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ABSTRACT 

A n atmospheric sound wave can couple with the poroelastic ground, resulting 
in ground motion. This is the phenomenon of acoustic to seismic coupling. 
Previously, ground velocity was measured using geophones. We report 
vertical ground velocity measurements made with a modified off-the-shelf 
laser-doppler vibrometer (LD V). The measurements are difficult because 
high atmospheric sound pressure levels of ~, 100 dB relative to 20 I~PA are 
necessary for good signal-to-noise in the acoustic-to-seismic coupling ratio 
measurements; the LD V also couples with the sound field above the ground. 
We report good agreement among geophone and LD V measurements of 
vertical ground velocity for an impulsive atmospheric sound source. A 
continuous wave sound source was used to measure the transfer function of the 
LD V system for frequencies in the range 100-500 Hz. 

I I N T R O D U C T I O N  

An atmospheric sound source can couple energy into the earth in the form of  
ground motion. One might assume that the induced ground motion would 
be negligible because of  the large impedance mismatch between air and 
earth. However,  in some areas, the near-surface layers of  the ground are 
made porous  by weathering and by plant growth. The propagat ion speed of  

* This work was presented at the ll7th Meeting of the Acoustical Society of America 
(J. Acoust. Soc. Am. Suppl. 1, 85 (1989) $82). 

279 
Applied Acoustics 0003-682X/90/$03.50 © 1990 Elsevier Science Publishers Ltd, England. 
Printed in Great Britain 



280 IV. Patrick Arnott, James M. Sabatier 

shear and longitudinal waves in these outermost unconsolidated layers can 
be much less than the speeds deeper in the earth, even less than the 
propagation speed in air in many cases. Thus, although the density of air and 
earth are quite different, it is reasonable to expect induced seismic motion. 

The ratio of induced earth-particle velocity (seismic motion) to 
atmospheric sound pressure has recently been studied in detail, t-3 
Comparisons of acoustic-to-seismic coupling in summer and winter (over 
snow covered ground) have been made.'* In these experiments, sound 
pressure at the surface was measured with a microphone. Vertical seismic 
motion was measured with a geophone. Our current work has demonstrated 
the feasibility of  using a laser-doppler vibrometer (LDV) for measuring 
surface vertical seismic motion. To use the LDV successfully, the LDV must 
not move when ground motion is excited. If the LDV system moves, the 
optical path length changes between the reflecting surface and the 
photodiode inside the LDV unit. This is a false LDV signal and must be 
avoided. When ground motion is excited acoustically (that is acoustic-to- 
seismic coupling) the LDV system can be coupled into both the acoustic 
wave and ground motion, thus giving incorrect results. The main 
experimental problem was decoupling the LDV system from ground motion 
and the atmospheric acoustic wave. 

Acoustic-to-seismic coupling can complicate seismic waveforms in 
exploration geophysics. Geophone signals from an airborne acoustical 
pulse, arising from the source of ground vibration, can easily be identified on 
a seismic trace by their arrival times. However, these signals can overlap with 
signals from waves travelling in the earth. Knowledge of acoustically 
induced seismic motion can thus aid interpretation of seismic records. 
Acoustic waves can be used in principle as a source of ground motion for 
small scale layering studies of the near surface unconsolidated ground 
structure. A short acoustic pulse results in a 'ringing' ground motion due to 
the multilayered nature of the earth and the interference of shear, 
longitudinal and surface waves. The length scale of interest is the first 10 m 
which typically has propagat ion velocities less than 1000m/s for 
unconsolidated ground. Seismic surveys over these scales are of interest to 
civil and agricultural engineers. In atmospheric sound propagation, the 
ground surface is routinely modeled as a rigid porous medium. This 
approximation is appropriate for high frequencies, but for frequencies 
below 500Hz it is conceivable that acoustic-to-seismic coupling could 
influence ground impedance. Seismic arrays can be used to record ground 
motion resulting from man-made 5 and natural 6 atmospheric explosions 
and sonic booms. 

