
Open Journal of Civil Engineering, 2022, 12, 22-37 
https://www.scirp.org/journal/ojce 

ISSN Online: 2164-3172 
ISSN Print: 2164-3164 

 

DOI: 10.4236/ojce.2022.121003  Jan. 26, 2022 22 Open Journal of Civil Engineering 
 

 
 
 

Design and Application of a Multichannel 
Analysis Surface Waves Acquisition System for 
the Pavement Layers Investigation 

Cheikh Diallo Diene, Mapathé Ndiaye 

Laboratory of Mechanics and Modeling, University of Thiès, Thiès, Senegal 

 
 
 

Abstract 
This study aims to design and develop a pavement non-destructive quality 
testing device with the MASW method. Unlike the traditional acquisition tech-
niques that plants geophones on the pavement, the presented approach uses 
no-tip geophones, placed directly on the pavement surface to preserve its in-
tegrity. To proceed, a seismograph using an Arduino Due microcontroller 
connected to a Raspberry Pi 4 nano-computer was developed. The receivers 
consist of 6 4.5 Hz GD geophones connected together by a graduated tape to 
control the inter-trace distance and to in order to acquire data in land-streamer. 
The recording is triggered by a KY-038 sound sensor. The Arduino acts as an 
analog-to-digital converter while the Raspberry is used as a real-time data vi-
sualization and processing interface. The obtained seismic data has been 
processed using the Geopsy open-source software which allows the analysis 
and inversion of the dispersion curves. The studied system has been tested in 
4 different sites. The obtained seismic VS and VP velocities as a function of the 
depth allowed to deduce the elastic properties of the pavement layers and to 
decide on their mechanical quality with the possibility of integrating the re-
sults in the road data banks. 
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1. Introduction 

Premature pavement degradation is attributed various factors like poor quality 
road materials, inadequate handling environmental conditions, construction or 
even operating conditions [1]. Quality control is very important for planning of 
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preventive maintenance in order to extend their service life. One common way 
of proceeding is to follow the evolution of the mechanical properties of pave-
ment layers such as Young modulus, shear modulus, compressibility modulus, 
the Lame ratios, density and Poisson ratio, etc. Several in situ or laboratory geo-
technical tests allow us to determine the mechanical properties with a certain 
precision [2] [3]. 

Besides geotechnical methods that are invasive, there are indirect methods 
used in geophysics to determine mechanical properties. Seismic methods are still 
widely used in this way, because of the relationship between the velocity of dif-
ferent types of seismic waves and elastic properties [4] [5]. 

Typically, in seismic survey, volume waves (P and S waves) are used, and sur-
face waves (R and L waves) are considered as noise. As a result, very often, it is 
possible to try to reduce the effect of surface waves either by filtering during the 
acquisition, or by using signal processing methods. However, just like volume 
waves, surface waves provide information about elastic properties of the crossed 
terrain. Moreover, they were used for a long time in seismology to study the in-
ternal structure of the Earth, [6]. Also, it is established that the greatest propor-
tion of the energy of a surface seismic source is made up of surface waves (67%), 
compared to volume waves which make up only 7% and 26% respectively for P 
and S waves [7]. 

The surface wave inversion method makes it possible to know the mechanical 
properties of a shallow elastic medium [8] [9]. It proceeds by analyzing the prop-
agation of surface waves. From the 1960s, surface waves were used empirically to 
study the structure of pavements by comparing surface wave dispersion curves 
on pavements with theoretical dispersion curves [10] [11]. The technique was 
constantly improved afterwards. Examples include Continuous Surface Waves 
[12], Spectral Analysis of Surface Waves [13], Multichannel Analysis of Surface 
Waves [14] or Multichannel Simulation with One Receiver [15]. 

However, the use of surface waves as a method of pavements investigation 
remains tedious due to the difficulty of implanting geophones on the pavement. 
In addition, the used bulky devices make the implementation more complicated 
and longer on an in-service road. The aim of this work is on the one hand, to 
develop a lighter system, less bulky and suitable for roads even in service and on 
the other hand to bypass the difficulties of implantation by using as control unit 
a coupling of Arduino Due type microcontrollers with a Raspberry Pi type na-
no-computer for greater handling flexibility and for cost effectiveness. The re-
ceivers consist of 4.5 Hz GD geophones directly placed on the pavement surface. 

