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S U M M A R Y
Over the past decade, ambient seismic noise has been used successfully to monitor various
geological objects with high accuracy. Recently, it has been shown that surface seismic waves
propagating within a sea dike body can be retrieved from the cross-correlation of ambient
seismic noise generated by sea waves. We use sea wave impacts to monitor the response of a sea
dike during a tidal cycle using empirical Green’s functions. These are obtained either by cross-
correlation or deconvolution, from signals recorded by sensors installed linearly on the crest
of a dike. Our analysis is based on delay and spectral amplitude measurements performed on
reconstructed surface waves propagating along the array. We show that localized variations of
velocity and attenuation are correlated with changes in water level as a probable consequence
of water infiltration inside the structure. Sea dike monitoring is of critical importance for
safety and economic reasons, as internal erosion is generally only detected at late stages by
visual observations. The method proposed here may provide a solution for detecting structural
weaknesses, monitoring progressive internal erosion and delineating areas of interest for
further geotechnical studies, in view to understand the erosion mechanisms involved.
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1 I N T RO D U C T I O N

Seismic surface waves are increasingly used for imaging and mon-
itoring purposes (e.g. Brenguier et al. 2008; Duputel et al. 2009;
Mainsant et al. 2012), in particular because they are easily retrieved
from seismic interferometry due to their higher energy (Woods
1968) and the shallow distribution of noise sources. Seismic inter-
ferometry has the objective of retrieving the impulse response of a
medium by processing pairs of simultaneous seismic records, either
by cross-correlation (Lobkis & Weaver 2001; Wapenaar 2004) or
deconvolution (Vasconcelos & Snieder 2007, 2008a).

In the field of seismology, passive seismic methods have under-
gone spectacular development in recent years, since it has been
shown that the cross-correlation of diffuse seismic noise converges
towards the Green’s function of a medium (Lobkis & Weaver
2001; Weaver & Lobkis 2001; Campillo & Paul 2003; Shapiro
& Campillo 2004; Sabra et al. 2005; Wapenaar & Fokkema 2006).
This approach has led to: (1) the production of high-resolution to-
mographic maps (Shapiro et al. 2005; Roux 2009; Stehly et al.
2009) and (2) the monitoring of geological structures, such as vol-
canic edifice, geological basin or clay landslide, with a precision
better than 0.1 per cent in velocity change (Brenguier et al. 2008;
Meier et al. 2010; Mainsant et al. 2012). Using seismic noise in-
stead of punctual energetic sources (earthquake and hammer shot)

presents two main advantages: first, continuous monitoring is pos-
sible, provided that noise sources are stable enough in space and
time; and second, higher sensitivity is expected in terms of seis-
mic property retrieval, since (1) recording over long periods allows
increasing the signal-to-noise ratio and (2) multiple ray paths orig-
inating from numerous primary and secondary noise sources allow
for a finer-spatial sampling of the medium. Regarding temporal res-
olution, a compromise must be found by taking into account both
the kinematics of changes undergone by the medium and the mini-
mum recording duration required to obtain a converged correlation
function.

In parallel, at the near-surface scale, surface waves generated by
anthropogenic noise sources, such as traffic, have been analysed to
obtain dispersion diagrams and infer the mechanical properties of
soils (Park & Miller 2008) for civil engineering purposes. Recently,
the seismic sounding of a sea dike was demonstrated, using cross-
correlations of noise generated when sea waves caused by swell
and surf impact on the structure (Le Feuvre et al. 2015). From a
monitoring point of view, Planès et al. (2016,2017) showed that wa-
ter infiltration inside an earthen levee could be tracked using delay
measurements on cross-correlations, respectively, on an experimen-
tal and a real site. In both cases, ambient noise was anthropogenic,
being related to nearby machine activity or traffic. Here, we pro-
pose to monitor the tidal response of a sea dike using sea waves

1364 C© The Author(s) 2018. Published by Oxford University Press on behalf of The Royal Astronomical Society.

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/214/2/1364/4996352 by guest on 27 M

ay 2021

mailto:anaelle.joubert@ifsttar.fr


Monitoring of a sea dike using sea waves 1365

as natural seismic sources. We use both phase delay and spectral
amplitude measurements, in order to infer variations in terms of
velocity and attenuation, respectively. To do this, we calculate the
empirical Green’s functions either by cross-correlation or by decon-
volution, and we compare the results between these two methods
(see Section 2).

In recent years, protecting populations against floods has be-
come a priority in many countries, as a result of several catas-
trophic weather events. In France, sea dikes, walls and levees pro-
tect 1350 km of coastline, of which only 400 km are currently doc-
umented, reflecting a lack of knowledge on their condition (Colas
2007). Furthermore, these structures appear to be very heteroge-
neous in terms of resistance, having been built at different epochs
(more than 2 centuries ago for the oldest ones), using various ma-
terials (usually in situ soil), different reinforcement structures (clay
core, stone or masonry wall), multiple geometries and subject to ir-
regular maintenance (Rode 2012). Dikes and levees can experience
two main failure events: (1) over-topping, which can be prevented
by raising the structure; (2) breaching, either due to piping, internal
erosion or loss of stability due to seepage in the foundation. Breach-
ing represents about 30 per cent of failure events and is difficult to
assess before late erosion stages. At present, managers generally
rely on visual observations that do not allow detecting internal de-
fects at the early stage of erosion. Geo-electric studies (Johansson
& Dahlin 1996; Inazaki & Sakamoto 2005; Fargier et al. 2012;
Weller et al. 2014), acoustic studies (Rittgers et al. 2015) and tem-
perature analysis within dikes (Johansson 1991; Beck et al. 2010)
have proven capable of detecting soaking zones. Although very ef-
ficient, temperature studies using optical fibres present two main
drawbacks: (1) they have to be set up inside the dike body during
its construction and (2) they give more punctual information than
other geophysical methods. Geo-electric studies, the most popular
in this context, give volumetric information but are insensitive to
mechanical properties. Currently, the seismic methods applied to
sea dikes are mainly restricted to (Multi-Channel Analysis of Sur-
face Waves) MASW (e.g. Karl et al. 2011) to define a 1-D shear
velocity profile in depth. Recently, seismic noise has been used for
modal analysis and H/V studies on sea dikes and wharfs, in order
to delineate areas of varying stiffness (Fontan et al. 2016; Vassail
et al. 2016).

