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Abstract The characterization, imaging, and monitoring of mechanical properties in engineered struc-
tures are crucial for ensuring safety andmaintaining the reliability of operations and services. This study lever-
ages well-constrained experimental sites to assess the viability of a passive-Multichannel Analysis of Surface
Waves technique for the characterization of railway embankments, utilizing seismic waves induced by high-
speed train traffic instead of conventional active sources. Seismic waves were recorded from the side of the
railway track at three different sites using a uniform linear array of 96 geophones. These recordings, eachwith
amaximumduration of 120 s, were segmented into very short segments that underwent an automatic sorting
process based on a Frequency-Wavenumber transform, estimating the direction of wave propagation and the
relative position of the source. Only segments where the train is in close proximity to the array were retained
and categorized into ’train at the left’ and ’train at the right’. This information was then utilized to select be-
tween the causal and acausal parts of the cross-correlations when generating virtual shot-gathers through
interferometry. A phase-weighted stack was applied to the entire set of virtual shot-gathers, and dispersion
images were computed using a phase-shift transform. This process enabled the extraction of various modes
of propagation by identifying the maxima in the dispersion images. They show a high multi-modal charac-
ter which is discussed before exploring array density limits to ensure reliable results. This method enabled
a precise characterization of the shear-wave velocity of thin layers with critical importance to the mechani-
cal stability of the railway embankment, highlighting its potential for enhancing the mechanical testing and
monitoring of railway embankments.

Acronyms
VP Pressure-wave velocity
VR Rayleigh-wave phase velocity
VS Shear-wave velocity
DAS Distributed acoustic sensor
DC Dispersion curve
DCP Dynamic cone penetrometer
DI Dispersion image
ERT Electrical Resistivity Tomography
FK Frequency-Wavenumber
GPR Ground Penetrating Radar
HSL High-speed line
HST High-speed train
MASW Multichannel Analysis of Surface Waves

∗Corresponding author: jose.teixeira@sorbonne-universite.fr

PWS Phase-weighted stack
RE Railway embankment
SASW Spectral Analysis of Surface Waves
SG Shot-gather
SW Surface-wave
T1 Track 1
T2 Track 2
ULA Uniform linear array
VSG Virtual shot-gather

1 Introduction
The continuous expansion of urban areas, combined
with the ongoing environmental changes, has increased
the vulnerability of those regions to a variety of nat-
ural hazards that impact the near-surface proprieties.
In this sense, railway companies face a critical need
to characterize the stiffness of railway embankments
(REs) in order to ensure the safety and reliability of
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rail traffic (Rhayma et al., 2013). Traditionally, this
assessment involves periodic integrity checks using in
situ tests, such as boreholes and penetrometers (Okada
and Ghataora, 2002; Haddani et al., 2016). More re-
cently, non-destructive geophysical techniques have
gained prominence for their ease, speed, and cost-
effectiveness in characterizing REs across extensive dis-
tances (Artagan et al., 2020). A combination of sev-
eral methods is typically employed, with the most
commonly used techniques being Ground Penetrating
Radar (GPR) (Narayanan et al., 2004; Donohue et al.,
2011; Fontul et al., 2016), Electrical Resistivity Tomog-
raphy (ERT) (Barta, 2010; Donohue et al., 2011; Fontul
et al., 2016), Microgravimetry (Barta, 2010; Nebieridze,
2011; Fontul et al., 2016), and seismic approaches such
as Seismic Refraction (Barta, 2010), Seismic Reflection
(Fontul et al., 2016) and surface-wave (SW) methods.
In near-surface applications, SW methods predomi-

nantly rely on the study of the propagation of Rayleigh-
waves (Rayleigh, 1885), which stand out for their ease of
detection within the seismic wavefield thanks to their
limited geometric attenuation when compared with
other types of seismic waves. SWs are typically man-
ually generated by punctual active sources (e.g. ham-
mer, weight-drop) and are recorded either by a pair of
geophones in the Spectral Analysis of Surface Waves
(SASW) method (Nazarian et al., 1983) or by a uniform
linear array (ULA) of multiple geophones in the Mul-
tichannel Analysis of Surface Waves (MASW) method
(Park et al., 1999; Xia et al., 1999). The latter involves
transforming a shot-gather (SG), initially recorded in
the distance-time domain, into a dispersion image (DI)
in the frequency-phase velocity domain (McMechan
and Yedlin, 1981; Mokhtar et al., 1988; Park et al., 1998).
The maxima in the DI correspond to a set of dispersion
curves (DCs), representing the variation of theRayleigh-
wave phase velocity (VR) over frequency, for different
modes of propagation. VR variation over frequency is
closely linked to the medium’s Shear-wave velocity (VS)
variation over depth, which, in turn, is related to the
medium’s modulus of rigidity at different depths. Thus,
MASW is utilized to infer the 1D VS of subsurface struc-
tures (Gabriels et al., 1987; Jongmans and Demanet,
1993; Park et al., 1999; Lai et al., 2002; O’Neill et al., 2003;
Socco and Strobbia, 2004; Socco et al., 2010; Bergamo
and Socco, 2016; Foti et al., 2018), or to generate pseudo-
2D VS profiles (Bohlen et al., 2004; Socco and Strobbia,
2004; Socco et al., 2009, 2010; Boiero and Socco, 2010,
2011; Bergamo et al., 2012; Pasquet and Bodet, 2017).
In railway applications, MASW has for instance

proven rapid and reliable for assessing underground
stability of REs on conventional lines affected by
landslides (Donohue et al., 2011), sinkholes (Boisson-
Gaboriau et al., 2016), or various climate effects over
time (Bergamo et al., 2016). More recently, MASW has
been adapted for use in a high-speed lines (HSLs) to
obtain a more refined analysis and control of the thin
subsurface layers supporting the track (Bodet et al.,
2017; Bodet, 2019; Burzawa et al., 2023). However, many
investigations face limitations due to operational con-
straints and access restrictions, making continuous or
periodic characterizations ofREsdifficult to deploywith

active sources.
In contrast, passive source SW methods, known as

seismic interferometry or Green’s function retrieval by
crosscorrelation, use coherent ambient seismic noise
generated by natural or anthropogenic activities to re-
trieve SW signals. Firstly theorized by (Aki, 1957),
thesemethods have beenwidely developed over the last
decades for the field of seismology (Derode et al., 2003;
Snieder, 2004; Wapenaar, 2004; Weaver and Lobkis,
2004; Bakulin and Calvert, 2006; Wapenaar et al.,
2010a,b; Larose et al., 2015; Boué and Paul, 2020), and
play a crucial role in tomographic tools for character-
izing deep structures in continental-scale applications
with large 2D arrays. Seismic noise is typically gener-
ated by natural phenomena such as microseisms (Ritz-
woller and Levshin, 1998; Barmin et al., 2001; Shapiro
and Campillo, 2004; Yao et al., 2006; Bensen et al.,
2007, 2008), but researchershave alsoharnessedanthro-
pogenic sources, such as oil platforms (Mordret et al.,
2013), car traffic (Behm et al., 2014), and even heavy
freight trains (Brenguier et al., 2019; Sheng et al., 2023).
In various near-surface applications, passive source

