) the Field Site 
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of accelerations and frequencies that were explored. 
 The generation of overtones of an excitation signal is a common feature of 
nonlinear systems. This has been observed and reported in previous papers on 
measurements of high frequency propagation in sand. Figure 7 depicts the measured 
response of a vertically-sensing accelerometer located 46 cm from the source at the field 
test site. The response is quite similar to previously reported measurements10. The 
excitation signal was a 15 second long chirp that was linearly swept upward in frequency. 
In the absence of nonlinearities, only the lowest diagonal line, which depicts the spectral 
content of the drive signal, would be present. Each of the steeper diagonal lines 
represents a specific set of overtones of the excitation signal. Nine of these harmonics are 
visible in the 60 dB of dynamic range that is available above the broadband noise floor. 
Their amplitudes relative to the fundamental component are smaller than the overtones 
measured in sand at similar drive levels. This indicates that the soil at the field site can 
support higher stresses within the linear regime. The strong 2 kHz background apparent 
in Figure 7 is due to electromagnetic interference from a nearby radar system and is 
neither a true component of the seismic noise floor nor a measurement artifact. Harmonic 
generation is a matter of concern for many signal processing schemes under consideration 
for the mine detection system because these employ linear pulse compression algorithms. 
For example, one of these schemes involves convolving a transfer function measured 
using a long duration signal with a more temporally discrete waveform. In this scheme, 
overtones in the original data produce phase errors and out-of-band components in the 
computed transfer function; this results in artificial noise after the pulse compression.  

Figure 7: Spectragram of Frequency-Swept Chirp Measurement at Field Site 
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PROPAGATION MEASUREMENTS WITH THE RADAR SENSOR 

 
 To detect propagating elastic waves without disturbing the soil to be studied, the 
radar sensor is scanned over the region of interest using a three-axis, computer-controlled 
positioner.  The current radar sensor5,6 uses a corrugated horn antenna with a focusing 
lens to allow a standoff distance of 20 cm from the ground.  Thus, variations in the 
surface profile can be accommodated during measurements.  The radar sensor has a 
sufficiently large spot size (approximately 4cm) to detect surface displacements caused 
by propagating elastic waves and their interactions with buried objects such as land mines 
and clutter.  Displacements as small as 1 nm can be measured using the radar sensor. 
 Measurements made in the experimental model and at a field test site using the 
radar sensor show similar wave propagation characteristics.  In Figure 8, waterfall plots 
of the measured surface displacements are shown for data from the experimental model 
and the field test site.  Each trace represents the measured surface displacement as a 
function of time at a given location in the scan region.  The bottom trace represents the 
measurement made closest to the elastic wave source while the top trace represents the 
measurement made farthest from the elastic wave source.  Measurements were made over 
a 1.2 m distance with 1 cm between measurement points.  In Figure 8a, the dominant 
surface wave is the Rayleigh wave, which is propagating at 96 m/s; the Rayleigh wave 
propagates at speeds ranging from 80 to 100 m/s in the damp, compacted sand of the 
experimental model.  There is also a leaky surface wave7 apparent in the data; the leaky 
surface wave typically propagates between 180 and 200 m/s in the experimental model.  
In Figure 8b, a measurement made in a soil mixture of sand, silt, and clay at the field test 
site shows the propagation of surface waves.  The propagation speeds determined from 
this waterfall ranged from 186 m/s on the leading edge to 125 m/s on the trailing edge of 
the waves.  Although multiple wave types propagate in the soil, it is difficult to 
distinguish the individual waves using only a surface displacement measurement.  The 
ground is a very complicated medium with layering of soil types, inhomogeneities, and 
multiple possible modes of propagation, which can make identification and separation of 
individual wave types difficult.  However, from the accelerometer measurements 
previously described, the trailing edge has been identified as the Rayleigh wave. 
 
 

MINE DETECTION EXPERIMENTS 
 
As the intended application of this research is in the area of buried land mine 

detection, several experiments have been done to assess the ability of the radar to detect 
buried land mines in the experimental model and at the field site.  Both AP and AT mines 
have been detected successfully in the presence of buried clutter (i.e., rocks, sticks, and 
cans) and surface clutter (i.e., pine straw).  In the measurements shown in Figures 9 and 
10, a TS-50 AP mine was buried 1 cm below the surface in the middle of the scan region 
(60 cm from the front of the scan region in the experimental model, 50 cm from the front 
of  the  scan region at the field site).   One-dimensional  scans  over  the  buried  mine  are 
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Figure 8: Experimental Measurements of Rayleigh Wave Propagation (a) in the 

Experimental Model and (b) at the Field Test Site Using the Radar Sensor. 
 
 

 
Figure 9: Experimental Measurements of Rayleigh Wave Interaction with a Buried Anti-
Personnel Land Mine (a) in the Experimental Model and (b) at the Field Test Site Using 

the Radar Sensor. 
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shown in Figure 9 for the experimental model and the field site.  Both measurements 
were conducted over a 1.2 m distance but with 1 cm spacing between measurement 
points in the experimental model and 2 cm spacing between measurement points at the 
field site.  The surface waves are similar to the propagating waves shown in Figure 8 but, 
in this case, interact with the buried mine causing scattered waves and resonant 
oscillations of the mine and soil system.  In Figure 9a, the resonance of the mine and soil 
system can be seen to last for several cycles after the elastic waves interact with the mine.  
In Figure 9b, the resonance effects do not last as long and there is an apparent change in 
propagation speed before and after the interaction of the elastic waves with the buried 
mine. 

Images formed from two-dimensional scans of the same minefields in the 
experimental model and at the field site are shown in Figure 10.  For these measurements, 
the radar was scanned over a 1.2 m by 0.8 m region, which is shown in the images.  The 
image processing algorithm used to form these images involves separation of the forward 
and reverse propagating waves to determine the reflected and scattered energy from 
buried objects.  The energy in the reverse-propagating waves is then used as a weighting 
factor to improve the resolution of the image.  In both images of Figure 10, the AP mine 
can easily be seen.  Buried clutter such as rocks, sticks, and man-made objects can be 
detected using this imaging method but their response is smaller than that of buried 
mines.  An intermediate step in the image processing algorithm is the determination of 
the propagation speed of the Rayleigh wave, the dominant surface wave.  For the 
measurement at the field site, the propagation speed of the Rayleigh wave was found to 
be 135 m/s, which is in close agreement with measurements made with the surface arrays 
of accelerometers. 
 
 

CONCLUSIONS 
 
 The propagation of high frequency seismic waves has been studied in a laboratory 
model and at a field test site. Similar phenomena in both the linear and nonlinear regimes 
were observed at both of these locations. A prototype mine detection system was tested 
and proven to be effective in locating a buried antipersonnel mine at both sites without 
modification to account for the differing ambient conditions. Further study of both the 
mine detection system and the soil properties at this site and others is warranted in order 
to test the capabilities and limitations of the system and to optimize its design.  
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Figure 10: Images of Buried Land Mine Detection (a) in the Experimental Model and (b) 
at the Field Test Site Using the Radar Sensor. 
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