In this study, we demonstrate that sea waves can be used to mon-
itor sea dikes during part of a tidal cycle, potentially allowing the
detection of structural weaknesses from the mechanical standpoint,
by installing a linear array of sensors at the top of the structure.
A previous experiment (Le Feuvre et al. 2015) showed that seis-
mic ambient noise contains sufficient energy at relevant frequen-
cies for sounding both the dike body and its substratum, providing
recordings lasting several minutes. Carrying on from this work,
experiments were conducted on the same study site (Les Moutiers-
en-Retz, Pays de la Loire, France), in order to monitor the response
of the structure to hydraulic solicitation during a tidal cycle. In
the next section, we introduce generalities regarding the analysis
of seismic noise and both principles of cross-correlation and de-
convolution, and describe the specific approach used in this study
to obtain relative variations as a function of time, based on delay
and spectral amplitude measurements. We then present the field site
on which the experiment was carried out as well as the recording
equipment and protocol. The results are given in the last section,
wherein are shown relative variations of the surface wave velocity
and the attenuation coefficient as a function of time, frequency and
location along the structure. The different approaches taken in this
study are compared and a physical interpretation of the variations
observed is proposed.

2 M E T H O D

2.1 Cross-correlation or deconvolution calculation

It has been shown that, under the assumption of a diffuse seismic
field, the cross-correlation of two seismic ambient noise records
can be used to reconstruct the Green’s function (filtered impulse
response) of a medium (see Lobkis & Weaver 2001; Snieder 2004,
2006; Snieder & Şafak 2006; Wapenaar & Fokkema 2006, for the-
oretical studies, and Shapiro & Campillo 2004 and Shapiro et al.
2005 for practical applications). A diffuse seismic field is produced,
either when primary noise sources are equidistributed (at least on
an average during the recording time) or when the medium is het-
erogeneous enough to provide a sufficient number of secondary
sources.

However, even in the case of an imperfect reconstruction, the cor-
relation function still contains useful information on the medium,
providing that the spatial distribution of the seismic sources does not
vary significantly with respect to changes in the physical properties
of the medium. Thus, it is possible to track this change over time.
Monitoring methods using seismic noise are generally based on sur-
face waves, since these are easily retrieved from cross-correlation.
These methods usually benefit from the existence of diffracted sur-
face waves produced by heterogeneities. In such case, measure-
ments of relative velocity changes are performed by accounting for
the fact that when the medium undergoes a homogeneous change
in velocity, later arrivals present a longer delay than early arrivals
due to their greater propagation distance. Two different approaches
can be used: the doublet method (Poupinet et al. 1984) and the
stretching method (Snieder et al. 2002; Snieder 2006). Several ap-
plications have demonstrated the efficiency of monitoring methods
based on seismic noise for tracking volcanic eruptions (Brenguier
et al. 2008; Duputel et al. 2009), monitoring clay landslide failure
(Mainsant et al. 2012) and monitoring seasonal velocity variations
(Meier et al. 2010). When the medium is not sufficiently heteroge-
neous for the existence of strong seismic scattered waves, it is still
possible to calculate relative velocity variations exclusively on the
direct surface wave, providing that this variation is large enough
to compensate for the loss of sensitivity induced by the absence
of coda.

Cross-correlations are generally calculated from signals which
are beforehand whitened in order to enhance the diffusivity of the
seismic field by compensating for the non-flat nature of its spectrum
(Bensen et al. 2007). The whitened noise record is calculated as

S̃ = S.|S|
|S|2 + ε2

, (1)

where S is the Fourier transform of the signal and ε is a small
number that prevents from equalizing near-zero components of the
raw spectrum (Clayton & Wiggins 1976). The empirical Green’s
function is then obtained by cross-correlation:

γ j,k = S̃∗
j .S̃k, (2)

where j and k are receiver indices and the symbol ∗ stands for the
complex conjugate.

While cross-correlation is generally the mathematical operation
used for interferometry, deconvolution is an alternate way of recon-
structing empirical Green’s functions. For example, Snieder (2006)
used deconvolution to extract the response of a building during an
earthquake, while Mehta et al. (2007) used deconvolution to obtain
the near-surface propagation matrix from the recording of a tele-
seismic event in a borehole array. Prieto et al. (2011) used a similar
approach to calculate the impulse response function of a building
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Figure 1. Data processing scheme.

using ambient vibrations. The two operations have been compared
in several studies (Vasconcelos & Snieder 2007, 2008a; Bitri et al.
2011; Nakata et al. 2013). Despite some reports stating that pre-
whitened cross-correlations do not allow for the retrieval of true
Green’s function amplitudes (Weaver & Lobkis 2001; Larose et al.
2007), evidence of the opposite effect can be found in a number of
studies (Matzel 2007; Cupillard & Capdeville 2010; Cupillard et al.
2011). This can be intuitively understood by considering the fact that
the propagation medium reduces the amount of coherent signal as a
function of distance, because of geometrical spreading, attenuation
and scattering. Nevertheless, the retrieval of true Green’s function
amplitudes seems more dependent on favourable noise conditions,
that is, a strictly diffuse noise field, for cross-correlation than for de-
convolution (Prieto et al. 2011; Nakata et al. 2013). This makes the
latter the preferred approach for attenuation studies. Regarding the
phase information, both cross-correlation and deconvolution seem
to be able to produce reliable empirical Green’s functions, although
deconvolution may introduce spurious arrivals (see Vasconcelos &
Snieder 2008a,b for details). In this study, we compare the two
approaches in the context of sea dike monitoring.