In the present study, ground motion was excited with atmospheric 
acoustic sound from both an impulsive source and a continuous wave 
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speaker source. Vertical ground velocity was measured with geophones and 
compared to that measured with the LDV system. Smaller geophones used 
were calibrated by attaching them to a vibration exciter and measuring their 
response with the LDV. The experiment is described in Section 2. 
Experimental results are presented in Section 3 and discussed in Section 4. 
Concluding remarks follow. 

2 EXPERIMENT 

2.1 General discussion of the experimental arrangement and instruments used 

The experiment was done on a fiat open field of roughly 10 5 m 2 area, the UM 
test site. The outermost layer of the earth was a clay soil with physical 
properties given in Table 1 of Ref. 7. Surface vegetation was scraped away. 

The acoustic sources used in the experiment (Fig. 1) were either an 
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Fig. 1. (a) Experimental arrangement for measuring the acoustic-to-seismic coupling. 
Either the propane cannon or the speaker system was used as acoustic sources. (b) The laser 
beam from the laser doppler vibrometer can be focused on the geophone or on the surface of 

the earth to measure vertical velocity. 
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impulsive propane cannon or a specially-designed speaker system. The 
cannon (speaker) was 200 m (20 m) from the ground point of  interest. The 
barrel of  the cannon was elevated about 30 ° from the horizontal so that 
sound was incident at a near-grazing angle at the point of  interest. The 
cannon impulse has a peak pressure of  137dB and a period of 4ms as 
measured by a surface microphone 20m from it. 7 A representative 
microphone response to the propane cannon at 200 m from the microphone 
is shown in Fig. 2(a). Figure 2(b) is the magnitude of  its Fourier transform. 
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Fig. 2. (a) Time and (b) frequency response of  the microphone in Fig. I to the propane 
cannon pulse source. (c) Frequency response of the microphone to the speaker system source. 
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The speaker system consists of four independent vented boxes, each of 
internal volume 725 liters, and stacked two over two. The speakers are 
ported to raise the low frequency response. An 18-in Peavey driver is 
mounted on the front face of each box. Figure 2(c) is a representative 
microphone response to the speaker system 20 m from it. The center of the 
speaker system was approximately 2-5 m above the ground so that sound 
was incident at approximately 83 ° from the ground normal. 

Geophones used were either a 2 Hz resonance frequency Marks Products 
Vertical L4 geophone or 10Hz resonance frequency Marks Products 
Vertical L21 geophones. These geophones were buried so that their tops 
were flush with the earth's surface. The total force on the geophone is equal 
to the elastic stress tensor integrated over the entire area of the geophone. 8 
The LDV was arranged to measure the vertical velocity of the point (either a 
geophone or soil parcel) upon which it was focused. A detailed discussion of  
the LDV will be given in the next section. Physical properties and 
sensitivities of the geophones used and the LDV are given in Table 1. 

The microphone used was an AKG C 4 6 0 B + C K  62-ULS. From the 
product literature, the microphone sensitivity is 8 mV/PA at 1000 Hz and the 
frequency range is 20-20 kHz, + 1 dB. A Hewlett Packard Dynamic Signal 
Analyzer, model number 3562A, was used as an FFT analyzer. The 3562A 
also has a source output  which was used to drive an audio power amplifier 
with a sine wave of frequency ranging from 10 to 500Hz. The power 
amplifier was connected to the speaker system. 

The L21 geophones were calibrated in the laboratory. The geophones 
were attached to a B& K Type 4809 vibration exciter with epoxy glue. The 



284 W, Patrick Arnott, James M. Sabatier 

TABLE 1 
Dimension and Sensitivity of Geophones and the LDV 

Marks products Marks products Dantec 
L21A geophone L4 geophone LDV 

Physical shape Cylinder Cylinder 
Height (cm) 2.7 11-5 
Diameter (cm) 2.2 7-6 
Resonant frequency (Hz) 10 2 
Sensitivity (V/m/s) 17.9 266 

Minimum detectable vibration 
amplitude (m) (I0 Hz-750 kHz) 