SWshavebeenused for subsurface characterization in a
scheme of passive-MASWwith 1DULAs. Firstly without
interferometry along roadsides (Park et al., 2004; Park
and Miller, 2008), and then with interferometry along
roadsides (O’Connell and Turner, 2011; Xu et al., 2013;
Le Feuvre et al., 2015; Hayashi et al., 2015; Cheng et al.,
2015, 2016; Mi et al., 2022; Czarny et al., 2023), as well as
along railway tracks (Quiros et al., 2016; Rezaeifar et al.,
2023).
In railway applications, passive-MASWhas been used

on conventional lines for continuous monitoring of
sinkhole development beneath tracks. Even though
the active method may be advantageous for one-time
characterization, as it does not require long-term train
recordings or automated data collection, the passive
method is better suited for continuous or repeatedmon-
itoring since it eliminates the need for field interven-
tions. Applications have involved the use of dense 2D
geophone arrays and extended recordingperiods of am-
bient noise (Talfumière and Nebieridze, 2008), and of
SWs induced by trains (Bardainne and Rondeleux, 2018;
Bardainne et al., 2022; Tarnus et al., 2022b,a; Bardainne
et al., 2023a,b; Rebert et al., 2024b). More recently, 1D
ULAs have also been employed to record SWs induced
by trains, with the aim of assessing shallow structures
beneath viaducts (You et al., 2023; Mi et al., 2023). How-
ever, these applications focus on frequencies ranging
from 5 to 50 Hz and do not prioritize the characteriza-
tion of the very first meters of the RE.
In this study, we explore the feasibility of employing

a passive-MASW approach onHSLs, utilizing a compact
ULA and brief recordings of seismic waves generated
by the passage of high-speed trains (HSTs). The pur-
pose is to characterize the thin subsurface layers sup-
porting the track for a broad band of frequencies (10
to 200 Hz). Tests were operated at three different sites
along a french HSL, benefiting from robust constraints
provided by previous geotechnical studies and geophys-
ical surveys (Bodet et al., 2017; Bodet, 2019; Burzawa
et al., 2023). After introducing the test sites and detail-
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Figure 1 (a), (b), and (c) Schematic maps of sites A, B, and C, respectively. The seismic ULAs are represented by yellow
lines with the position of the first and last geophones. Track numbers (T1 and T2) and train directions are also specified.
(d) Schematic cross-section [adapted from Bodet et al. (2017) and Bodet (2019)] illustrating the structure of the studied RE,
conforming to SNCF Réseau standards (IN32787, IG90260). (e) Setup used for active seismic acquisition, installed along the
track side. (f) Similar setup as in (e), employed for recording HST passages, with an HST approaching from the right of the
ULA.

ing the seismic survey geometry, we describe the pro-
cessing method applied to select and categorize HST
passage records according to the train travel direction
and distance from the array. Subsequently, we present
the workflow used to extract SWpropagation fromHST-
induced seismic noise, and to derive DCs. We then
present results obtained using this technique and com-
pare themwith theDCs obtained through traditional ac-
tive MASW, acquired concurrently during the same ex-
periment and with the exact same setup. Lastly, we dis-
cuss the richness of the passive data, the occurrence of
higher modes on DIs and their impact on the inversion
procedure, and the influence of the array density on the
quality of dispersion retrieval.

2 Field deployment and data acquisi-
tion

Passive seismic tests were conducted at three distinct
sites (referred to as sites A, B, and C in Figs. 1a-c) along
a French HSL, between January and May 2023. These
sites have experienced an abnormal increase in the
need for maintenance over the past decade that could
be attributed to significant variations in soil properties

or inadequate water drainage. Geological and geotech-
nical surveys have shown that the REs exhibit a typical
structure as defined by French HSL standards (refer to
Fig. 1d), composed with a sub-ballast layer, very com-
pactwith an average thickness of 20 cm, a capping layer,
less compact with an average thickness of 60 cm, and a
loess layer, usually slightly less compactwith an average
thickness of 5m. The platform rests on amore compact
chalk substratum not represented in Figure 1d. These
shallow, thin layers are crucial to the mechanical sta-
bility of the railway and require careful monitoring and
control. No standard VS values are defined universally
for healthy RE, as these values can vary significantly
depending on local geological and engineering condi-
tions. However a decrease over time of VS for the cap-
ping layer is generally considered indicative of potential
issues with the stiffness or stability of the RE (Burzawa
et al., 2023).

On each site, a seismic ULA with a length of 23.75 m
and composed by 96 geophones spaced at intervals of
25 cm was installed. The ULAs were positioned on
the the track side along the railway, at approximately
2 m from the rails, on Track 1 (T1), for site A, and
Track 2 (T2), for sites B and C. It is important to note
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Figure 2 (a) Raw HST record. The blue rectangle corresponds to the time segments where the HST is passing. The orange
rectangle corresponds to a calm segment with only ambient noise. (b) Normalized by frequency spectrogram of the same
HST record. (c) Frequency power spectrumof the first geophone for the same selected periods during the HST passage (blue)
and during a calm segment (orange). French HSLs are electrifiedwith a 25 kV, 50 Hz alternating current. Therefore, the peaks
observed at harmonics of 50Hz correspond to stray currents originating from the traction system,which travel along the rails
and through the soil, serving as the return conductor.

that the sites in question have no curvature and a zero
slope. Active seismic data was acquired by vertically
striking a metal plate placed in-line, 12.5 cm away from
the first (direct shot) and last (inverse shot) geophones
(see Fig. 1e). The impact was achieved with a ham-
mer (1.5 kg) and waves propagation along the ULA was
recorded for 2 s with a sampling interval of 0.5 ms (i.e.
sampling rate of 2 kHz) and a pre-triggering delay of -
0.02 s. Six direct and inverse shots were stacked in the
time domain to enhance signal-to-noise ratio.
HST passages on tracks 1 and 2 were also recorded

with the exact same ULAs for durations of 120 s (see Ta-
ble 1) with a sampling interval of 2 ms (i.e. sampling
rate of 500 Hz). The recordings were initiated manually
upon visual confirmation of approaching trains at the
site. Seismicwaves generated by trains contain high en-
ergy for frequencies ranging from 10 to 200 Hz with an
estimated signal-to-noise ratio of 150 dB (see Fig. 2).