The empirical Green’s function may be calculated by deconvolu-
tion as follows:

γ j,k = S∗
k .Sj

(S∗
k .Sk) + ε2

. (3)

Figure 2. (a and b) Simultaneous records obtained with two sensors 9 m
apart at high tide. (c) Result of their cross-correlation after the processing
described in Fig. 1

In contrast to the classical cross-correlation approach (see eqs 2and
5), pre-whitening is not applied.

The processing steps performed in this study to obtain empirical
Green’s functions are summarized in Fig. 1. Records of 10 min are
divided into subrecords of 2.5 s, with an overlap of 80 per cent
between subrecords, in order to increase the signal-to-noise ratio
of the reconstructed signal (Seats et al. 2012). Each subrecord is
detrended, tapered with a Hanning window, whitened in the spectral
domain (only for cross-correlations, not for deconvolution func-
tions) and then filtered between 3 and 55 Hz. Cross-correlations or
deconvolution functions are calculated between subrecords for all
possible pairs of sensors, derived in the time domain (only for cross-
correlations) and stacked over a 10-min recording period. In order to
further increase the signal-to-noise ratio, the causal and anticausal
parts of the resulting signal are also summed, after ensuring that
both parts show consistent arrivals (Bensen et al. 2007). For ideal
conditions (i.e. diffuse seismic field), the causal part (i.e. positive
time delays) of the empirical Green’s function between A and B
reproduces the signal that would be recorded in B after an impulse
source emits in A. Reciprocally, the anticausal part (i.e. negative
time delays) is symmetrical to the causal part and is similar to the
time-reversed signal that would be recorded in A after an impulse
source emits in B. In practice, summing both parts of an imperfect
empirical Green’s function allows to mitigate deviations from the
ideal conditions (e.g. noise directivity) to some extent (Bensen et al.
2007). An example of empirical Green’s function is shown in Fig. 2.
We choose not to apply any temporal normalization (e.g. clipping or
one-bit normalization), which is sometimes used in order to reduce
the contaminating effect of transient and localized high-amplitude
events, but at the cost of strong distortions of the original records.
Instead, we prefer to use short time windows on the raw time series
for the same purpose (see Prieto et al. 2011).
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Figure 3. (a) Correlation functions obtained for a given pair of receivers at
two different times (full line: first measurement time; dashed line: high tide)
showing a phase shift in the surface wave traveltime. (b) Envelope function
of the reference signal used to extract the direct surface wave.

The entire set of empirical Green’s functions is used to calcu-
late a dispersion diagram, considering that each receiver is a virtual
source, and summing each identical distance to increase the signal-
to-noise ratio (Gouedard et al. 2008; Le Feuvre et al. 2015). The
dispersion diagram gives a laterally averaged relationship between
wavelengths and frequencies, and allows estimating the depths in-
vestigated. It is calculated as

DD( f, V ) = |
N∑

j=1

N∑
k= j

fft(γ̃ j,k) e
i2π f d j,k

V |, (4)

where f is the frequency, V is the phase velocity, N is the number
of sensors, dj,k is the distance between sensors j and k and γ̃ j,k

represents the symmetrical part of the empirical Green’s function,
where the causal part and anticausal parts are averaged.

2.2 Delay measurement

After applying a Butterworth filter in a given frequency band, direct
surface waves of the empirical Green’s functions are windowed
according to a given amplitude threshold on the signal’s envelope.
The delay δt is then measured as the time shift corresponding to the
maximum value of the cross-correlation between two windowed
empirical Green’s functions obtained for the same sensor pair at
two different times (Fig. 3a):

CC(δt) =
∫ t2

t1

γ j,k(t + δt) γ
re f
j,k (t) dt (5)

with t1 and t2 being the boundaries of the time window defined by
the envelope function (Fig. 3b). The relative phase velocity variation
is finally obtained as

δv

V
= − δt

(t1+t2)
2

. (6)

This approach was favoured with respect to the stretching method,
because the reconstructed signal does not exhibit clearly repro-
ducible coda waves (the non-reproducibly of coda waves is dis-
cussed in more details in Section 3.3). Moreover, coda waves are
expected to sample a larger volume surrounding a given sensor

pair, and we are here interested in localizing variations of seismic
properties along the dike’s crest with the best possible accuracy.

In this application, relative velocity variations are calculated with
respect to a reference time chosen as the earliest usable measure-
ment, 1 hr and 45 min before the high tide. This time corresponds
to the time of contact between the sea and the structure, mandatory
to produce suitable seismic noise (see next section).

2.3 Spectral amplitude ratio

The amplitude decay of a circular surface wave can be written as

A( f, r ) = A0
1√
r

e−α( f )r , (7)

where r is the propagation distance from the source, A0 is the initial
amplitude, 1√

r
accounts for geometrical spreading and α is the

attenuation coefficient. The latter can be expressed as (Johnston
et al. 1979)

α( f ) = π f

Q V ( f )
, (8)

where f is the frequency, Q is the quality factor and V(f) is the
surface wave phase velocity. For a given pair of sensors, j and k, the
temporal variation of the attenuation coefficient is calculated as

αt ( f, x j,k) − αref ( f, x j,k) = ln(|F ref
j,k ( f )|/|Ft

j,k( f )|)
d j,k

, (9)

where f is the frequency, dj,k is the distance between sensors j and k,
Ft

j,k( f ) is the Fourier transform of the empirical Green’s function
at a given time t, F ref

j,k ( f ) is the corresponding value at a chosen ref-
erence time and xj,k is the centre of the pair of sensors considered.
Eq. (9) measures the temporal variations of the empirical Green’s
function amplitude spectrum. Like the delay measurement method,
the reference chosen is the earliest usable measurement, 1 hr and 45
min before the high tide. The analysis is based on the attenuation
coefficient α rather than the quality factor Q, because determining
the latter would require estimating the velocity variations first (see
eq. 8), thus introducing measurement errors in the results. Since
measurements are made directly in the frequency domain, eq. (9)
provides a more straightforward relationship with the depth inves-
tigated than filtered time functions.

