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ABSTRACT

Distributed Acoustic Sensing (DAS) is a recent technology that acquires acoustic vibrations via fiber optics
sensors. The utilization of such technique for near-surface geotechnical applications has great potential, espe-
cially for the characterization and verification of artificially stabilized ground.

A popular procedure to stabilize the superficial ground (for example, for the preparation of infrastructure
subgrade) is the blend of the natural shallower layer with a binder (lime and/or cement). Quality control is
required when the binder hardens, and acoustic surveys are an option for non-invasive and non-destructive
testing. Relevant parameters to validate the effectiveness of the stabilization procedure are the mechanical
properties of the materials. The distribution of shear-wave velocities in the ground is a critical parameter for the
geotechnical characterization, since it depends directly on the shear-modulus of the media.

The present experiment verifies the applicability of DAS technology in such geotechnical contexts, which can
be representative of a wide range of utilizations, spanning, for example, from road and pavement design to
building constructions. The discussed test focuses on the spectral content of the acquired signal and on the
estimation of the shear-wave distribution, and compares the DAS responses against signals measured during
more traditional seismic surveys using standard geophones.

Despite the inevitable differences between the datasets collected with the different techniques, all the
reconstructed shear-wave velocity profiles effectively identify the stabilized soil layer. Also for this reason, one of
the main conclusions is that, for geotechnical characterizations, DAS can be a convenient non-invasive alter-
native to more standard approaches.

1. Introduction

application with an increasing range of usages in terms of operational
conditions and scales. For example, DAS is applied in glaciated terrains

Distributed Acoustic Sensing (DAS) is a recent development (last
decade) of fiber optic technologies. DAS records acoustic waves,
measuring the variations of Rayleigh backscattering of a laser pulse due
to an axial strain of the fiber subjected to elastic vibrations (Fernandez-
Ruiz et al., 2020; Soga and Luo, 2018).

The methodology showed high potential in different applications.
The most common application is probably for deep seismic explorations
through Vertical Seismic Profiling (VSP) (Binder et al., 2020; Luo et al.,
2021a; Titov et al., 2021; Wilson et al., 2021; Wu et al., 2017).

Seismic passive monitoring at the ground surface is a DAS
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to record microseismicity (Walter et al., 2020), as well as for seismo-
logical surveys when exploiting the measurements from underwater
“dark fibers”, even if fiber optics exhibit higher sensitivity to S-waves
than P-waves (Cheng et al., 2021; Lior et al., 2021). Other applications
include the passive monitoring of volcanic earthquakes to infer the
subsurface geological structures (Nishimura et al., 2021). In addition,
passive acoustic acquisitions by means of fiber optics are effectively
utilized for near-surface characterization of shear-wave velocity distri-
butions (Dou et al., 2017; Luo et al., 2021b; Yuan et al., 2020).

An issue while using DAS for seismological surveys lies in the
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impossibility to retrieve the absolute ground displacement as inertial
seismometers. The transfer function between ground vibration and fiber
optic strain needs to be calibrated, as presented, e.g., by Lindsey et al.
(2020). On the contrary, common applied geophysical surveys do not
require the knowledge of the absolute ground displacement. This char-
acteristic is in common with traditional geophones used for engineering
geology characterizations, which record relative ground vibrations as
voltage amplitudes.

The present work focuses on a pilot test in the context of a near-
surface geophysical survey for a civil engineering application. We
explore the possibility of using DAS for assessing ground elastic pa-
rameters in a construction site and we compare the results against
traditional geophones receivers to assess the capabilities and the limi-
tations of the DAS technology. The investigated construction site is
characterized by an artificially stabilized ground.

Ground stabilization is an engineering application (Firoozi et al., 2017)
that faces an increasing demand for exploiting areas with poor bearing
capacity. Generally, it results in large financial savings compared to alter-
native methods. In many cases, ground stabilization is the only practical
and economically viable possibility. Ground stabilization is very attractive
also from a sustainability perspective regarding natural resources: firstly, it
is possible to utilize local material that would otherwise become a landfill
problem, and, secondly, it saves valuable raw materials in the form of
natural gravel or crushed rock. Utilizing local materials also reduces the
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need for transport, thus, in turn, it contributes to decrease carbon dioxide
emissions. In the case of surface stabilization, a binder is milled into a layer
of ground material (usually the shallower decimeters). Once the binder is
hardened, quality control is required and, in this respect, seismic mea-
surements can be used as non-invasive and non-destructive testing
(Donohue and Long, 2008; Lin et al., 2017).

Clearly, the applicability of the proposed methodology can be
extended to monitor, for example, the long-term performances of roads
and pavements (Wang et al., 2013). In these cases, the durability
assessment should not be limited to what can be inferred from the sur-
face — e.g., by means of the falling weight deflectometer (Coni et al.,
2018; Coni et al., 2021) or core drilling (Miskiewicz et al., 2018) - but it
should also include information deduced from inside the structure and
via sensors located at exactly the same positions during the long-time
monitoring (Kara De Maeijer et al., 2019).

