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Abstract. Non-destructive seismic testing using air-coupled microphones is today an attractive alternative to the 
more conventional stationary accelerometer testing, in order to perform fast and reliable material characterization on 
pavement structures. A multichannel microphone array enables fast mobile data collection using a rolling trolley. It 
is essential that the microphone array and the material surface are perfectly aligned to receive a correct result. This 
study presents estimations of the calculation errors due to misalignments between the microphone array and the 
material surface. It is shown that even small misalignments can cause large errors. A realistic pavement roughness is 
simulated in order to quantify the errors in different situations and for different materials (stiffness). A simple 
solution to correct the errors under certain circumstances is also presented. 
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1. Introduction 

Non-destructive seismic testing is today a commonly used method for material characterization 
[1] and damage detection [2] for various materials. One-sided surface wave testing can either be 
performed using contact [3,4] or non-contact transducers [5]. Measurements performed using 
contact receivers (such as accelerometers) are today an established method to determine material 
properties, such as stiffness, plate thickness and Poisson’s ratio. However, contact measurements 
are time- and labor-consuming when performing large scale testing. There is also a need for 
proper coupling between the accelerometer and the examined material, something that is difficult 
to achieve on a rough surface and to repeat at different locations. Non-contact measurements on 
the other hand, have the advantage of being rapid in large scale testing since no equipment has to 
be attached to the tested surface. The need for proper coupling is also avoided. 

In an earlier study [6], Rayleigh wave velocity results from measurements using both an 
accelerometer and microphones as receivers were compared, showing similar results. The non-
contact measurements were performed while rolling a trolley, carrying all the needed equipment, 
forward along a straight survey line. The results showed high repeatability between the 
measuring sets. However, it was demonstrated that even small misalignments between the 
microphone array and the material surface could cause large calculation errors. 

This paper aims at investigating the calculation errors that occur, when performing one-sided 
multichannel surface wave measurements using a rolling array of air-coupled receivers, due to an 
uneven surface. Numerical simulations are used in order to examine how an uneven surface, 



realistic for a high quality pavement, affects the calculation errors for different materials 
(stiffness) and under different circumstances. 

 

2. Theory and methodology  

The idea of this paper is to theoretically examine and quantify the calculation errors that occur 
due to an uneven surface profile when performing air-coupled rolling in situ measurements on a 
pavement construction. The study is limited to the errors received when calculating the Rayleigh 
wave velocity. There are different methods available to estimate the Rayleigh wave velocity of 
recorded data. A simple approach is to look at two recorded signals and their high peaks 
associated with the Rayleigh wave and directly calculate the velocity. A more robust method, 
used in this paper, which relies on recorded data from several receivers, is to perform a 
multichannel analysis of surface waves (MASW) [7] from a multichannel data record. MASW 
can also be performed in order to estimate other material properties, such as plate thickness or 
Poisson’s ratio.  

A realistic surface profile for a high quality pavement surface profile is simulated [8,9] using 
Matlab and shown partly in Figure 1. The simulated profile in its whole is 20 m long and shown 
in the Results section. A synthetic periodic wave with a single, fixed frequency is created where 
the normal displacement u(x,t) at the surface is given in Equation 1. 

 

    txkieAtxu  ,  (1) 
 

A = wave amplitude 
k = in-plane wave number 
x = microphone offset from impact 
ω = angular frequency 
t = time 

 
The wave amplitude is set to 1 and no attenuation is introduced. In order to simulate an air-

coupled microphone array, data are extracted from the model at the same vertical microphone 
position (the array is simulated perfectly horizontal, see Figure 1). The air pressure at the 
microphones is given in Equation 2. 

 

      txkitxki aass eetxu   ,  (2) 
 
xs is the receiver offset in the solid, thus an array of distances with equal increments dx in 

between. In the air, the offset xa is set as the slant distance between the surface profile and each 
simulated receiver position. The leakage angle α is determined using Snell’s law; α = sin-1(ca/cs), 
where ca and cs are the phase velocities through air (fixed at 344 m/s) and solid respectively. The 
xair is thus an array of distances; xair = Microphone elevation/cos(α). ks and ka are the 
wavenumbers in the solid and air respectively; k = ω/c. The measurement setup is depicted in 
Figure 1. 

 



 
Figure 1. Schematic of the measurement setup. The scales on the x- and y-axes are 

different from each other in order to clearly illustrate the unevenness problem. 

 
The scales on the x- and y-axes are different from each other; the unevenness is exaggerated, 

in order to illustrate the problem clearly. Figure 1 shows a misalignment that cause the wave 
energy to travel unequally long through the air to reach each microphone respectively. The short 
part of the simulated surface profile shown in Figure 1 is the part where the relative error was 
shown to be largest. 

Multichannel data records were created with a number of signals with equal distance in 
between. Figure 2 illustrates a typical time domain data record where the faded data in the 
background represent an even surface, perfectly aligned with the microphone array. In the black 
data record plotted on top, the uneven surface is introduced, causing each signal to be shifted in 
time, corresponding to the extra travel time due to the unevenness. 