3 161 
961"5 
316-1 

lO-S 

vibration exciter was driven by the HP 3562A analyzer over the frequency 
range of  100-500 Hz. The LDV was used to provide a known value for the 
velocity of the geophone; the laser beam was reflected from the top of the 
geophone. The central assumption is that the vertical velocity of the 
geophone casing is directly proportional to the electrical voltage output  at 
the geophone terminals. The voltage output  from the geophone was 
converted to a velocity at a given frequency using the relation 

Lc* VL 

vo 
where G c and Lc are the geophone and LDV calibration factors. The voltage 
output  of the LDV and geophone are V L and V G, respectively. LDV 
calibration factors for several different settings are given in Table 1. In this 
relation, volts are corrected to account for gain on any intermediate 
amplifiers. Tektronix AM 502 differential amplifiers were used to amplify 
the geophone signals. 

2.2 Modifications of  the L D V  for use in acoustic-to-seismic measurements 

The basic LDV system used was a Dantec model 55X laser vibrometer. The 
laser used is a single transverse mode, multi-longitudinal mode helium-neon 
laser of wavelength 633 nm and power output  10 mW. The probe beam is 
focused by the camera lens to the general vicinity of the vibrating reflection 
surface of interest. Reflected light is doppler shifted by an amount  

v ' = v ( 1  2v(t)'n)c 

where v is the laser beam frequency, c is speed of light in air, and v(t). n is the 
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component  of surface velocity parallel to the probe beam's incident 
direction. The received light from the probe beam is heterodyned with a 
reference beam in the vibrometer unit. For the purposes of the present  
discussion, the vital information is that the analog output  of the LDV is a 
voltage proportional to the instantaneous velocity v(t).n. Ranges of the 
proportionality factors are given in Table 1. Several ranges are used to 
accommodate vibrations of a wide variety of amplitudes and frequencies. 

Several factors influence the quality of the LDV response. It is desirable to 
have the LDV stationary. The camera lens mounted on the LDV unit before 
the mirror assembly in Fig. l(b) is used to improve the signal-to-noise; it is 
most desirable that the probe beam samples a single speckle on diffusely- 
reflecting surfaces. To improve the heterodyne detection efficiency, the 
optical path length traversed by the probe beam should be an integral 
number of twice the laser-tube length. When this length criteria is met, 
maximum coherence occurs among reference and probe laser beams. 

Structural modifications of the LDV were necessary to make it a useful 
instrument for acoustic-to-seismic coupling measurements. The acoustic 
pressure wave imparts a force on the LDV equal to the product of its mass 
and acceleration. Thus to minimize LDV motion, the LDV should be 
massive and rigid. The stock LDV support base has been replaced by an 
aluminum bar of dimensions 3 cm × 9cm × 100 cm. The LDV is attached to 
a 9 cm x 100 cm face of the aluminum bar. This was done so that the camera 
lens and laser tube could be rigidly attached to the aluminum bar to 
minimize acoustically-induced torques on the LDV. A second triangular 
support was installed between the LDV and the aluminum base to prevent 
rocking. Note that the LDV was placed on an optics table, which was placed 
on a sheet of plywood. Mass loading of the optics table was provided by four 
cement-filled concrete blocks which were attached to the legs. All cables 
leading to and from the LDV were taped to the optics table to minimize 
coupling to wind motion or the acoustic wave. Vibrational isolation springs 
were mounted between the aluminum bar and the optics table. The springs 
have a 2Hz resonance frequency when loaded with 351b. Additional 
vibration isolation between the LDV and the ground was provided by 
standard air bags on the optics table. The bags are located directly beneath the 
flat horizontal surface of  the optics table, between the table and the legs. 
The LDV was horizontal relative to gravity. A mirror was mounted at an 
angle of 45 ° at the end of the aluminum bar to reflect the LDV probe beam to 
the surface of the earth as shown in Fig. l(b). 