In this article, the first step is to address some theoretical aspects of surface 
waves and their use for road layers testing before moving to the design and test-
ing of the device developed through a case study. 

2. Material and Method 

From the 1960s, surface waves were used empirically to study pavements struc-
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ture by comparing surface wave dispersion curves on pavements with theoretical 
dispersion curves [16]. The technique was constantly improved afterwards. An 
example is Spectral Analysis of Surface Waves (SASW) method [13], which uses 
two geophones connected to a spectrum analyzer, Continuous Surface Waves 
method [12], Multichannel Simulation with One Receiver (MSOR) method [15] 
or the Multichannel Analysis of Surface Waves method [14]. 

The Multichannel Analysis of Surface Waves (MASW) method investigates a 
shallow environment [17]. It uses an active source. The equivalent method using 
a passive source is the Refraction Microtremor (ReMi) method [18]. As an al-
ternative to MASW, there is the Multichannel Simulation with One-Receiver 
(MSOR) method [19] [20]. In the MSOR method, the source and receiver roles 
are reversed based on the reciprocity theorem in Mechanics. 

The principle of MASW is first to acquire distance-time signals using the 
same device as in refraction seismic [21] [22]. Data acquisition is performed us-
ing low frequency geophones, aligned and vertically planted on a straight line 
representing the geometric profile. The acquisition takes into account the offset, 
the inter-trace distance, the number of geophones and the total length of the de-
vice. 

The number of geophones (N) required for MASW surveys is generally esti-
mated to be 12 or more. Typically, 24, 48 or 64 receivers are used for data acqui-
sition [9]. The offset x1 is the distance between the point of impact and the first 
receiver. To avoid the adverse effects of the near field, that is, the risk that geo-
phones will pick up the nonplanar surface waves, can be minimized by a judi-
cious choice of x1 [22]. The distance between the receivers (dx) is related to the 
shortest wavelength that can be included in a dispersion curve dx ≤ 0.5λmin. The 
depth of investigation (zmax) is determined by the longest Rayleigh wavelength 
obtained during data acquisition (λmax). One commonly adopted empirical crite-
rion is: 

max max0.5z λ≈  [22]                      (1) 

The work of Park (2002) allowed through simulation, to establish a table faci-
litating the choice of an acquisition geometry according to the targeted resolu-
tion and depth. 

In a second step, a FK analysis is applied to the distance/time data to extract 
the Rayleigh wave dispersion. Dispersion is the consequence of the difference in 
propagation speed of the different frequencies of the surface waves [23]. 

In general, two approaches can be used for dispersion analysis: the swept fre-
quency approach [14], and the phase shift method [24]. In this article, the phase 
shift method which can be divided into 7 main steps was treated. 

A Fast Fourier Transform (FFT) is applied to each recorded trace to transform 
the time record into frequency components. 

( ) ( )FFT
j jt uu ω→                        (2) 

Transformed signal amplitudes are: 
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( ) ( ) ( ) ( )ju u Puω ω ω ω= =                     (3) 

As ( )u ω  and ( )jP ω  contains all information about its dispersion proper-
ties, no significant information is lost. 

Thereafter, a phase velocity interval to be processed is established as follows: 

min test maxV V V≤ ≤                         (4) 

For each given couple ( )test;Vω , the required phase shift is determined in or-
der to compensate for the corresponding time delay. 

test jxφ ω=                           (5) 

The obtained amplitudes are summed: 

( ) ( ) ( )test 1 test
test 1,norm ,norm; e e Ni x i x

NA V u uφ φω ω ω− −= + + 
          (6) 

The previous 2 steps are repeated for different values de ω et Vtest. 
The dispersion curve is obtained by plotting the summed amplitude in the 

frequency-velocity phase domain. The observed amplitude peaks show the dis-
persion characteristics of the recorded surface waves. 

The last step corresponds to the inversion of the dispersion curve. It is done 
by a priori estimation of the intervals for the parameters of the model: thickness 
of the layers, shear waves velocity VS, compression waves velocity VP, Poisson 
ratio and the density of each layer. 

The theoretical dispersion curves are iteratively computed using the Kausel 
and Roësset (1981) stability matrix method for various sets of model parameters. 
At each iteration, the theoretical dispersion curve is calculated for the wave-
lengths included in the experimental dispersion curve, i.e., , ,t q e qλ λ= . 