3 Automatic data selection
Before any data transformation, eachHST record is split
into segments of 5 s by using a Tukey sliding window
with a moving step of 1 s. However, not all segments
are suitable for use in a passive-MASW scheme because
interferometry relies on waves that travel in-line from a
source andpass throughall geophones to reconstruct an
accurate impulse response of the propagation medium
between pairs of geophones. Misalignment leads to in-
correct VR estimation (Park and Miller, 2008) and pro-
duces artifacts in DIs (Cheng et al., 2023). Configura-
tionswith coherent waves, such as train-inducedwaves,
traveling simultaneously in opposite directions must
alsobe avoided tonot distort interferometry results. See
Section 4.1 for more details about interferometry.
In this context, we established the 1st and 96th geo-

phones as the left and right extremities of the ULA, re-
spectively, with an increasing distance axis from left
to right (see Figs. 1a-c). Thus, there are four distinct

Table 1 HST records on tracks 1 and 2 (T1 and T2) for sites
A, B, and C with the sampling interval dt and record length
Dt.

Record (#) Track dt (s) Dt (s)
A-1 T1, T2 2 120
A-2 T1 2 120
A-3 T1, T2 2 120
A-4 T2, T1 2 120
A-5 T2 2 120
A-6 T1, T2 2 120
B-1 T1 2 120
B-2 T1 2 120
B-3 T2 2 120
B-4 T1 2 120
B-5 T1 2 120
B-6 T1, T2 2 120
B-7 No train recorded 2 120
B-8 T2 2 120
B-9 T2 2 120
B-10 T2, T1 2 120
C-1 T1 2 120
C-2 T1 2 120
C-3 T2 2 120
C-4 T2 2 120
C-5 T2 2 120
C-6 T1 2 120
C-7 T1 2 120
C-8 T2 2 120
C-9 T2 2 120
C-10 T2 2 120

configurations between the train position and the ULA,
each of whichmust be distinguished on every segment.
Figure 3 shows HST records at sites B and C with some
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Figure 3 (a) 9th HST passage recorded on site B (record B-9 on Table 1) on T2 passing from the right to the left of the ULA.
Four segments of 5 s at 0, 5, 10 and 67 s are shown and labeled according to the train’s position (R for right, P for passage, L
for left and F for far). (b) 7th HST passage recorded on site C (record C-7 on Table 1) on T1 passing from the left to the right of
the ULA. Two segments of 5 s at 7 and 67 s are depicted and labeled according to the HST’s position (R for right, and FL for
far-left with an unknown signal detected coming from the left as shown in Fig. 4).

highlighted segments for each possible case:

• Case F: Train is far from the ULA. No SW signal is
recorded by the geophones (this threshold distance
depends on the types of sites and trains and is not
estimated. Only the amount of energy recorded the
the ULA’s position is calculated).

• Case P: Train is passing by the ULA. The source and
the geophones are not aligned in an unique direc-
tion.

• Case L: Train is close and at the left of the ULA. The
source is aligned with all geophones. Waves have a
rightward propagation from geophone n°1 to geo-
phone n°96.

• Case R: Train close and at the right of the ULA. The
source is aligned with all geophones. Waves have
a leftward propagation from geophone n°96 to geo-
phone n°1.

An anomalous case FL is also highlighted for a seg-
ment when the train is far yet a strong unknown signal
is detected coming from the left.
In the literature, various techniques have been em-

ployed as automatic segment selection tools. Examples
include Frequency-Wavenumber (FK)-Based data selec-
tion (Cheng et al., 2018), data selection in the Tau-p
domain (Cheng et al., 2019), beamforming techniques
(Ning et al., 2022), and covariance matrix methods for
train localization in time and space (Rezaeifar et al.,
2023). Other approaches utilize a single geophone posi-
tioned at a certain distance from both sides of the ULA
to detect train arrivals and estimate Fresnel angles (You
et al., 2023). In our study, we use an FK-based data se-
lection technique adapted from Cheng et al. (2018) that

suitswell with a 1D linear geometry and is computation-
ally efficient for segment classification.
To determine the correct propagation direction of the

incoming waves, we estimate the FK spectrum in the
negative and positive wavenumber domains. We then
calculate the sum of each side between 0 and 200 Hz, -2
and 0 m-1 for the negative wavenumber part, and 0 and
2m-1 for the positive wavenumber part. A negative part
(K-) greater than the positive part (K+) indicates a prefer-
ential leftward propagation, suggesting that the source
is situated at the right of the ULA (case R). Conversely,
a positive part greater than the negative part indicates a
preferential rightward propagation, suggesting that the
source is situated at the left of the ULA (case L). How-
ever, when the source is placed along the ULA or no
source is nearby (cases P and F), the negative and posi-
tive parts can be similar, showing no specific direction
of propagation. In accordance with (Cheng et al., 2018),
we define a threshold Λ for the ratio of the negative and
positive parts as follows:

• If K- > K+ and − K−

K+ + 1 < −Λ then, the source is
estimated to be at the right of the ULA (case R).

• If K+ > K- and K+

K− − 1 > Λ then, the source is esti-
mated to be at the left of the ULA (case L).

• else, the segment is eliminated (cases P and F).

The threshold value Λ is however site-specific. After
several trials, we determined that a value of 0.3 for site A
and 0.6 for sites B andC yields the optimal results. Site A
appears to exhibit lower attenuation for noise generated
on the left side of the ULA compared to sites B and C.
This could be explained by a different nature of materi-
als despite a similar HSL structure enabling the record-
ing of the noise even when the HST is further. On aver-
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Figure 4 (a), (b), and (c) FK segment selection for every record of sites A, B, and C, respectively (see Fig. 1 for sites location).
Red, blue, and grey dots indicate segments with detected seismic waves coming from the right, left and not showing distinct
direction, respectively. Yellow vertical lines represent time segments of HST passages on T1 and T2 (see Table 1). Highlighted
segments in records B-9 and C-7 are the same shown in Figure 3. Green circles denote anomalies where waves were detected
coming from the left but not corresponding to any HST passages.

age, a Λ value around 0.4 proves to be effective for the
HST records.

Figure 4 illustrates the directional ratio estimation for
each segment. Notably, only segments immediately be-
fore or afterHST passages are retained (in blue forHSTs
at the left and red for HSTs at the right of the ULA).
Segments occurring during train passages or when the
HST is at a considerable distance from theULA, exhibit-
ing directional ratios between -Λ and +Λ, are excluded
(in grey). Furthermore, the estimated source directions
align with the HST directions of movement (see Fig. 1
and Table 1). For site A, HSTs travel from right to left on
T1 and from left to right on T2. For sites B and C, HSTs
travel from left to right on T1 and from right to left on
T2. Source direction estimations from the same six seg-
ments in records B-9 and C-7, as shown in Figure 3, are
correctly identified. However, segment 67-FL of record

C-7, which is far from the HST passage and is expected
to contain minimal seismic signal, appears to exhibit a
significant unknown source strongly located on the left
side of the ULA. This anomaly is observed in records B-
6, C-6, and C-7 at sites B and C, which are geographically
close to each other.