3 E X P E R I M E N TAT I O N

3.1 Description of site and experiment

The site studied is an earthen sea dike located in Les Moutiers-
en-Retz, western France. This structure was built in the 1960s to
protect an urban area against flood. The body, about 5 m high and
partially sanded, is made of sandy clay and protected by a masonry
wall. The basement is composed of sand on top of shales, according
to a borehole sounding 500 m away (Fig. 4a).

This sea dike is subject to intense stress by sea waves gener-
ated by swell and surf during the tidal cycle. Consequently, some
parts of the structure present clear erosion marks, such as bulges
(probably caused by hydraulic pressure inside the dike body) and
masonry disjointing. Furthermore, a water leak can be observed at
the base of the structure when the sea retreats. The masonry is reg-
ularly repaired and has been reinforced with shotcrete many times.
We chose to monitor the most damaged section of the dike, by in-
stalling twenty four 4.5 Hz vertical geophones spaced 3 m apart on
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1368 A. Joubert, M. Le Feuvre and P. Cote

Figure 4. (a) Layout of the dike structure. (b) Field area and array geometry. 24 vertical geophones, with natural frequencies of 4.5 Hz, were installed on top
of a sea dike spaced 3 m apart. (c) Photograph of the experiment.

the crest (a view of the array layout and a photograph of the dike
during the experiment are shown in Figs 4(b) and (c), respectively).
Ambient noise was recorded on 2015 May 18, for 3 hr and 30 min,
while the sea was in contact with the structure. Pedestrian traffic was
interrupted to ensure that the noise recorded came mainly from the
sea waves. Sea level changes are mandatory in order to observe the
effect of intruding water during a tidal cycle, and sea wave energy
must be sufficient to generate reliable empirical Green’s functions.
Both these pre-requisites are governed by the tidal coefficient, wind
direction and atmospheric pressure. The results given below were
obtained for a tidal coefficient of 102, a wind with a southwest
direction and speed of 11 km h−1 (gusts at 31 km h−1), and an at-
mospheric pressure of 1012 hPa (source: http://meteociel.fr). Fig. 5

shows multiple seismic sea wave impacts propagating within the
dike body.

We compare seismic noise spectra at high and low tides to con-
firm that the seismic noise recorded was generated by sea wave
impacts. As can be seen in Fig. 6, the amplitude of the seismic
noise increases by a factor of about 10 between 10 and 60 Hz as
the sea level rises. Moreover, this higher amplitude corresponds to
a coherent surface wave propagation mode, as observed after cal-
culating a dispersion diagram on the cross-correlated signals with
eq. (4) (Fig. 7). This dispersion diagram also demonstrates that the
frequency content of seismic noise is suitable for sounding both the
dike body and its substratum: the dispersion mode reaches a plateau
above 20 Hz, corresponding to a relatively homogeneous dike body
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Figure 5. (a) Passive data recorded for 10 min at high tide. (b) Zoom
showing individual impacts of sea waves.

with a velocity of 340 m s−1; below 20 Hz, that is, for wavelengths
larger than 17 m, the velocity increases as the surface waves reach
the substratum. We note that a mixing between the fundamental and
higher mode is possibly observed above 20 Hz. Some contribution
from the acoustic wave is also possible at this velocity.

In order to obtain a velocity model as a function of depth, we
invert this dispersion mode using the neighbourhood algorithm
(Wathelet 2008), under the assumption of a semi-infinite strati-
fied soil, neglecting in particular any potential effect induced by the
3-D geometry of the dike. The result of the inversion is given in
Fig. 8 for a three-layer parametrization, showing the first layer with
a thickness of about 4.75 m and a shear velocity of about 340 m s−1,
which is interpreted as the dike body. The second layer extends up
to 15 m in depth, with a shear velocity of about 400 m s−1 and is
identified as the sand basement. The deepest layer, with a velocity
of about 800 m s−1, corresponds to the shale formation.

3.2 Numerical analysis of delay measurements

In order to assess the accuracy of relative velocity variation esti-
mates from delay measurements, we simulate the propagation of
surface waves in a simplified version of our field experiment. We
use a modified version of the reflection/transmission coefficients
method (Kennett 1974; Hisada 1995; Lai & Rix 1998) to calculate

the vertical displacement of Rayleigh waves generated by a vertical
point-force source in a stratified medium. The velocity profile of
the model is taken according to inversion results described in the
above section. The source is located at x = 0 m and 24 sensors are
arranged with a spacing of 3 m, the first one being located at 3
m from the source. We assume that our real experiment provides
empirical Green’s functions that are close enough to the surface
wave component of the exact Green’s function of the medium, and
that the synthetic signal recorded at X metres from the source is
identical to the empirical Green’s function obtained from a pair
of sensor located X metres apart. We further neglect any potential
effect related to the 3-D structure of the sea dike. Compressional
velocities are chosen by setting the Poisson coefficient equal to 0.25
and all densities are set to 2000 kg m−3. We run two simulations,
one with the above medium and a second with a modified version of
the model, where the shear velocity of the first layer is decreased by
10 per cent. We calculate relative velocity variations with the exact
same parameters as for our real experiment: surface waves are fil-
tered in two different frequency bands (Gaussian filter with central
frequencies fc of 10 and 30 Hz, and a standard deviation of 0.3
fc in order to distinguish between variations occurring only within
the dike body and deeper variations) and windowed according to a
threshold value measured on the envelope of the reference signal
(corresponding here to the first model).