The error between the experimental and theoretical dispersion curves is esti-
mated at each iteration. All the initial parameters of the model are used to calcu-
late the theoretical velocity phase of Rayleigh wave ( ), 1, ,t qc q Q=   correspond-
ing to each wavelength 

, ,t q e qλ λ= .                          (7) 

The offset between the theoretical dispersion curve and the observed experi-
mental curve is then evaluated according to the RMS between the theoretical and 
experimental phase velocity of Rayleigh 

( )2
, ,1

1 Q
t q e qqQ

c cε
=

= −∑                     (8) 

Convergence is considered when the error becomes very small (<5%), or when 
RMS changes is negligible between two iteration. The different steps from the 
acquisition to the velocity distribution model VS and VP are shown in Figure 1. 

In order to acquire surface waves propagation data on a pavement, a device 
suitable for road investigations have been designed, especially those in service. 
The seismograph consists of an Arduino Due [25] microcontroller connected 
using Serial interface with a Raspberry pi 4 nano-computer [26]. The Arduino 
Due is equipped with an Atmel SAM3X8E ARM Cortex-M3 processor and an 84  
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Figure 1. The main steps of a phase-shift method. 

 
MHz clock making it the fastest microcontroller in its group. It is equipped with 
a digital analog converter which despite its 10-bit resolution can sample on 12 
channels at a frequency of 0.02 ms. The 10-bit resolution, even if it is below that 
of conventional seismographs makes it possible to acquire seismic data with suf-
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ficient precision for MASW prospecting. 
Data from the Arduino Due are sent to the Raspberry Pi 4 by the Serial port. 

The Raspberry has a python program that allows stacking, displaying and saving 
data in XML and SEGY formats for further processing. 

The recording is triggered by a KY037 sound sensor. The sensor detects the 
impact of the shot and orders the start of the measurements which must be si-
multaneous so as not to miss the measurement window. A 7 inch LCD screen 
connected in HDMI to the Raspberry allows to view the raw data for assessment 
by the operator before validation. This designed device is in an embedded sys-
tem, powered by rechargeable lithium batteries to guarantee its autonomy for 
use in the field (Figure 2). 

The active seismic source consists of a 1 kg hammer and the receivers consist 
of 6 GD geophones. The ZF-4.5 Hz model uniaxial sensor from Zhaofeng Geo-
physical was selected [27]. In general, geophones are often equipped with steel 
tip that ensures their implantation and solidarization with the ground, but in 
this specific case since it is an investigation on a road, the lower flat base of the 
geophone is laid on the road. 

In order to test the present device, 4 different sites were selected (see Table 1, 
Figure 3) 

In the MASW method, a number of 24 geophones is trade-off between data 
quality and effectiveness. However to keep the ease of handling, the spread line 
is limited to 6 geophones. To obtain 24 tracks, the MSOR method is simulated 
with offset shots for times on fixed impact point. At each shot the geophones are 
moved simultaneously, keeping the same inter-trace-distance of 10 cm. Some 
details on the acquisition parameters are presented in Table 2. 

For convenience with geophones without spikes on the road, this displace-
ment of a portion of the profile will be done in land-streamer mode [28] using a 
graduated ribbon that will ensure the inter-trace distance (see figure). 

The data from the Arduino are in XML format. Using the Obspy library [29], 
the XML file is converted to SEGY format. SEGY data is analyzed with Open 
Source Geopsy Software [30]. Geopsy allows introducing the geometry, perform-
ing the dispersion curves analysis and inversion. 

3. Results and Discussion 

The figures below show the raw data obtained at the 4 investigated sites (Figure 
4). 

After the introduction of the geometry of the data, a linear FK analysis is per-
formed with velocity and frequency ranges in the interval [0, 1600] and [0, 2000] 
respectively. A linear sampling interval of 100 is applied both in velocity and 
frequency. The dispersion curves below are obtained for the different sites 
(Figure 5). 

The dispersion analysis covers a wide range of frequencies and shows all sur-
face wave propagation modes (Figure 5). 
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Figure 2. MASW acquisition system. 

 
Table 1. UTM coordinates of the different sites. 