4 Interferometry with high-speed
trains

4.1 Importance of signal direction

A seismic signal, originating from any source and
recorded by a distant receiver, carries both the informa-
tion related to the source (energy, duration, directional-
ity, etc.) and the information about the path traveled by
the waves between the source and receiver. The elas-
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Figure 5 Direct VSGs (i.e. source at geophone n°1) with causal and acausal parts, obtained from segments highlighted in
Figures 3 and 4. The propagation of SW is retrieved in the acausal part for (a) and (e) when the source is at the right, in the
causal part for (c) and (f) when the source is at the left of the ULA, and is not conclusive for (b) and (d) when theHST is passing
or too far.

todynamic transfer function of the medium is referred
as the Green’s function. It represents the medium re-
sponse to a punctual excitation (i.e. a Dirac distribu-
tion) in time and space, which fully describes the prop-
agation of elastic waves between the source and re-
ceiver. If a source function is defined by some wavelet
s(xS , t) generated at the positionxS, then thewavefields
recorded by two different geophones at xA and xB can
be defined as:

(1)

{
u (xA, s, t) = s (xS , t) ∗ G (xA, xS , t)
u (xB , s, t) = s (xS , t) ∗ G (xB , xS , t)

,

where the asterisk denotes the temporal convolution
and, G(xA, xS , t) and G(xB , xS , t) are the Green’s func-
tions observed at xA and xB, respectively. Wapenaar
et al. (2010a,b) and Boué and Paul (2020) have shown
that the Green’s function between xA and xB can be es-
timated by crosscorrelation of the wavefields recorded
at both points. The crosscorelation of the wavefields
recorded at xA and xB is defined as

(2)CAB = u (xA, s, t) ∗ u (xB , s, −t) .

Let S(xS , t) = s (xS , t) ∗ s (xS , −t) is the autocorrelation
of the source wavelet, therefore,

(3)CAB = S (xS , t) ∗ G (xA, xS , t) ∗ G (xB , xS , −t) .

In a 1D case, when xS, xA and xB are aligned along a
x-axis, if the wave is traveling rightward (source at the
left) along xS, xA and xB, then the cross correlation is

(4)CAB = S (xS , t) ∗ G (xB , xA, t) ,

and, if thewave is traveling leftward (source at the right)
along xA, xB and xS, then the cross correlation is

(5)CAB = S (xS , t) ∗ G (xB , xA, −t) .

Because S(xS , t) approximates a delta function, we can
write equations 4 and 5 as the an approximation of the
Green’s function:

(6)CAB ≈ G (xB , xA, t) ,

and
(7)CAB ≈ G (xB , xA, −t) .

G (xB , xA, t) and G (xB , xA, −t) represent the causal
and acausal responses, respectively, of an impulse gen-
erated at t = 0 s, providing the response at xB if the
sourcewas located atxA. This formulates that the cross-
correlation of wavefields recorded at two different geo-
phones gives the theoretical wavefield at one geophone
if a source, close to an impulse, was at the other geo-
phone.
In a one-dimensional, non-diffuse wavefield sce-

nario, this approximation relies on the precise align-
ment of the geophones and the source, as well as the se-
quential propagation of waves from the source through
each geophone. It is also essential to note thatwhen cor-
related sources are simultaneously generated fromboth
sides, the cross-correlation can contain cross-terms that
lack physical meaning (Wapenaar et al., 2010a). Con-
versely, if both sources are uncorrelated, the causal and
acausal components tend to be symmetric. Thus, us-
ing HSTs as seismic sources in a 1D setup requires in-
formation about the train’s direction and relative posi-
tion. The segment selection technique outlined in Sec-
tion 3 enables to overcome those requirements. One
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Figure 6 DIs normalized by frequency, obtained from the direct VSGs (i.e. source at geophone n°1) from Figure 5. (a), (c),
(e), (g), (i) and (k) were obtained with the acausal part of the cross-correlations and (b), (d), (f), (h), (j), and (l) with the causal
part.

must also note that, although the signal induced by
each HST is unique, varying with factors such as speed,
weight, and number of cars, it does not fundamentally
alter the outcomes of the cross-correlation, since the
Green’s function only represents the medium response
to a punctual excitation. However because S(xS , t)
only approximates a delta function, in practice the fre-
quency range of the source, and consequently of the
recorded signal, is limited by the type and speed of the
train, rather than being infinite.

4.2 Preprocessing

Before applying interferometry, each segment under-
goes a sequence of preprocessing steps. We follow the
approach outlined by Bensen et al. (2007), which in-
volves processing each passive seismic trace individ-
ually. This processing includes demeaning, detrend-
ing, temporal normalization, and spectral whitening.
The initial three steps—demeaning, detrending, and
temporal normalization—are utilized to mitigate the ef-
fects of instrumental irregularities. Bensen et al. (2007)
consider five different temporal normalizationmethods
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Figure 7 (a), (b), and (c) Final normalized direct SGs acquired through classical active seismic for sites A, B, and C. (d), (e),
and (f) Normalized VSGs obtained by passive seismic for sites A, B, and C after FK selection, preprocessing and squared PWS
(ν = 2).

but recommend the running-absolute-mean technique,
which entails a sliding averaging of the absolute value
of the waveform within a temporal window with a fixed
width equal to half the maximum period of the signal.
However, through several trials, we found that tempo-
ral normalization did not yield notable quality improve-
ments in the data. This is expected, given that we use a
strong source in close proximity to our geophones. As a
result, this step is considered optional. Spectral whiten-
ing, on the other hand, is applied to the entire spectrum
of each trace to correct for high-frequency attenuation
and make the spectrummore uniform.

4.3 Virtual shot-gathers

We apply cross-correlations between the first geophone
(i.e. n°1) and all geophones, as well as between the last
geophone (i.e. n°96) and all geophones, resulting in a
direct and inverse virtual shot-gather (VSG). These VSGs
illustrate the propagation along the ULA of an impulse
that would be generated at the first and last geophones.
However, it’s crucial to ensure that the propagation of
train-inducedwaves is properly alignedwith all the geo-
phones. Additionally, we need to distinguish whether
the train is located to the left or the right of the ULA.
This distinction is crucial to select between the causal
and acausal parts of the cross-correlation:

• For the direct VSG, if the train is at the left the
causal part is conserved and if the train is at the
right the acausal part is conserved.

• For the inverse VSG, conversely, if the train is at the
left the acausal part is conserved and if the train is
at the right the causal part is conserved.