Our decisions about LDV modifications were made because of the 
following observations. First, the impedance of the LDV and its supports 
should be much greater than the same product for the ground so that LDV 
response to atmospheric sound would be much less than that of the ground. 
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Second, the maximum velocity amplitudes of the ground motion in the 
present study were about 120#m/s at roughly 100 Hz. The lowest velocity 
amplitude that the LDV can measure on its most sensitive scale is 1 ~m/s. We 
would like to resolve 5-10/~m/s in our measurements. The ground vibration 
we wish to measure is within the useful range of the LDV, but extraneous 
signals need to be kept to a minimum. 

We initially tried mounting the LDV on a high quality telescope tripod 
instead of the optics table. Two stages of vibration isolation were used, one 
set of springs between the ground and the tripod, and another set of springs 
between the tripod bench and the LDV. We were unable to achieve adequate 
agreement among geophone and LDV measurements of ground velocity 
using the tripod system. 

During data acquisition, the probe of the LDV is focused on a small 
volume of the earth. If this small volume happened to be disconnected from 
the rest of the media, the data acquired would be suspect. On well packed 
soil, this has not been a problem. The soil surface can be manicured with a 
straight edge to be horizontal so that scattered light follows the path of 
incident light. However, it is possible for certain soils to be quite loose. To 
avoid this problem, a cylinder with a flat top covered with retro-reflecting 
tape could be pushed into the ground. The probe beam could then reflect off 
the cylinder instead of the surface of the earth. The cylinder density should 
be the same as the soil under consideration. 8 Some experimentation would 
be necessary to determine the optimal cylinder geometry. For the 
measurements reported here, we did not have to resort to use of such a 
cylinder. 

Throughout this section, weather conditions were assumed to be ideal. 
Rain and wind hinder the use of the LDV for outdoor measurements. Best 
results have been obtained in the still of early evening. 

3 EXPERIMENTAL RESULTS 

3.1 Response of  the LDV system to propane cannon bursts 

Figure 2(a) shows the response in time of the microphone to a propane 
cannon burst. Figures 3(a) and 3(b) are the Marks Products L4 geophone 
and LDV response to the cannon burst, respectively. The LDV probe beam 
was focused on the top of the L4 geophone. Significant ringing in the LDV 
and geophone response occurs because the ground is a layered system. 
Figures 3(a) and 3(b) are the primary results of this paper. Comparing Figs 
3(a) and 3(b), they show that the LDV system can be successfully used to 
record acoustic to seismic coupling. Figure 3(c) is another LDV response to 
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the cannon burst with the LDV probe beam focused on the geophone. 
Figure 3(d) is the LDV system response to the cannon burst with the probe 
beam focused on the surface of  the ground 10 cm from the geophone. Figure 
3(d) shows that it is possible to use the LDV system to measure the soil 
velocity directly. 

When no acoustic source is present, the LDV system measures a back- 
ground velocity of  1-10 #m/s. The larger of  these numbers indicates that the 
presence of wind can significantly raise the background level. However, 
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this wind noise is of low frequency (approximately 5 Hz) and is thus easy to 
separate out from the ground motion. Wind noise is most problematic 
because it lessens the quality of the LDV signal 9 by causing the laser beam to 
sample many different soil parcels. 

3.2 Response of the LDV system to the continuous-wave speaker system 

The frequency response of the speaker system is shown in Fig. 2(c) for the 
microphone located as indicated in Fig. 1. This is the total sound pressure 
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Fig. 4. L21 geophone-LDV transfer functions using the speaker system source. The dashed 
line at 0dB is the laboratory transfer function produced with the geophone on a vibration 
exciter. The solid line is from the LDV probe beam focused on the L21 geophone. The dashed- 

dot line is from the LDV probe beam focused on soil near the geophone. 

level at the ground surface near the geophone and LDV system. The FFT 
analyzer source output  was used to broadcast continuous wave sound in the 
frequency range 100-500 Hz. To evaluate the LDV system, the probe beam 
was focused on an L21 geophone. These geophones are sensitive to velocity 
in the direction of  their cylinder axis (that is, the vertical component  of  
ground velocity at the geophone location). All measurements discussed 
below were repeated on another L21 geophone to test reproducibility. It will 
be useful in the following discussion to use a geophone-LDV transfer 
function. This transfer function is the magnitude of  the geophone response 
divided by the magnitude of  the LDV response as a function of  frequency. 