Sites X UTM (m) Y UTM (m) Name 

1 292,528 1,635,965 Auditorium 

2 2,913,411 1,636,005 CNEPS 

3 291,723 1,635,664 HLM 

4 291,548 1,635,429 Gendarmerie 
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Figure 3. The different investigated sites: Auditorium (a), HLM (b), Gendarmerie (c) and 
CNEPS (d). 

 
Table 2. Acquisition parameters. 

Source Marteau de 1Kg 

Offset 0.5 m 

Distance between geophones 0.1 m 

Number of Geophones 6 

Sampling interval 4.10 - 6 s 

Measurement time 0.008 s 

Number of samples 2000 

Sampling frequency 250,000 

 
Simulation results on pavement layers by Nils (2004) confirmed that the fun-

damental mode of the dispersion curve occurs over the 0 - 400 Hz frequency 
range. This interval was also confirmed by Park (2018), who pointed out that the 
frequency band of occurrence of the fundamental mode on the dispersion curve 
is dependent on the profile length and the geophones spread. This has been con-
firmed on the various test sites which show a dispersion curve with the funda-
mental mode in the frequencies from 0 to 400 Hz. For easy picking of dispersion, 
dispersion curves were limited to 0 - 400 Hz to increase resolution as shown in 
Figure 6. 

All the four curves show that dispersion is reversed compared to a normal 
situation where low frequencies propagate at higher velocities. This reversal can 
be explained by the decrease in velocities with the depth on pavements. Indeed,  
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Figure 4. Seismograms obtained for Auditorium (a), CNEPS (b), HLM (c) and, Gendar-
merie (d). 

 

 
Figure 5. Imagery on a frequency band of 0 - 20,000 Hz and speeds of 0 - 10,000 m/s ob-
tained for the Auditorium (a), CNEPS (b), HLM (c) and Gendarmerie (d) sites. 
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Figure 6. Dispersion curves and picking for test sites Auditorium (a), CNEPS (b), HLM (c) and Gen-
darmerie (d). 

 
at the beginning, the dispersion curve shows the response of low frequencies. In 
the case where the depth layers reached rapidly by the low frequencies present 
high velocities, the dispersion curve appears at the beginning with high veloci-
ties. Otherwise, the dispersion curve starts with low velocities, which explains its 
reversal. 

Velocity ranges show that the minimum rate of occurrence of the dispersion 
curve, reflecting the minimum velocity at the site studied, varies from site to site. 
The minimum velocities are 700, 600, 800 and 700 m/s for Auditorium, CNEPS, 
Gendarmerie and HLM, respectively. 

After picking the dispersion curve (Figure 6), the velocity/frequency data are 
exported to the Geopsy Dinver module to perform the inversion. Inversion be-
gins with the choice of input parameters of the model based on a priori field 
knowledge [9]. On the HLM and Gendarmerie sites (3 and 4) the thicknesses of 
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the first two layers are available which allowed us to fix them in the model Table 
3. 

The results obtained after the inverse modelling are shown in Figure 7. 
 

Table 3. Model a priori parameters used for inversion. 

Site 
Parameters 

v ρ (kg/m3) 
ZTop (m) VP (m/s) VS (m/s) 

1 and 2 

0.04 - 0.08 500-5000 400 - 4000 

0.2 - 0.5 2000 0.15 - 0.2 400 - 4800 300 - 3000 

0.2 - Infini 300 - 4500 150 - 2500 

3 and 4 

0.05 500 - 5000 400 - 4000 

  0.15 400 - 4800 300 - 3000 

0.15 - Infini 300 - 4500 150 - 2500 

 

 
Figure 7. Overview of the superposition of the theoretical and experimental dispersion 
curves for the test sites Auditorium (a), CNEPS (b), HLM (c) and, Gendarmerie (d). 
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The inversion quality, iteration number, convergence and misfit are available 
on log files. The inversion gives very low misfit values (less than 1) after a max-
imum number of iterations of 50. The correct superposition of the theoretical 
and experimental dispersion curves (Figure 7) confirms the quality of the model 
obtained after inversion 

The velocity profiles for the different test sites are shown in Figure 8. 
The obtained models, showing the variations VP and VS as a function of depth 

which have been interpreted according to the base of pavement layers are shown 
in Table 4. 

