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Summary

Results show that ordinary audio microphones can be
successfully used to measure both supersonic and subsonic
air coupled surface waves. In the soil site example, a shallow
P-wave reflection from 1.0 m depth is also observed in the
microphone data recorded above the surface. This opens up
the possibility for faster on-the-fly surface wave testing of
pavements and earth work materials since receiver surface
contact is no longer required.

Introduction

In engineering geophysics, small scale seismic
measurements can be used for quality control during the
production of civil engineering infrastructures such as
embankments, stabilized soil, pavements and bridges. The
seismic wave speed is directly linked to the dynamic E-
modulus of materials and it is often used as a valuable
quality control parameter in both old and new structures
(Nazarian et al., 1999). Non-contact seismic measurements
open up the possibility to perform faster and therefor more
economically efficient measurements. Among different
potential sensors like a microwave Doppler radar motion
sensor (Smith, 2005) and laser Doppler vibrometry (Schoefs
et al, 2012) ordinary audio microphones have shown
promising results (Zhu and Popovics, 2002). In this
expanded abstract we summarize our recent results using
microphones in small scale seismic surveys. Two different
examples from a hard and fast surface (pavement) and a soft
and slow surface (soil), compared to the sound speed in air
are presented. Our results are focused on quality control of
compacted soil and pavements but it is also likely that these
findings can be used in engineering geophysics for
agriculture and archaeology.

Theory and method

Zhu and Popovics (2002) showed that a directional
microphone can be used as an air-coupled sensor to pick up
the leaky supersonic surface waves propagating over a
concrete surface. Supersonic surface waves propagating in
asphalt and concrete leak (or refract) a propagating wave
into the air above the surface according to Snell’s law. In
recent years this approach has been studied further focused
on air-coupled non-destructive characterization of concrete
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and pavements (Bjurstrom et al., 2016; Bjurstrdom and
Ryden, 2017).

A similar approach can also be applied to softer granular
pavement layers utilizing the evanescent acoustic field in the
air generated by seismic waves in the soil (Attenborough,
2002; Larson et al. 2007). In this situation with a subsonic
surface wave there will be no real propagating leaky surface
wave radiating from the soil surface according to Snell’s
law. However, there is a near-field close to the surface where
displacements in the soil are proportional to pressure in the
air generating an evanescent air pressure close to the
interface. Figure 1 shows a schematic illustration of this
theory along with the experimental set-up used in this study.
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Figure 1. Evanescent air pressure from subsonic surface wave and
experimental set-up used in the soil example.

A theoretical finite element (FE) model is used to visualize
the evanescent acoustic pressure in the air just above the
Rayleigh type of surface wave (R) in a subsonic solid elastic
material. The model is set up using the acoustic to structure
interaction module in the Comsol FE software. A 0.625 ms
vertical force pulse (1 N peak force) at =0 m and z=0 is
applied in a 2D axially symmetric model. The top layer is
modelled as air with a compression wave velocity (Vp) of
343 m/s and density (p) of 1.2 kg/m>. Two soil layers are
modelled below the air layer using Vp/=250 m/s, Vsi=120
m/s, V=112 m/s, p/=2300 kg/m? for soil layer 1 with 1.0 m
thickness. A faster bottom layer is modelled using Vr>=1530
m/s, Vs:=300 m/s, po=2300 kg/m® for soil layer 2. Figure 2
shows three snap shots in time of the air pressure in the air
and the vertical particle velocity in the soil. The soil particle
velocity is amplified 300 times to visualize air pressure and
particle velocity using the same color scale. The evanescent
acoustic pressure from the Rayleigh type of surface wave
(Revanescent) 1s visible close to the surface (Figure 2a). The P
wave reflection at the interface between soil layer 1 and 2
(P-P) is also visible in the air (P-P-Pair) (Figure 2¢). Since the
evanescent acoustic field (Revanescent) decays exponentially
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from the surface, the P-P-P.ir wave in the air is less disturbed
by other wave arrivals compared to the P-P reflected wave
on the soil surface. Therefore, there may be some advantages
recording shallow reflections using the P-P-Pair wave.
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Figure 2. FE model results at (a) 3 ms, (b) 6 ms, and (c) 9 ms
showing the air pressure in the top layer (air) and the vertical particle
velocity in the two layers below (soil layer 1 and 2).