The relative velocity variations are presented in Figs 9(a) and
(b) as a function of sensor spacing, respectively, for the low- and
high-frequency signals. It is seen that short offsets does not allow
for unbiased measurements, whereas a plateau is reached at large
offsets. The plateau value depends on the central wavelength of the
filtered signals because of the sensitivity of the surface wave in
depth. The maximum observable wavelengths between two sensors
is likely related to a combination of spatial sampling (i.e. sensor
spacing) and near-source effects, it also depends on the velocity
profile of this particular medium and the depth at which variations
occur. We do not attempt to give a specific rule of thumb for sensor
spacing as a function of targeted wavelength, but rather use the
values obtained from this numerical simulation. Real measurements
will be interpreted only for sensor spacings larger than 9 m at high
frequencies (21–39 Hz) and 15 m at low frequencies (7–13 Hz),
corresponding to respective central wavelengths of 11 and 55 m.

3.3 Data evaluation

Passive monitoring studies require careful choice of the recording
window from which individual empirical Green’s functions are cal-
culated. Longer time windows provide better signal reconstruction
by statistical averaging of noise sources, while shorter time win-
dows provide more precise follow-up of the dynamical processes
at work. We perform a convergence test as a function of recording
time, with a reference correlation function obtained from a 10-min
time window, for different distances between the sensors and within
two frequency bandwidths (7–13 Hz and 21–39 Hz). The similarity
between waveforms was measured with the calculation of a corre-
lation coefficient. As shown in Fig. 10(a), convergence is achieved
within a few minutes at low frequencies, regardless of the distance
between the sensors. At higher frequencies (Fig. 10b), convergence
is slower because of attenuation, and is not perfectly achieved within
10 min for distances longer than 30 m. Nonetheless, we chose to
calculate individual empirical Green’s functions with 10-min time
windows, in order to closely monitor changes in the water level. It
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1370 A. Joubert, M. Le Feuvre and P. Cote

Figure 6. Raw noise data amplitude spectra at high tide (the dashed line) and before contact between the sea and the structure (the full line).

Figure 7. Dispersion diagram obtained from all the calculated correlation
functions. The white dashed vertical line marks the lowest frequency for the
sounding of the sea dike body only.

should be noted that the results for distances longer than 30 m must
be interpreted with caution.

The exact reconstruction of the Green’s function is not mandatory
for our analysis, since it is based on relative measurements. Even
so, noise sources must remain spatially stable to prevent bias in
the temporal variation measurements. Fig. 11 represents the cross-
correlation obtained at high tide, sorted and stacked as a function
of the offset between receivers. It can be seen that the causal and
anticausal parts are almost symmetrical in terms of arrival time, im-
plying that the source distribution is close to uniform distribution. In
this particular context, the diffusivity of the noise field comes from
the multiplicity of primary noise sources rather than from scattered
waves induced by heterogeneities. Nevertheless, this constitutes on
average a diffuse wavefield (providing that the record window is
long enough), which allows for a good reconstruction of empirical
Green’s functions. This point has been addressed in more details in
Le Feuvre et al. (2015), where it is shown that a parallel distribution
of discrete primary noise sources is suitable for the reconstruction
of surface waves.

Fig. 12 gathers successive empirical Green’s functions as a func-
tion of time, calculated between sensors located at x = 45 m and
x = 63 m. In this example, a clear and gradual phase shift is seen

on the direct surface wave train, while we do not observe a repro-
ducible coda wave. The absence of consistent scattered waves could
possibly be explained by the fact that, due to the bad condition of the
dike, the medium changes too quickly, inducing strong variations
of the coda between two consecutive measurements and making the
waveform comparison impractical. More likely, late arrivals could
be inconsistent artefacts due to an imperfect reconstruction rather
than scattering. Scattering is indeed expected to be weak, because
of the small average dimension of heterogeneities compared to the
wavelengths of interest (minimum wavelength is about 7 m, while
no heterogeneities larger than 1 m are expected).

To ensure that the source distribution does not vary in space dur-
ing the experiment, we performed plane-wave beamforming (Rost
& Thomas 2002) as a function of the azimuthal noise direction at
different times. At a given test location, the beamforming output
is obtained by integrating the dispersion diagram over frequencies
and velocities (see Le Feuvre et al. 2015 for more details). As can
be seen in Fig. 7, the beamforming output is calculated for veloci-
ties ranging from 100 to 800 m s−1 and for two different frequency
bands (7–13 Hz and 21–39 Hz). Fig. 13 compares the beamform-
ing output for a 1 hr and 45 min time interval, between the first
measurement and high tide. It is noteworthy that low-frequency
noise originates mainly from the west of the array (in agreement
with the fact that unnormalized anticausal parts of the correlation
functions exhibit larger amplitudes than their causal counterparts),
while higher frequency noise is more homogeneously distributed.
This can be explained by the fact that the low-frequency noise cor-
responds to distant sea impacts, mainly located on the dike bend at
the west of the array (see Figs 4b and c), whereas high-frequency
noise corresponds to sea wave impacts in front of the dike, on the
masonry wall. For these two frequency bands, the spatial repartition
of seismic noise sources doesn’t vary significantly between the first
measurement and the high tide measurement. We consider that it is
stable during our experiment.

4 R E S U LT S A N D D I S C U S S I O N

In this section, changes experienced by the medium will be given
both in terms of velocity and attenuation variations, as a function
of time and sea level.

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/214/2/1364/4996352 by guest on 27 M

ay 2021



Monitoring of a sea dike using sea waves 1371

0.04 0.08 0.1
Misfitvalue

200 400 600 800 1000
Vs(m/s)

0

10

20

D
ep
th
(m
)

6 8 10 20
Frequency(Hz)

400

800

1200

1600

V
el
oc
ity
(m
/s
)

0.04 0.08
Misfitvalue

Figure 8. Dispersion curve inversion. Left: measured fundamental mode (in black) compared with the set of analytical modes calculated for all the investigated
models (coloured lines). Right: shear velocity models as a function of depth. The best velocity profiles correspond to low misfit values. Inversion is performed
with the Dinver software (M. Whatelet, http://geopsy.org).