Additionally, given that sources generated by trains
closely resemble correlated impulses produced each
time a wheel passes over a sleeper (Lavoué et al., 2020;
Rebert et al., 2023; Rebert et al., 2024a), wavefields
recorded when trains are simultaneously traveling in
both tracks must be avoided in order to prevent cross-
terms. The segment selectionmethod described in Sec-
tion 3 allows us to verify all these requirements.
Figures 5 and 6 show the direct VSG and the DIs ob-

tained from the same segments highlighted in Figures 3
and 4 for both the causal and acausal parts. The DIs
were generated using a phase-shift transformdescribed
in Appendix B. We verify the assertion that when the
train is at the left, the causal part contains themedium’s
response (see Figs. 5c,f and 6f,l) and conversely, when
the HST is at the right, the acausal part contains the
medium’s response (see Figs. 5a,e and 6a,i). However,
when the HST is far from the ULA or passes by it,
both causal and acausal parts are hardly exploitable
(see Figs. 5b,d and 6c,d,g,h). Moreover, Figure 6l pro-
vides more insights into the unknown source affecting
records B-6, C-6, and C-7. It appears that the source has
a high-frequency spectrumand reveals highermodes in
the DIs.

5 Time-domain stacking

A stacking operation is applied to the entire set of VSGs,
without differentiatingdirect and inverseVSGs,with the
primary aimof enhancing the signal-to-noise ratio. Sev-
eral stacking techniques are commonly used in seismol-
ogy, Yang et al. (2023) provided a comprehensive list and
evaluation. Themost well-knownmethods are the stan-
dard linear stack, the nth-root stack (Kanasewich et al.,
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Figure 8 (a), (b), and (c) DIs normalized by frequency, obtained by classical active seismic for sites A, B, and C. (d), (e), and
(f) DIs normalized by frequency, obtained by passive for seismic after FK selection, preprocessing and squared PWS (ν = 2)
for sites A, B, and C. Picked DCs (white dots) reveal several modes of propagation in the 0-100 Hz and 0-400 m/s ranges that
were previously observed in other railway contexts.

1973), and the phase-weighted stack (PWS) (Schimmel
and Paulssen, 1997). In our study, we utilize the PWS
method due to its demonstrated efficacy in passive seis-
mic applications (Thurber et al., 2014; Ning et al., 2022;
You et al., 2023).
In accordance with Schimmel and Paulssen (1997),

each trace sj(t) (real part) can be combined with its
Hilbert transform H[sj(t)] to form the complex trace
(analytic signal) Sj(t),

(8)Sj(t) = sj(t) + iH[sj(t)] ,

which can be rewritten in terms of amplitude Aj(t)
and instantaneous phase Φj(t):

(9)Sj(t) = Aj(t) exp[iΦj(t)] .

The phase stack c(t) is defined as:

(10)c(t) = 1
N

∣∣∣∣∣∣
N∑

j=1
exp[iΦj(t)]

∣∣∣∣∣∣ ,

where N represents the number of traces being
stacked. The phase stack is a time-dependent function
ranging between 0 and 1, serving as a direct measure of
coherency. If the instantaneous phases of the signals at
a particular time are coherent, this function equals one,
and zero if the summed signals are completely destruc-
tive. Notably, it’s worth mentioning that the amplitudes
of the stacked signals are not utilized and have no im-
pact on the phase stack. The PWS, denoted as g(t), is
then obtainedbyusing the phase stack as a time-varying
weight function for the linear stack:

(11)g(t) = 1
N

N∑
j=1

sj(t)

∣∣∣∣∣ 1
N

N∑
k=1

exp[iΦk(t)]

∣∣∣∣∣
ν

,

with ν the power of the stack. The PWS method
enhances the standard linear stack by assigning lower
weights to components of the traces that don’t share the
same instantaneous phase. It acts as a filter that am-
plifiesweak coherent signalswhile reducing incoherent
noise. Its sharpness is controlled by the power param-
eter ν and the linear stack can be retrieved with ν = 0.
Notice that thePWS is anon-linear stack,which can lead
to waveform distortion, particularly for incoherent sig-
nals. This distortion is similar to the one generated by
the nth-root stack, but to a much lesser extent, and ap-
pears to narrow wavelet widths, especially when high
stacking powers are applied (McFadden et al., 1986;
Schimmel and Paulssen, 1997).
Figures 7d-f display the final VSGs obtained after ap-

plying the PWS with ν = 2, for sites A, B, and C. The
comparison with the SGs recorded with the active seis-
micmethod (see Figs. 7a-c) reveals that the sameSWsig-
natures are successfully retrieved. However, P-waves,
which are clearly visible in SGs from active seismic, are
more challenging to recover using passive VSGs but can
still be discerned in Figure 7d.

6 Results
6.1 Active versus Passive
Figure 8 displays the DIs obtained by phase-shift trans-
form (see Appendix B), with both the traditional ac-
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Figure 9 (a), (b), and (c) Comparison of picked DCs, with error-bars, from active and passive (ν = 2) seismicmethods along
with the DCs obtained by forwardmodeling from the average velocitymodels invertedwithMP W S2

0 ,MP W S2
1 , andMP W S2

2 ,
for sites A, B, and C.

tive MASW method, and the passive-MASW after FK
segment selection, preprocessing, interferometry, and
squared PWS (ν = 2), for sites A, B and C. See Ap-
pendix A for more details about the active MASW pro-
cessing workflow. Both techniques result in highly sim-
ilar images but with particularities to each method. On
one hand, passive DIs exhibit overall great richness of
information and feature coherent content at higher fre-
quencies than active results.

DCs for several modes were semi-automatically
picked on the DIs. For a given mode i, picked active
DCs are referred to as Mactive

i and picked passive DCs,
obtained using a PWS power ν = 2, are referred to as

MP W S2
i . Both techniques allow the recognition of, at

least, the fundamental mode (M0), as well as the first
(M1) and second (M2) higher modes. However, for site
A, a third passive higher mode (MP W S2

3 ) is retrieved,
but is difficult to discern on the active DI. For site B,
the second active higher mode (Mactive

2 ) seems to be a
superposition of several modes that are more disentan-
gled in passive results (MP W S2

2 , MP W S2
3 , and MP W S2

4 ).
Lastly, for site C, a glimpse of three additional modes is
retrieved in the passive results in comparison with the
active seismic data.
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6.2 Multi-modal dispersion curves
Figure 9 overlays the experimental active (Mactive

i in
red) andpassive (MP W S2

i in green)DCs, with their theo-
retical uncertainty δc(f) represented by error-bars and
calculated in accordance with O’Neill (2003):