2. Methodology

In the present research, the geophysical survey has been performed
on top of a slab of stabilized ground, on an active construction site. We
acquired acoustic data simultaneously by employing fiber optics and
geophones as seismic receivers. The data acquisition has been extended
outside the ground-stabilized area with the aim of having also reference
measurements on the natural ground.

Fig. 1. A) Google Map aerial image (Imagery ©2019, Google) of the construction site. B) Orthophoto of the area during the construction of the stabilized slab

(courtesy of Skanska ESS Construction AB).
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Fig. 2. Location of the survey profile with the local coordinates used for the different acquired layouts. The orthophoto (courtesy of Skanska ESS Construction) has
been acquired shortly after the geophysical survey; the mark of the trench on the topsoil is still partially visible.

Fig. 3. Pictures of the installation of the fiber optic cable in the ground: left, digging of the trench; middle, cable on top of sand layer; right, backfilling of the ditch
with sand and excavated material.
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Fig. 4. Global coordinates of the location of the fiber optic cable (green) and the geophones (red). Plot A shows the planar Sweref 99 TM coordinates, whereas panel
B shows the elevation above sea level of the sensors along the profile. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

Table 1
Acquisition parameters for the different acoustic systems used at the ESS test.
For the local coordinates of the profile, see Fig. 2.

Fiber Layout 1 Layout 2 Layout 3
optic
(Carina) (geophones)  (geophones)  (geophones)
Spatial resolution [m] 2 punctual punctual punctual
Spatial sampling [m] 0.255 2 2 0.5
Time sampling 28 1.25¢ 1.25¢4 1.25¢
interval [s]
Time window [s] 1.2 1.2 1.2 1.2
Local coordinates
along the profile 0-89 0-88 1-89 5-29
[m]

2.1. Experimental site

A construction site has been selected for conducting seismic surveys
both via DAS and traditional geophones acquisitions. The experimental
site is in the municipality of Lund (Sweden), where the European
Spallation Source (ESS) facility was under construction (Fig. 1). We
focused the experimental test on an area where a slab of stabilized
quaternary deposit was constructed through the mixing of natural ma-
terial and lime cement. The stabilization procedure consists of alter-
nating layers of natural material — excavated from adjacent areas — and

lime cement. The improved mechanical properties are supposed to be
obtained through mechanical compaction and artificially increased
moisture content, necessary for facilitating the chemical reactions of the
binder.

The natural material consists of a clayey-silty till deposit on top of a
metamorphic crystalline bedrock. The Quaternary sediment is struc-
tured in layers with variable granulometric size distributions, where
sand or silt-clay could be predominant. The depth to bedrock is around
10 m from the topographic surface and presents a top layer of weathered
rock with a thickness of about 1.5 m. The geological information is
collected from geotechnical drilling placed about 100 m south of the site
and the topographic elevation at the drilling location is about 1 m higher
than the investigated area.

The stabilized material covers an area of approximately 30 m by 20
m (Fig. 1) and is characterized by a thickness of about 1-1.5 m. The
stabilized slab is covered by an artificial layer of about 0.5 m composed
of nearby natural glacial sediments.

A geophysical profile of 90 m has been designed with the aim of
investigating both the stabilized and the natural ground (Fig. 2). Along
the profile, a 30 cm deep trench has been excavated to install the fiber
optic cable within the ground (Fig. 3). This procedure is essential to
ensure a good coupling between the cable and the surrounding material
and is crucial for the transmission of acoustic energy from the ground to
the cable. The fiber optic cable was placed in the ditch on a 2-3 cm bed
of medium grain sand to avoid damage to the fiber. Damages might
happen during the filling operation if the cable is in contact with large
cobbles that might be present in the glacial material. The trench has
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Fig. 5. Example of trace-normalized seismograms from Layout 1 survey: left, vertical geophones (GEO-V); middle, horizontal in-line geophones (GEO-H); right, fiber

optic sensors (FIBER). The black asterisk is the location of the source.
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Fig. 6. Example of trace-normalized seismograms from Layout 3: left, hori-
zontal in-line geophones (GEO-H); right, fiber optic sensors (FIBER). It is visible
the effect of the 2 m resolution in the fiber optic data.

been backfilled with an analogous thin layer of sand and the material
previously excavated. The backfilled ditch has been compacted by the
wheels of a heavy machine.

The geophones were placed on top of the installed fiber optic cable
and they resulted to be precisely collocated as it is clear from the dif-
ferential GNSS coordinates acquired along the fiber optic cable and at
the geophone locations (Fig. 4A). By checking the elevation of the sen-
sors (Fig. 4B), the position of the cable in the ground is about 0.30 m
from the surface, across the entire profile. In addition, the higher
elevation of the artificial ground compared to the natural condition is
evident.