Figure 9. Numerical results for delay measurements. Relative velocity cal-
culation as a function of sensor spacing, (a) for 10 Hz central frequency and
(b) 30 Hz central frequency.

4.1 Relative velocity variations

We calculated the relative velocity variations with eq. (6), using
the first measurement (corresponding to the first 10 min of the
experiment) as reference. The correlation functions were filtered
in two distinct frequency bands: (1) between 7 and 13 Hz, so that
the measurement includes both the variations within the dike body
and its substratum; (2) between 21 and 39 Hz, in order to restrict
the analysis to the dike body only. Results are given as pseudo-
section panels, whose x-axis corresponds to the centre of each pair
of sensors, and whose y-axis corresponds to the distance between
them. Since one set of empirical Green’s functions is obtained within
a 10-min time window, a temporal series of pseudo-sections is finally
obtained. We show in Fig. 14 the panels corresponding only to the
high tide measurement.

In Figs 14(a) and (b), relative velocity variations are shown for
all available sensor pairs, for the high- and low-frequency bands,
respectively. Figs 14(c) and (d) give the maximum value of corre-
lation coefficient calculated for each data point shown in Figs 14(a)
and (b), respectively (see eq. 5). Figs 14(e) and (f) only display data
points with correlation coefficients better than 0.85, and further ex-
clude the values obtained with sensor spacing smaller than the min-
imum distance defined with numerical modelling (see Section 3.2).
We decided to show data points obtained for sensor spacings larger
than 30 m, even if convergence was not perfectly achieved at high
frequency (see Section 3.3), as long as the correlation coefficient is
better than 0.85.

A large low-velocity area can be observed on the low-frequency
panel (Fig. 14b), located between x = 30 m and x = 60 m. The de-
crease of velocity between the first measurement and the high tide
(1 hr and 30 min later) is of the order of 5 per cent. A smaller area
of decreasing velocity is observed at about x = 20 m. The panel ap-
pears smooth, as a result of the large integrated volume at these low
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Figure 10. Convergence analysis on correlation functions obtained for different sensor spacings (dx) filtered in two different bandwidths: between 7 and 13 Hz
(a) and between 21 and 39 Hz (b).

frequencies, despite the fact that the data points were obtained in-
dependently. The high-frequency panel (Fig. 14a) is noisier, which
could be related not only to lower signal-to-noise ratios but also
to a possible mixing between the fundamental and higher modes
(see Fig. 7). Nevertheless, the same large area of decreasing ve-
locity is seen, with a larger amplitude of variation, of the order of
10 per cent. The comparison between the low- and high-frequency
results suggests that changes occurred mainly within the dike body,
since the amplitude of variation is larger for more superficial depths.
We remark that, for the high-frequency results, several data points
exhibit a velocity increasing as the sea level rises, in particular be-
tween x = 10 m and x = 30 m along the crest. These data points
appear to be associated with low correlation coefficients (Fig. 14c),
suggesting that the delay measurement was less accurate in this

area, probably because of waveform changes during the tidal cy-
cle. We note that this area coincides with the location of concrete
stairs descending from the masonry wall to the beach and which is
submerged at high tide.

Fig. 15 presents temporal variations measured on two different
sensor pairs, both located above the area of decreasing velocity
observed within the 7–13 Hz and 21–39 Hz frequency limits, re-
spectively, in comparison with the theoretical sea level estimated in
the bay (source: http://shom.f r). A spacing of 15 m was chosen for
the first pair (sensors located at x = 27 m and x = 42 m), while a
spacing of 27 m was chosen for the second pair (sensors located at
x = 27 m and x = 54 m). All the measurements gave the following
consistent information:
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Figure 11. Normalized cross-correlations obtained at high tide, sorted and stacked as a function of the offset between receivers.

Figure 12. Empirical Green’s functions shown as a function of measurement
time, obtained from sensors located at x = 45 m and x = 63 m.

(1) The highest velocity variations were observed on the shortest
sensor pair of the high-frequency panel (between 21 and 39 Hz),
reaching 10 per cent at high tide. This corresponds to changes in a
localized and shallow area within the dike body (central wavelength
of about 11 m).

(2) Smaller velocity variations were observed on the longest sen-
sor pair of the high-frequency panel, with a maximum decrease of
about 5 per cent, due to the largest lateral averaging. The smallest ve-
locity variations were measured on the low-frequency panel, about
4 and 3 per cent for the short and long sensor pairs, respectively,
attributed to the largest volume of investigation in depth.

These results indicate that the variations observed in relation to
the tidal cycle were mainly associated with the changes within the
sea dike body, rather than its substratum.

We note that very similar results (not shown here), although
slightly noisier, were obtained using deconvolution instead of
pre-whitened cross-correlation. Cross-correlations without pre-
whitening were also tested, with almost identical results at low
frequency. At high frequency, the lack of spectral whitening led to
very noisy pseudo-sections.

4.2 Attenuation coefficient variations

As we anticipate a strong influence of pre-processing in the retrieval
of true amplitudes during the calculation of empirical Green’s func-
tions, we compare three different sets of empirical Green’s func-
tions, obtained respectively from: (1) no pre-whitening and cross-
correlation (eq. 2); (2) pre-whitened cross-correlation (eqs 1 and 2);
(3) deconvolution (eq. 3).

Results are calculated for different sensor spacings, in order to
investigate the effect of wavelength on resolution. For a given sensor
spacing, a series of pseudo-sections is calculated as a function of
time. Each pseudo-section corresponds to differences in attenuation
coefficient between a given time and the reference time (eq. 9); the
x-axis corresponds to the location on the dike’s crest, given by the
centre of the sensor pairs, and the y-axis, related to depth, corre-
sponds to frequency. Fig. 16 shows attenuation variations calculated
at high tide, for sensor spacings of 3, 9 and 12 m, respectively. The
reference time is the first measurement of the experiment, 1 hr and
30 min before the high tide.