δc(f) = 10−a

∣∣∣∣∣ 1
1

VR(f) − 1
2fNx∆x

− 1
1

VR(f) + 1
2fNx∆x

∣∣∣∣∣,
(12)

with a being the logarithmic reduction factor, usually
0.5 (O’Neill, 2003), Nx the number of geophones used
to compute the DI, and ∆x the space interval between
geophones. Note that the uncertainty is higher at low
velocities but that the global uncertainty across all fre-
quencies can be reduced by increasing the length of the
geophone arrayNx∆x. This reflects the typical compro-
mise that has to be done between investigation depth
(usually captured by lower frequencies), resolution, and
the 1D approximation required for the inversion of dis-
persion data. On the one hand, lengthening the array
naturally improves the resolutionof theDI. Sinceuncer-
tainties are dependent on resolution, this helps reduce
potential errors at low frequencies and thus enhances
the interpretation of deeper layers. On the other hand,
extending the array toomuchmay introduce significant
lateral variations, invalidating the 1D assumption. This
type of error has been highlighted by O’Neill (2003) and
others in the field of near-surface geophysics. Further-
more, large uncertainties at low frequencies can help
minimize the influence of near-offsets effects (O’Neill,
2003; Zywicki and Rix, 2005; Bodet et al., 2009).
The DCs obtained from both methods exhibit very

good coherence, withmost curves falling within the un-
certainty range. Passive seismic analysis appears to of-
fermore detailed information regarding the fundamen-
tal mode at lower frequencies. However, it is crucial to
approach the results with caution, as the uncertainty is
higher at these low frequencies. In the case of site A,
MP W S2

2 seems to be a continuation of Mactive
2 at lower

frequencies. For site B, we more precisely observe that
Mactive

2 appears to be a composite of differentmodes on
the DIs. In fact, the passive seismicmethod seems to be
able to separate it into three distinct modes (MP W S2

2 ,
MP W S2

3 , and MP W S2
4 ).

For each site, the Rayleigh-wave DCs corresponding
to MP W S2

0 , MP W S2
1 , and MP W S2

2 , were inverted to ob-
tain a 1D VS versus depth ground model (more de-
tails about the inversion process are described in Ap-
pendix C). Up to ten DC modes were then recomputed
from the resulting average model by forward modeling
using a Thomson-Haskell propagationmatrix, and plot-
ted on the background of Figure 9 (in grey). Not surpris-
ingly, we observe that the DCs obtained after inversion
align closely with experimental MP W S2

0 , MP W S2
1 , and

MP W S2
2 , which were used for the inversion. Nonethe-

less, it is also interesting to observe that, even higher
modes, such asMP W S2

3 for siteA, andMP W S2
3 ,MP W S2

4 ,
and MP W S2

5 for site C, almost perfectly match. How-
ever, for site B, even if MP W S2

3 and MP W S2
4 still coher-

ent with the modeled DCs, we were not able to obtain a

satisfying invertedmodelwith realistic velocities for the
second layer (seeTable 2 andAppendix C for detailed in-
version results), which corresponds to the capping layer
(see Fig. 1d). This indicates that neither the active nor
the passive approach using a squared PWSprovided suf-
ficient resolution to accurately characterize this critical
thin layer.

7 Discussion
7.1 Enhancing multi-modal characterization

of extracted dispersion
Figures 10a-c present the VSGs obtained using a PWS
power ν = 10. As expected, the wavelet widths are nar-
rowed, and only coherent strong signals are retained.
Again, DCs for several modes were semi-automatically
picked on the new corresponding DIs (see Figs. 10d-f).
For a given mode i, picked passive DCs are referred to
as MP W S10

i . For site A, we retrieve the same modes
(MP W S10

0 to MP W S10
3 ) with improved continuity, and

four additional modes are now visible. For site C, we
recover the same five modes, but with increased clar-
ity. Surprisingly, for site B, the new DI reveals a total
of eleven modes that can be picked. This adjustment in
the PWS power leads to notable changes in the visibility
and differentiation of the modes in the DIs.

Table2 Final averagevelocity groundmodelsobtainedaf-
ter inversion of MP W S2

0 , MP W S2
1 , and MP W S2

2 , for sites A,
B, and C.

Site Layer Thickness VP VS Density ρ

(#) (m) (m/s) (m/s) (kg/m3)
A 1 0.4 1375 512 2204

2 0.2 1092 369 2234
3 5.0 340 186 2297
½-space ∞ 1232 419 2229

B 1 0.5 812 99 2304
2 0.1 810 34 2265
3 6.3 1044 309 2260
½-space ∞ 1620 795 2243

C 1 0.1 1743 677 2316
2 0.8 1033 181 2050
3 4.9 1539 187 2415
½-space ∞ 1835 973 2217

For each site, thenewpassiveMP W S10
0 ,MP W S10

1 , and
MP W S10

2 , were as well inverted. For sites A and C, the
resulting velocity models are very similar to the previ-
ously obtained in Section 6.2. However, for siteB, the ve-
locitymodel shows nowmore realistic velocities, allow-
ing for better differentiation of the capping layer (sec-
ond layer), which now exhibits the expected thickness
of 60 cm (see Table 3 and Appendix C for more detailed
inversion results).
Again, up to ten DC modes are recomputed from the

resulting average models by forward modeling in order
to compare them with the experimental DCs. In Fig-
ure 11, we overlay the experimental active DCs (Mactive

i

in red), the experimental passive DCs obtained using
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Figure10 (a), (b), and (c)NormalizedVSGsobtained throughpassive seismic after the FK selection, preprocessing, andPWS
(ν = 10) for sites A, B, andC. (d), (e), and (f) DIs normalized by frequency, obtained throughpassive seismic after FK selection,
preprocessing, and PWS (ν = 10) for sites A, B, and C.

ν = 2 (MP W S2
i in green), the experimental passive DCs

obtained using ν = 10 (MP W S10
i in blue), and the DCs

obtained by forward modeling (in grey). For sites A and
C, the new DCs obtained after inversion exhibit mini-
mal change in comparison with Figure 9, and every sin-
gle mode aligns well with the inverted model. How-
ever, the results for site B are markedly different. It ap-
pears that the previous modes have been split. Specifi-
cally, Mactive

1 and MP W S2
1 seem to have been separated

into two or three distinct modes (MP W S10
1 , MP W S10

2 ,
and MP W S10

3 ). We note that MP W S10
3 seems actually

be a part of MP W S10
2 . The same effect can be seen for

Mactive
2 , which appears to represent an effective disper-

sion of three different modes (MP W S10
4 , MP W S10

5 , and
MP W S10

6 ), as assumed in Section 6. Additionally, all new
higher modes also fit well with the inverted model.
This comparison further highlights the impact of the

chosen PWS power ν on the DCs and subsequent inter-
pretation. Increasing the PWS power ν appears to en-
hance the retrieval of more higher modes for sites A
and B. However, this increase in ν also leads to DIs that
are less identical to those obtained through active seis-
mic methods, and showing smoother modes of propa-
gation. Essentially, if the objective is to achieve results
similar to those obtained with active seismic, then us-
ing ν = 2 is more suitable. However, when the goal is to
obtain an inversion that is well-constrained at high fre-
quencies or tomonitor VR for several modes, a higher ν
canprovide additional information. This researchhigh-
lights the importance of considering the trade-off be-
tween the precision of low-frequencymodes and the in-

clusion of higher modes when selecting the appropri-
ate PWS power. The effects of using a high ν on DIs
have been relatively underexplored in the literature. We
show that almost all higher modes align with the inver-
sion results, which were computed using only the first
three modes. However, further comprehensive stud-
ies are necessary to thoroughly validate these higher
modes as actual Rayleigh-wave modes.