Since the synthetic wave frequency is constant and data only are extracted at a specific time, 
the ωt-term in Equation 2 is insignificant. The summed amplitude from an arbitrary number (N) 
of microphones is then calculated using Equation 3. 
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Compared to Equation 2, one extra term is introduced in Equation 3. This term contains the 

testing phase velocity c, which is varied over a wide phase velocity range (1-5000 m/s) to find the 
maximum summed amplitude (best fit to the time domain data in Figure 2). The summed 
amplitudes are plotted against phase velocity in Figure 3. The curves are normalized in a way that 
a perfect fit between the testing phase velocity (plotted in red in Figure 3) and the time domain 
data, such as the perfectly aligned microphone array, correspond to an amplitude of 1.0. It is 
shown that the misaligned microphone array has a slightly lower peak since the phase from each 
signal is not perfectly fitted with the testing phase velocity. The peaks in the low phase velocity 
range, shown in Figure 3, are effects of spatial aliasing. It can be seen in Figure 3 that the 
misaligned microphone array causes the peak to be shifted which implies a calculation error. 
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Figure 2. Multichannel time data record extracted from the simulation. Time domain data faded in gray in the background 
correspond to a microphone array perfectly aligned with the surface, while the data plotted in black on top correspond to 

an array misaligned with the surface. The reference phase velocity of 1800 m/s is plotted as a solid red line.  
Two other testing phase velocities are marked with dashed red lines. The frequency was here set to12 kHz. 

 
 

 
Figure 3. Summed amplitude over a wide range of phase velocities. In this particular example, the calculation 

error is approximately -10%. The peaks in the lower phase velocity range are caused by spatial aliasing 
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3. Results 

The results were limited to theoretically estimating the calculation errors that can occur, when 
using the described method to measure the Rayleigh wave velocity, due to a misalignment 
between the measured surface and the receiver array. Several parameters were varied, one at the 
time, to quantify the effects on the errors due to this misalignment. At every numerical 
simulation, a perfectly horizontal receiver array was simulated above the uneven surface. 

Firstly, the effect of the reference phase velocity was investigated. A reference phase velocity 
range of 800 to 3800 m/s was tested in steps of 1000 m/s, simulating different materials. The 
results are shown in Figure 4. The simulated surface profile is plotted in red. The frequency was 
fixed at 12 kHz and 11 receivers were simulated with 0.05 m increments, thus creating a receiver 
array length of 0.5 m. 

 

 
Figure 4. Relative errors (plotted in grayscale) in Rayleigh wave velocity received when different reference velocities 

were used. A simulated surface profile for a high quality pavement were used as a test surface (plotted in red) 

 
It appears like the material stiffness (velocity) affects the calculation errors significantly. In 

the case of an asphalt pavement construction, a realistic value of the phase velocity could be 
around 1800 m/s, which would cause a calculation error of maximum 11 % for the surface profile 
used. 

Different number of receivers, N, and different increments between the receivers, dx, were 
also tested. Array lengths of 0.2, 0.5 and 1.0 m were tested with increments of 0.01 and 0.05 m 
between each individual receiver. The results from the three different array lengths, with a dx of 
0.05 m, are plotted in Figure 5. It can be seen that all three curves follow the same trend. The 
black line with only five receivers gives the poorest result with large variations. Increasing the 
array length is shown to even out the curve and to give a result with smaller errors. It should be 
remembered that the individual calculation error is an average over the array length, which can 
explain the smoother curve at longer array lengths. 
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Figure 5. Results received when data were extracted from 5, 11 and 21 receivers (N) respectively. 

The increment between each receiver dx was 0.05 m. 

 
Results from simulations performed using the same array lengths but with a shorter increment 

between each individual microphone, dx = 0.01, are plotted in Figure 6. The results show 
similarities with the prior results plotted in Figure 5. However, where the errors are large, a 
higher number of receivers tend to increase those errors. 

 

 
Figure 6. Results received when data were extracted from 21, 51 and 101 receivers (N) respectively.  

The increment between each receiver dx was 0.01 m. 

 
Even though results from a higher number of receivers were shown to give a slightly larger 

error in some areas compared to the same array lengths with fewer receivers, it must be recalled 
that the results given in this paper are simulations. When performing in situ measurements, other 
aspects have to be considered. It is often better to utilize more receivers since it creates a more 
robust system and tend to improve the signal to noise ratio. 
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The same calculation was performed in the opposite direction, simulating that the data 
acquisition trolley would be turned around and measuring would be performed backwards (from 
right to left). The data were here extracted from 11 positions with a dx of 0.05 m. The frequency 
and reference velocity were set to 12 kHz and 1800 m/s respectively. The results from the 
backward rolling simulation are shown in Figure 7. It can be seen that the results from the 
backward simulation are almost the negative equivalent of the forward results. A mean value 
curve from the forward and backward simulations was calculated and plotted in Figure 7. It is 
shown that neutralizing the results in the way explained above, could help reducing the 
calculation errors to a level close to zero. The maximum error in the mean velocity line plotted in 
Figure 7 is ~1.1 %. 

 

 
Figure 7. Results from simulations performed in two opposite directions. It is shown that calculating 

the mean between a forward and a backward simulation gives an error close to zero. 

 

4. Conclusions 

The presented study was focused on estimating the calculation errors received when 
measuring the Rayleigh wave velocity, due to an uneven surface profile. 

 
 It was shown that a roughness of a realistic pavement surface could cause significant 

calculation errors. 
 The results obtained showed that the material stiffness (velocity) highly affects the 

calculation errors. The length of the receiver array and also the number of receivers also 
play a major role when estimating the Rayleigh wave velocity. 

 It was further shown that rolling the data acquisition trolley in two opposite directions 
could be a simple way of neutralizing the surface roughness and minimizing the 
calculation errors. 
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