Example asphalt concrete

Figure 3a shows an example where a multichannel array of
48 MEMS microphones (Bjurstrom et al. 2016) are attached
behind a car so that measurements can be taken while
driving. A small steel ball attached in a thin wire at the end
of the array is bouncing freely on the surface while driving
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generating high frequency surface waves in the top
pavement layer. Results in Figure 3b demonstrate the leaky
supersonic surface wave arriving before the direct acoustic
wave in the air. The speed of this type of rolling
measurements (~30 km/h) is currently limited by the need
for a mechanical impulse source bouncing on the surface.
However, even slow speeds is an improvement minimizing
the disruption of the traffic on existing pavements.
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Figure 3. (a) 48 channel MEMS microphone array and (b) acoustic
data recorded while driving at 30 km/h.

Example soil

In this example seismic waves and air-coupled seismic
waves are measured over a 1.0 m thick fill layer of granular
soil (sand/gravel) overlaying a stiff clay till subgrade. The
objective is to investigate the possibility of measuring both
the air coupled subsonic surface wave and the possible air
coupled P-wave reflection observed in the FE simulation
above.

Measurements are conducted using one traditional seismic
accelerometer (PCB 393A03) and two audio microphones
(ADK SC-1) at two different heights above the surface
(Figure 4). Data is recorded simultaneously from both the
impact hammer (PCB 086D05) used as source (and trigger)
and the three receivers. The experimental set-up is shown in
Figure 1 and Figure 4. Measurements are made in a walk
away manner from 0.5 m to 2.5 m distance from the fixed
receivers.
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Figure 4. Experimental set up used in the soil example.

The first microphone is positioned 0.02 m above the soil
surface next to the accelerometer. The second microphone is
positioned higher at 0.15 m height above the surface. A
circular metal plate, 0.06 m in diameter, is used a source
coupling device and 10 impacts are averaged at each impact
point.

Figure 5 shows all three complete multichannel equivalent
records from the accelerometer and the microphones
respectively. To enhance the visual identification of seismic
wave fronts all signals from all sensors have been low pass
filtered at 2000 Hz. The first arrival direct acoustic wave is
the strongest wave in the microphone data followed by
weaker and slower surface waves.

Figure 6 shows the corresponding frequency phase velocity
images obtained from the Multichannel Analysis of Surface
Waves (MASW) transformation technique (Park et al.
1999). No muting (windowing) or any type of pre-
processing is used on the raw data before the transformation
to frequency phase velocity domain. Below 140 Hz both data
sets are similar showing a dispersive Rayleigh type of
surface wave at about 100 m/s and a higher velocity wave at
about 200 m/s above 140 Hz. The deviation between
extracted dispersion curves from the accelerometer data and
the Microphone 2 data set is below 10 % between 60 and 140
Hz. Muting the faster direct acoustic wave at 343 m/s and
the direct P type of wave can enhance the dispersion curve
of the slow surface wave (Ryden, 2010) but is not necessary
if only the average top layer surface wave velocity is
monitored.

It should be noted that the asymptotic velocity of the
Rayleigh type of surface wave (100 m/s between 90-135 Hz
in the Microphone 2 data set) is all that is needed to estimate
the stiffness of the compacted upper ~0.4 m of the granular
fill without any further inversion of the dispersion curve.

Figure 7a shows the first 11 ms from the Microphone 2 data
with a visible shallow reflection event (red dotted line) as
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predicted from the FE model in Figure 2c and Figure 7b. The
shallow reflection in Figure 7b appears at about 8 ms and
corresponds to the P-P-Pair wave in Figure 2c. In the
measured data (Figure 7a) a similar reflection appears earlier
at about 6 ms indicating a higher P-wave velocity in the
granular fill material compared to soil layer 1 in the FE
model (Vp1=250 m/s).
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Figure 5. Recorded data from all three receivers.
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Figure 6. Recorded data from all three receivers in frequency-phase
velocity domain.
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Figure 7. P-wave reflection (P-P-P,;) observed in (a) measured and
(b) simulated data using the same air/soil model as in Figure 2.

Conclusion

Results show that audio microphones can be successfully
used to measure both supersonic and subsonic air coupled
surface waves. In the soil site example, a shallow P-wave
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reflection from about 1.0 m depth is also observed in the
microphone data recorded 0.15 m above the surface. This
opens up the possibility for faster on-the-fly surface wave
testing of pavements and earth work materials since receiver
surface contact is no longer required.
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