Table3 Final averagevelocity groundmodelsobtainedaf-
ter inversion ofMP W S10

0 ,MP W S10
1 , andMP W S10

2 , for sites
A, B, and C.

Site Layer Thickness VP VS Density ρ

(#) (m) (m/s) (m/s) (kg/m3)
A 1 0.3 1108 344 2255

2 0.2 996 246 2240
3 5.2 713 193 2326
½-space ∞ 1062 387 2237

B 1 0.2 955 207 2214
2 0.6 747 118 2156
3 5.1 1296 215 2344
½-space ∞ 1669 856 2258

C 1 0.1 1458 574 2167
2 0.7 1128 149 2062
3 4.3 743 183 2447
½-space ∞ 1613 745 2298
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Figure 11 (a), (b), and (c) Comparison of picked DCs, with error-bars, from active and passive (ν = 10) seismic methods
along with the DCs obtained by forward modeling from the average velocity models inverted with MP W S10

0 , MP W S10
1 , and

MP W S10
2 , for sites A, B, and C.

7.2 Most modest setup for satisfying results

Figures 12 and 13 present the DIs for sites A, B, and C,
obtained using less dense ULAs with 48, 24, and 12 geo-
phones over the same initial distance of 23.75 m, and
considering two PWS power values, ν = 2 and ν = 10.
We observe that even with an array density reduced by
a factor of four (24 geophones), the distinction between
the various modes of propagation is still feasible (see
Figs. 12d-f and 13d-f). However, whenusing only 12 geo-
phones over the same distance, multiple modes tend
logically to merge together, leading to the observation
of an effective dispersion rather than individual modes.
It is also important to note that as the array density de-

creases, the influence of the PWS power ν on the re-
sulting DIs becomes less significant (see Figs. 12g-i and
13g-i). This observation underscores the critical role
of array density in determining the resolution and in-
terpretability of the DIs in conjunction with the chosen
PWS power.

Using a ULA with 24 geophones is a economical op-
tion for RE diagnostic, providing results hat are com-
parable to those obtained with a more dense array of
96 geophones. However, if the primary goal is to glob-
ally estimate or monitor VR variations, a 12-geophone
array could also suffice, with a focus on extracting ve-
locity ranges instead of modal responses. It is impor-
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Figure 12 DIs normalized by frequency, obtained by passive seismic after FK selection, preprocessing and squared PWS
(ν = 2) for sites A, B, and C using a ULA of (a, b, and c) 48 geophones spaced by 50 cm, (d, e, and f) 24 geophones spaced by
75 cm, and (g, h, and i) 12 geophones spaced by 1 m.

tant to consider themaximumwavenumber that can be
identified, which depends on the receiver spacing dx.
Energy associated with wavenumbers above π/dx get
aliased, leading to the loss of information from short
wavelengths (i.e. high frequencies) that typically of-
fer insights into the uppermost layers. However, lim-
itations on the highest detectable frequencies are of-
ten primarily related to attenuation and site response,
and receiver spacing is critical only at very low-velocity
sites (Socco and Strobbia, 2004). Therefore, selecting
the appropriate receiver spacing is crucial in optimizing
the trade-off between economical considerations and
the desired resolution of the SW velocity estimation. A
baseline investigation should be performed before any
permanent survey, to determine the best configuration.
It is also worth noting that if a geophone is not func-

tioning correctly, the impact on overall data quality is
minimal. This is because the phase-shift transform
method used to generate DIs leverages the redundancy
of data collected along the geophone line. This robust-
ness is one of the key strengths of the MASW method,
ensuring reliable data processing even when minor is-
sues occur during field deployment.

8 Conclusions

The comparison between DIs generated by
passive-MASW, utilizing HST induced waves, and
DIs generated by classical MASW, using a hammer
as an active source, reveals a significant coherence
between the two methods. The superposition of the
DCs from bothmethods is nearly perfect, but it appears
possible to identify more modes of propagation and to
achieve better mode continuity using passive-MASW.
On twoout of the three test sites, increasing thepower

of the PWS appears to facilitate the identification of ad-
ditional modes of propagation. Strong a priori informa-
tion about the investigated site made it possible to per-
form forward computation in order to verify the rele-
vance of these additionalmodes. We demonstrated that
being able to correctly discern higher modes with the
passive method, enabled a better characterization the
capping layer with realistic thicknesses and mechani-
cal properties, making it possible to effectively monitor
this layer over time.
We also showed that reducing the array density by a

factor of 4 (array of 24 geophones) remains an econom-

15 SEISMICA | volume 4.1 | 2025



SEISMICA | RESEARCH ARTICLE | Nondestructive testing of railway embankments using waves induced by high-speed trains

Figure 13 DIs normalized by frequency, obtained by passive seismic after FK selection, preprocessing and squared PWS
(ν = 10) for sites A, B, and C using a ULA of (a, b, and c) 48 geophones spaced by 50 cm, (d, e, and f) 24 geophones spaced by
75 cm, and (g, h, and i) 12 geophones spaced by 1 m.

ical option that still allows mode distinction for such
high-resolution near-surface applications. Under this
threshold, modes logically tend tomerge, leading to the
observation of only an effective dispersion that can still
be used formonitoring an effective dispersion variation
of the site.
This study serves as a compelling proof of concept

for utilizing induced HST seismic waves as a source
for 1D passive-MASW. Future work could build on this
by exploring the potential of this technique for contin-
uous monitoring of critical infrastructures, by either
employing geophones or distributed acoustic sensing
(DAS) with optical fibers (Bardainne et al., 2023c). Such
advancements could enable real-time assessment of the
mechanical stability of REs, improving safety andmain-
tenance efficiency. Additionally, integrating dynamic
cone penetrometer (DCP) data could further validate
the characterization of subsurface layers, further prov-
ing the accuracy and reliability of thismethod (Burzawa
et al., 2023).
Our findings suggest that this method could be

adapted and applied to awide range of site types, includ-
ing outside of railway environments, making it a versa-

tile and light tool for subsurface characterization in var-
ious geological and traffic conditions.
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Figure A1 Schematic representation of the data processing steps for traditional active MASW (a) and passive-MASW (b).
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10 Data and code availability
Raw seismic records in SEGY format and all the
processed data can be accessed in Zenodo at https:
//doi.org/10.5281/zenodo.10245089. Processing codes
are available at https://github.com/JoseCunhaTeixeira/
passive-MASW.