The results confirm that the profile of VS is more accurate than that of VP, that 
is to say that the minimum misfit values obtained in VS appearing on the red 
band are “narrower” and has a minimum uncertainty. The results confirmed al-
so that velocity decreases with depth except for the foundation layer of Gendar-
merie. 

All the found results are consistent with approximate velocities of the different 
materials making up the pavement layers [31] [32] [33]. 

From these shear wave velocities VS, compression VP, the Poisson ratio v, and  
 

 
Figure 8. VP and VS profiles obtained after inversion for the test sites Auditorium (a), CNEPS (b), HLM (c) and Gendarmerie (d). 
The black curve in the middle of the red ones corresponds to the minimum misfit. 
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Table 4. Results of the dispersion curve inversion for different test sites. 

Site Pavement layer Z (m) VP (m/s) VS (m/s) 

Auditorium Surface layer 0.04 3400 1600 

Base layer 0.15 1800 1000 

Foundation layer - 1300 550 

CNEPS Surface layer 0.05 1300 1600 

Base layer 0.16 3000 1000 

Foundation layer - 2300 300 

HLM Surface layer 0.5 1600 1500 

Base layer 0.15 3700 900 

Foundation layer – 1600 300 

Gendarmerie Surface layer 0.20 5120 1200 

Base layer 0.33 720 1920 

Foundation layer 0.17 2880 6729 

 
the density ρ considered as constant due to its to small changes in the different 
pavement layers [34], it is possible to estimate the modulus values of the pave-
ment layers according to the following formulas for Poisson ratio v, Shear mod-
ulus G, Young modulus E respectively: 

( )
2 2

2 2

2
2

P S

P S

V V
v

V V
−

=
−

                        (9) 

2
SG V ρ= ×                          (10) 

( )22 1SE V vρ= +                        (11) 

The results of the calculations are recorded in Table 5. 
Modules obtained at the level of the surface layers varying around 12,000 and 

13,000 MPa agrees well with the expected one because the corresponding ma-
terial is bituminous concrete [34]. 

With regard to base and foundation layers, composed of compacted granular 
materials, the obtained modules are within the range of reversible module ob-
tained at many studies [2]. 

4. Conclusions 

The embedded MASW acquisition data built in this work, consisting of an Ar-
duino microcontroller and Raspberry Pi makes it possible to avoid the difficul-
ties related to the use of heavy seismograph in in service road investigation. In 
addition, the use of geophones without spike, operating in land-streamer mode 
has made data acquisition faster. 

The device also makes it possible to accurately detect the moment of the  
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Table 5. Obtained Elastic properties for the various test sites. 

Site Pavement layer v G (MPa) E (MPa) 

Auditorium Surface layer 0.36 5120 13,904 

Base layer 0.28 2000 5107 

Foundation layer 0.39 605 1683 

CNEPS Surface layer 0.30 5120 13,325 

Base layer 0.38 2000 5534 

Foundation layer 0.48 180 533 

HLM Surface layer 0.40 4500 12,615 

Base layer 0.27 1620 4110 

Foundation layer 0.47 180 528 

Gendarmerie Surface layer 0.20 5120 12,239 

Base layer 0.33 720 1920 

Foundation layer 0.17 2880 6729 

 
source triggering, which is necessary for a precise measurement despite the very 
high velocity of the seismic waves. 

Four tests conducted at the Auditorium, CNEPS, HLM and Gendarmerie sites 
show seismograms illustrating a phenomenon of reverse dispersion characteris-
tic of pavement layers. 

The measured surface wave velocities, dispersion analysis and the picking of 
dispersion curves were based on the results of several studies and showed that 
the fundamental mode has a rising trend with a phase velocity increasing as a 
function of frequency. The inversion of the dispersion curves with misfits infe-
rior to 1%, gave the relevant shear and compression velocity profiles based on 
the geometry of the pavement layers for each site. By exploiting the relationships 
between velocities and elastic proprieties, modules obtained at the level of the 
surface layers varying around 12,000 and 13,000 MPa agrees well with the ex-
pected one because the corresponding material is bituminous concrete. 

In order to improve this light weight MASW acquisition system, it is subse-
quently envisaged to increase the number of geophones and automate their trac-
tion using a robot and to filter the high frequencies produced by Arduino DAC 
artifacts. 
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