Figure 4 gives the magnitude of  the transfer functions of the geophone 
response divided by the LDV response over the indicated frequency range. 
The dashed curve at zero dB was produced in the laboratory with the 
geophone expoxied to a vibration exciter. The F F T  analyzer source output 
was used to drive the vibration exciter in the frequency range 100-500 Hz. 
These curves were used to calibrate the L21 geophone. The same calibration 
factor (see Table 1) was appropriate for both geophones. The LDV probe 
beam was focused on the geophone in obtaining the solid curve. The LDV 
probe beam was focused on the ground surface approximately 10 cm from 
the geophone to obtain the dashed-dot curve. There is an appreciable 
difference between the LDV field measurements on the geophone and on the 
ground surface in the frequency range 250-350 Hz. The difference was less 
pronounced for the other geophone. Since the LDV appears to have + 10 dB 
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accuracy when used in the field, these differences between ground surface 
and geophone measurements are inconclusive. There was a 30 dB difference 
between signal and noise for most frequencies. 

4 DISCUSSION OF EXPERIMENTAL RESULTS 

It is appropriate to make some general comments based on the data 
presented in Section 3. The main purpose of this study was to ascertain if the 
LDV system would be useful for measuring coupling of atmospheric sound 
with ground motion. Figure 3(b) shows that it is possible to use the LDV 
system for measurements of ground velocity excited by atmospheric sound 
sources when the LDV probe beam reflects from a geophone. To be useful in 
a more generic sense, it is desirable that the LDV system work when the 
probe beam is reflected from the ground surface, rather than from the 
surface of a shiny geophone. Figures 3(d) and 4 (dashed-dot curve) show that 
it is possible to use the LDV system when the probe beam reflects from the 
ground surface. Any time the LDV system is in the presence of atmospheric 
sound waves, it is inevitable that the sound wave couples into the motion of 
the LDV system. The total response of the LDV system can be thought of as 
a sum of a microphone-like response and a geophone-like response. It was 
our intention to minimize the microphone-like response. Figure 4 also shows 
that 10 dB differences between geophone and LDV system response can be 
expected at some frequencies due to the microphone-like response of the 
LDV system. 

It is conceivable that the LDV system in Fig. l(b) mass-loads the ground. 
Waves traveling along the surface of the ground, or in the air, could interact 
with this large inhomogeneity. Measurement of ground waves with the LDV 
system is not really a non-contact technique, only a contact technique of a 
different sort from that of the geophones. More work is necessary to 
ascertain the effects of the LDV system on the ground. The main result of 
this work is that when the LDV system was put into the sound field, it 
produced adequate agreement with geophone measurements of the resulting 
ground motion. 

Another approach for minimizing the undesirable microphone-like 
response of the LDV has recently been developed. I° Our method of reducing 
the microphone-like response has been to try to maintain the LDV system 
stationary in the sound field. In contrast, the other method allows the LDV 
system to move in the sound field. To correct for this motion, the reference 
beam is reflected from a stationary mirror so that LDV motion is common to 
both the reference and probe beams of the LDV. When the reference and 
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probe beams are heterodyned, the frequency shift caused by the moving 
LDV is common to both beams and is thus cancelled. 

5 C O N C L U S I O N  

We have shown it possible to use a laser-doppler vibrometer for 
measurement  of  acoustically induced ground motion, acoustic-to-seismic 
coupling. Pulsed and continuous acoustic-to-seismic coupling was studied 
for the frequency range 50-500 Hz. Modifications of the LDV system were 
discussed. Future work may include measurements of acoustic-to-seismic 
coupling at higher frequencies (from 500 Hz to 10 kHz) and in finely layered 
media where the physical size of  the geophones would restrict their use. The 
LDV system should also be useful for studies of  the geophone-ground 
coupling problem, l 
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