Fig. 16(a) shows results for non-pre-whitened cross-correlations
and a sensor spacing of 3 m. Two distinct areas are observed: (1)
an increase of attenuation at high tide, localized between x = 30 m
and x= 60 m, with a difference of about 0.5 m−1 with respect to
the reference time; (2) a global decreasing of attenuation elsewhere,
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Figure 13. Beamforming relative output obtained with the correlation functions calculated at the time of the first measurement (the full line) and at high tide
(the dashed line) for two different bandwidths: between 7 and 13 Hz (a) and between 21 and 39 Hz (b).

Figure 14. Relative velocity variations obtained at high tide, using the time of the first measurement as reference. The x-axis corresponds to the centre of the
sensor pair used for the calculation and the y-axis corresponds to the sensor spacing. Left column: results filtered between 21 and 39 Hz; right column: results
filtered between 7 and 13 Hz. (a and b) relative velocity variations; (c and d) correlation coefficients; (e and f) relative velocity variations with correlation
coefficient larger than 0.85.

with a change of about 0.5 m−1. The location of the increasing
attenuation area is consistent with the largest and strongest area of
velocity decreasing seen in Fig. 14, also located between x = 30 m
and x = 50 m. Results appear relatively unconstrained in terms of
frequency, probably because the sensor spacing is small compared
to the wavelengths of interest (see Section 3.2); for example, the
wavelength is 11 m at the base of the dike. Nevertheless, maximum
variations are seen between 25 and 40 Hz, which corresponds to the
dike body. The surrounding medium exhibits a global decreasing
of attenuation when the sea level rises. We interpret this effect as a

bias induced by the increasing energy of sources (sea waves) when
the tide comes in.

Fig. 17 shows the temporal evolution of the seismic noise en-
ergy in comparison with attenuation variations calculated between
sensors located at x = 0 m and x = 12 m. It is seen that the noise
energy increases as the sea level rises, and that the global attenu-
ation variation seen in Fig. 16(a) is strongly correlated with noise
energy. Because no pre-whitening was applied, source energy vari-
ations are not compensated. This global decreasing of attenuation
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Figure 15. Relative velocity variations as a function of time, obtained from
the correlation functions filtered between 21 and 39 Hz (a) and between 7 and
13 Hz (b). Full line: theoretical sea level; dashed line: variations obtained
from sensors located at x = 27 m and x = 42 m; dotted line: variations
obtained from sensors located at x = 27 m and x = 54 m.

should therefore not be interpreted as a change occurring inside the
structure.

Figs 16(b) and (c) correspond to non-pre-whitened cross-
correlations and a larger sensor spacing (9 and 12 m, respectively).
Both distinct areas seen on Fig. 16(a) are visible. However, in con-
trast with a sensor spacing of 3 m, larger wavelengths are resolved,
allowing to constrain the lower boundary of positive variations at
about 25 Hz. We remind that this frequency corresponds mainly
to the dike body, with a wavelength of about 13 m (see dispersion
diagram in Fig. 7). We consider that a given wavelength can be
properly resolved with a sensor spacing of about half its value.

In order to remove the aforementioned global variation and
recover unbiased amplitudes, normalization was applied during
pre-processing, either in the form of pre-whitening before cross-
correlations (i.e. each record is normalized by itself, see eq. 1)
or through deconvolution (which corresponds to a cross-correlation
normalized only by one of the two stations in the frequency domain,
see eq. 3 and Prieto et al. 2011). Results are shown in Figs 16(d)
(pre-whitened cross-correlations) and (g) (deconvolution) for a sen-
sor spacing of 3 m. It is seen that normalization allows to remove

most of the bias induced by source variations, allowing to detect a
second area of increasing attenuation when the sea level rises. The
second anomaly, located between 0 and 15 m and lower in terms
of frequency, seems related to the leftmost area of decreasing ve-
locity in Fig. 14. Similarly to non-pre-whitened cross-correlations
(Fig. 16a), a sensor spacing of 3 m seems however, too small for
a good resolution in frequency, in particular for the main area of
increasing attenuation.

The above results confirm that both pre-whitened cross-
correlations and deconvolution allow to retrieve amplitude infor-
mation. As mentioned in Prieto et al. (2011), different studies
concluded that pre-whitened cross-correlations still carry relevant
amplitudes (Matzel 2007; Cupillard & Capdeville 2010; Cupillard
et al. 2011), due to the fact that attenuation and scattering decrease
the amount of coherent signal between two sensors as distance
increases. It has nevertheless been suggested that the amplitude
of pre-whitened cross-correlations is more affected by deviations
from ideal noise conditions than amplitudes obtained from decon-
volution (Snieder et al. 2009; Harmon et al. 2010; Cupillard et al.
2011). The comparison of Figs 16(d) and (g) show that no strong
discrepancies are observed between pre-whitened correlations and
deconvolutions, suggesting that conditions for the reconstruction of
a realistic Green’s function were met in this experiment.

Figs 16(e) and (f) show results obtained from pre-whitened cross-
correlations, for sensor spacing of 9 and 12 m, respectively. It is seen
that observed variations are no longer consistent with the afore-
mentioned results in attenuation or phase velocity. For larger sensor
pairs, normalizing by each station during the pre-whitening process
prevents from retrieving absolute differences between the damaged
and healthy sections of the dike. In contrast, cross-correlations cal-
culated for a sensor spacing of 3 m (Fig. 16d) are in better agreement
with other results, because close sensors are more likely to be lo-
cated on the same area (either healthy or damaged).