11 Appendix

A Processing workflows and parameters
Figure A1 shows the workflows used to process active
and passive data. All processing parameters used for
the passive-MASW are summarized in Table A1.

Table A1 Passive-MASW data processing parameters.

Parameter Value
HST record total number 6 (Site A)

10 (Sites B and C)
HST recording lengths 120 s
Sampling rate 500 Hz
Segment length 5 s
Segment step 1 s
Direction ratio threshold (Λ) 0.3 (Site A)

0.6 (Sites B and C)
PWS power (ν) 2 or 10

B Dispersion extraction
SG are transformed from the distance-time (x, t) do-
main into DIs in the frequency-phase velocity (f , cf ) do-
main using a phase-shift transform (Park et al., 1998)
over the 96 geophones. Aki and Richards (1981) de-
scribed a SG as a superposition of an infinite number
of modes of propagation that can be written as:

(13)u(x, t) = am(x, t)ei[2πft−km(f)x] ,

where f is the frequency inHz, am(x, t) the amplitude
and km(f) thewavenumber for themodeof propagation
m. Its Fourier transform is defined as:

(14)

U(x, f) =
∫ +∞

−∞
u(x, t)e−i2πftdt

=
∫ +∞

−∞
am(x, t)ei[2πft−km(f)x]e−i2πftdt

= Am(x, f)
∫ +∞

−∞
e−ikm(f)xdt ,

withAm(x, f) the spectrumamplitudeof the signal. The
phase-shift transformation of a SG u(x, t) into the (f , cf )
domain is defined as:

(15)U(f, cf ) =
∫ +∞

−∞

U(x, f)eiφx

|U(x, f)| dx ,

withφ = 2πf/cf the phase-shift determined for covered
phase velocity cf and frequency f values. By injecting
Equation 14 in Equation 15 we obtain:

(16)U(f, cf ) =
∫ +∞

−∞

Am(x, f)e−i(km(f)−φ)x

|Am(x, f)| dx .

This last equation illustrates that the maxima of
U(f, cf ) will occur when km(f) = φ = f/cf for each
mode m. These maxima correspond to DCs that de-
scribe the variation of phase velocity with frequency for
a specific mode.

Table A2 Inversion parameter space.

Layer Thickness VP VS ρ ν

(#) (m) (m/s) (m/s) (kg/m3)
1 0.1-1 200-2000 10-750 2000-2500 0.1-0.5
2 0.1-1 200-2000 10-750 2000-2500 0.1-0.5
3 1-10 200-2000 10-750 2000-2500 0.1-0.5
½-space ∞ 200-2000 10-1500 2000-2500 0.1-0.5

C Inversion
For each site, the DCs corresponding to the fundamen-
tal mode (M0), the first higher mode (M1), and the
second higher mode (M2), obtained by passive-MASW,
were resampled in wavelength and inverted to gener-
ate a SW velocity model. This operation was made for
DCs resulting from passive-MASW using a PWS weight
ν = 2 and ν = 10. We use the software Dinver that
utilizes a neighbourhood algorithm developed by Sam-
bridge (1999) and implemented by Wathelet (2008) to
solve the inverse problemparameterizedwith three lay-
ers above a half-space, in accordance with French HSL
standards (see Fig. 1d). This method involves a stochas-
tic exploration of a parameter space in order to search
for aminimummisfit betweenmeasured and simulated
DCs. The selected parameter space (see Table A2), com-
prising the layer thickness, Pressure-wave velocity (VP ),
VS, density ρ, and Poisson’s ratio ν, aligns with previous
studies (Bodet, 2019; Burzawa et al., 2023) and relies on
geothechnical a priori information.
Out of a total 100,000 simulated models, the best

0.1% models are averaged to generate final average ve-
locity models (see Tables 2 and 3). Figures A2a,c,e
and A2b,d,f show all the simulated velocity models
and corresponding DCs resulting from the inversion
of MP W S2

0 , MP W S2
1 , and MP W S2

2 . Figures A3a,c,e
and A3b,d,f show all the simulated velocity models
and corresponding DCs resulting from the inversion of
MP W S10

0 ,MP W S10
1 , andMP W S10

2 . EachDC and velocity
model is representedwith a color depending on themis-
fit valueMF between the experimental data (white dots
and error-bars) and the simulateddispersiondefinedas:

(17)MF =

√√√√ Nf∑
i=1

(Vsimi
− Vexpi

)2

Nf σ2
i

,

with Vsimi and Vexpi
being the simulated and ex-

perimental phase velocities at each frequency fi, Nf

the number of frequency samples, and σi the phase-
velocity measurement uncertainty (error-bars) at each
frequency fi.
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Figure A2 Neighborhood algorithm search results for the inversion of DCs obtained using passive-MASWwith a PWSweight
ν = 2: at the top for site A (a,b), at the middle for site B (c,d), and a the bottom for site C (e,f). (a), (c) and (e) represent the
modeled velocity models. (b), (d) and (f) show the modeled DCs, with error-bars, for the fundamental mode (MP W S2

0 ), and
the first and secondhighermodes (MP W S2

1 andMP W S2
2 ). EachDCand velocitymodel is representedwith a color depending

on the misfit value between the modeled and experimental DCs (white crosses and error-bars). The best 0.1% models, in
terms of misfit, are plotted in color and the rest are in gray scale.

Please note that due to the DCs providing less infor-
mation at lower frequencies for sites B and C, the inver-
sion process did not converge to a stable minimal mis-
fit at greater depths. This variability is evident in Fig-
ures A2e,f and A3e,f, where the grey shading indicates a

wider range ofmodels far from thebest fits for the deep-
est layer. This layer has limited influence on the disper-
sion curves, resulting in awider range of potentialmod-
els that might have a good fitting. Consequently, the in-
version process tends to yield best-fit solutions that are
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Figure A3 Neighborhood algorithm search results for the inversion of DCs obtained using passive-MASWwith a PWSweight
ν = 10: at the top for site A (a,b), at the middle for site B (c,d), and a the bottom for site C (e,f). (a), (c) and (e) represent the
modeled velocity models. (b), (d) and (f) show the modeled DCs, with error-bars, for the fundamental mode (MP W S10

0 ),
and the first and second higher modes (MP W S10

1 and MP W S10
2 ). Each DC and velocity model is represented with a color

depending on the misfit value between the modeled and experimental DCs (white crosses and error-bars). The best 0.1%
models, in terms of misfit, are plotted in color and the rest are in gray scale.

less centered within all tested models during the inver-
sion, as thesemodels reflect the uncertainty rather than
amore definitive central tendency. The results in terms
of velocitymodels therefore showmany equivalences at
depth. However, inferred velocities are very consistent

in shallow layers, thanks to the strong a priori informa-
tion available on the geometry of the RE.
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