Very similar results are obtained with deconvolutions calculated
for sensor spacings of 9 and 12 m (Figs 16h and i). In this case,
again, normalization appears to be the issue. Because deconvolution
expresses in the frequency domain as a cross-correlation normal-
ized by one of the two stations, one must be careful in the choice
of the reference station. Our results, calculated as a function of
location along the dike’s crest, mixes deconvolution normalized
alternatively by stations located either on the healthy or damaged
area, leading to inconsistent results. The only way to mitigate this
effect is to use small sensor pairs, as previously shown in Fig. 16(g):
in this manner, normalization is performed on stations located in
the same neighbourhood and unbiased temporal variations can be
retrieved. This, however, comes at the cost of losing information at
large depth, since only small wavelengths can be accurately mea-
sured. A similar discussion can be found in Prieto et al. (2011),
where pre-processing normalizations and their effects on the am-
plitude of empirical Green’s functions, are discussed in the context
of sedimentary basin amplification.

We note that deconvolution results presented here were always
obtained by normalizing with the leftmost sensor (see eq. 3). When
using the rightmost sensor for normalization, results (not shown
here) are seen to be very similar, with the exception that boundaries
between distinct areas are shifted by a distance of the order of the
sensor pair length. This shift is the consequence of a switching of
reference between the healthy and damaged areas.

In conclusion, attenuation measurements appear to be possible in
the context of sea dike passive monitoring. In this experiment, areas
of increasing attenuation were found to be consistent with areas of
decreasing surface wave phase velocity when the sea level rises.
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Figure 16. Attenuation variations obtained with non-whitened cross-correlation (a–c), with pre-whitened cross-correlation (d–f) and deconvolution (g–i), for
three different sensor spacings: 3 m (a, d and g), 9 m (b, e and h) and 12 m (c, f and i).

Figure 17. Variations of noise energy as a function of time, smoothed with a
running average of three points (the black dots), compared with attenuation
variations calculated for a sensor pair centred at x = 6 m, for two bandwidths:
(a) 10–20 Hz and (b) 20–45 Hz.

A discussion on the physical interpretation of this observation is
given in the next section. Attenuation measurements are however,
sensitive to pre-processing. Different approaches have been pro-
posed, each with specific advantages and drawbacks. In summary,
non-pre-whitened cross-correlation allow for larger wavelengths to
be resolved, but at the cost of not removing global effects induced
by sources variations. In contrast, pre-normalization (either with
pre-whitening or deconvolution) allows to remove this effect, but
requires that individual sensor pairs are located in homogeneous
sections of the structure.

4.3 Mechanical interpretation

Temporal variations calculated for velocity and attenuation (Figs 14
and 16) present locally an evolution between the reference time
and high tide. We interpret these results as a consequence of the
penetration and retreat of water within the dike, due to the presence
of cracks in the masonry wall and on-going erosion of the sandy
clay within the structure. This interpretation is consistent with the
observation of a water leak through an aperture at the base of the
masonry wall when the sea retreats.

From the mechanical standpoint, the following mechanisms can
be proposed. Shear velocity is a function of shear modulus and
density. The infiltration of water is expected to induce an increase
of pore-water pressure and a decreasing of effective stress σ . The
relationship is well established between σ and the shear modulus
μ and implies the decrease of μ as σ decreases (Santamarina et al.
2001). Concomitantly, the density of sandy clay is likely to increase
as the material gets wetter. These two effects result in lower surface
wave velocity, mainly governed by the S-wave velocity. Johnston
& Toksöz (1980) presented a large number of laboratory measure-
ments that demonstrated the decrease of shear wave velocity as
saturation increases.
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On the other hand, friction on cracks and grain boundaries is
expected to increase with saturation, due to the fact that sliding is
favoured by the presence of water, leading to a decreasing of the
shear wave quality factor (Johnston et al. 1979; Toksöz et al. 1979).
While the quality factor of surface waves is a function of both P- and
S-wave velocity and quality factors (Anderson et al. 1965), it was
shown that the influence of compressional parameters is negligible
for large Vp/Vs ratio (Xia et al. 2002), which is expected in the case
of wet soil. As a consequence of the decrease of both Vs and Qs with
saturation, the surface wave attenuation coefficient α is expected to
increase when water penetrates the body of the dike (see eq. 8).

5 C O N C LU S I O N

Our field experiment demonstrates that the cross-correlation or de-
convolution of seismic noise obtained from a linear array of sensors
installed on the crest of a sea dike makes it possible to reconstruct
surface waves propagating along the array. The analysis shows that
10-min records are sufficient to obtain stable waveforms in a fre-
quency band suitable for monitoring both the dike body and its
substratum, as long as the structure is in contact with sea waves.
The recording time required was short enough to allow monitoring
the sea dike in response to water level changes.

The empirical Green’s functions calculated were used to perform
both phase delay and spectral ratio measurements, in order to obtain
the temporal variations of surface wave velocity and attenuation
coefficient. Localized variations were observed on the velocity and
attenuation measurements. These variations were interpreted as the
consequence of water infiltration within the dike body.

We proposed a new approach based on the spectral amplitude
ratio which complements the velocity variation measurements clas-
sically used in passive seismic monitoring studies. In addition, this
method does not require the application of frequency filters on the
time-domain correlation functions, and it gives a more straight-
forward relationship between measured variations and frequency,
and therefore between measured variations and depth. Neverthe-
less, more work, beyond the scope of this paper, is required in
order to fully understand the effects of spectral normalization in the
amplitude retrieval of the empirical Green’s functions.

The methods proposed here are potentially capable of quickly
detecting existing internal defects inside coastal defences in contact
with the sea. Further methodological developments may include
a quantitative numerical study of the relationship between sensor
spacing and the largest resolved wavelength as well as the inver-
sion of measured variations as a function of depth. In addition,
the deployment of long-term monitoring experiments would allow
observing seasonal variations undergone by coastal defences, and
detecting finer variations (≤1 per cent) associated with progressive
long-term internal erosion processes, providing day-long or even
week-long noise records for the calculation of empirical Green’s
functions.
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