2.2. DAS system

DAS is a technology that enables real-time measurements of strain
and acoustic vibrations along the entire length of a fiber optic cable. The
instrument utilized in the experiment is the Carina Sensing System
technology (Silixa 1td), which includes an iDAS v3 interrogator and an
engineered (“constellation”) fiber.

The iDAS is a time domain, single-pulse, phase-based DAS instru-
ment. It works by emitting a pulse of laser light into the optical fiber. As
the pulse of light travels down the optical path, interacts within the fiber
material resulting in backscattered light reflections. Variations in the
amount of backscattered energy are determined by strain events within
the fiber, which, in turn, are caused by localized acoustic energy
(Lindsey et al., 2020). The time synchronization of the laser pulse allows
the backscatter event to be accurately mapped to a fiber distance. The

result is the continuous acoustic sampling along the entire length of the
optical fiber with a frequency range from a few mHz to over 100 kHz.

The particular type of fiber (“constellation™) applied in the present
work is developed by Silixa 1td in the attempt to increase the Signal to
Noise Ratio (SNR). Engineered bright scatters are implemented along
the fiber to enhance the amount of reflected light without introducing
significant excess loss in the forward propagating scattered light.

The Carina Sensing System technology was selected for the experi-
ment since the near-surface engineering application needed high spatial
resolution to resolve the shallower layers of the ground, which is the
main goal of the survey. The other possibly available technical solutions
would have not provided the same SNR at such a short spatial resolution.

2.3. Traditional geophone-receivers’ system

The traditional geophone-receivers’ system consists of a Summit X
One seismograph (DMT Group) with a maximum number of 98 4.5 Hz-
geophones. Half of the receivers measure the vertical component (GEO-
V), whereas the remaining sensors record the horizontal component
aligned with the profile direction (GEO-H). The vertical and horizontal
geophones are located as close as possible in order to obtain 2-compo-
nent soundings.

2.4. Survey

The survey was performed on the 4th of September 2019. The source
of active acoustic waves consisted of an accelerated weight drop
(ESS100 Turbo) applied vertically on a metallic plate. This kind of
source was necessary to transmit enough energy into the ground and
limit the detrimental effects of environmental noise. Coherent noise
sources mainly consisted of nearby active construction activities and of
heavy vehicular traffic along Highway E22 (visible in the northwest
corner of Fig. 1).

Along the investigated profile, we acquired three datasets by using
three geophone layouts; each of them characterized by different loca-
tions and spacing intervals of the receivers. Contextually, the performed
DAS acquisition always involved the entire profile with fixed spatial
parameters. Table 1 summarizes the parameters of the acquisition for
both acoustic techniques (geophones and DAS).

Layout 1 and Layout 2 are characterized by 2 m inter-geophone
spacing for a total length of 88 m (45 2-component receiver stations
were deployed); this length was enough to cover both the portion of
stabilized ground and the area of natural ground (Fig. 2). Layout 2 is
analogue to Layout 1; the only difference is that Layout 2 is shifted by 1
m forward, along the profile. This provides the possibility to combine
the two layouts and eventually obtain a profile with a 1 m resolution.
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Fig. 7. Seismograms from Layout 1 (2 m geophone spacing) of (from top to bottom): vertical geophones (GEO-V), horizontal in-line geophones (GEO-H) and fiber
optic sensors (FIBER). Direct wave and first arrival are picked from GEO-V seismogram and highlighted by red and blue dashed lines, respectively. The two events
from GEO-V are superimposed on the other seismograms. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)

The integration of Layout 1 and 2 has been done via stacking the seis-
mograms with the same source location, after careful processing and
adjustments of zero time. For comparison, also the fiber optic data have
been stacked.

Layout 3 has a geophone spacing of 0.5 m for a profile length of 24 m
(49 two-component receiver stations) and it is entirely located on the
slab of stabilized material.

The DAS surveys are characterized by a characteristic Gauge length,
which is the length of the fiber used to calculate the difference in the
phase of the backscattered light. The recorded signal is thus averaged
along a stretch of the fiber that is centered around the receiver position
(Hartog, 2017). The spatial resolution is directly proportional to the
Gauge length (Titov et al., 2021; Alfataierge et al., 2020) and, in the
specific case under investigation, it equals 2 m.

2.5. Data processing and inversion

Following a quite standard procedure for the extraction of the
dispersion curve from the seismic data recorded either with the
geophone or with the fiber optics sensors (e.g.: Lai et al., 2002; Socco
et al., 2010), the dependence of the Rayleigh wave velocities on the
frequency can be deduced via a 2D Fourier transform of the collected
seismograms. The result of the Fourier mapping between the time-
distance space into the frequency-wavenumber space is usually called
FK spectrum. The approach based on these integral transformations
ensures the retrieval of more robust information; however, in the
attempt of capturing the lateral velocity variations, alternative

approaches have been recently developed (e.g.: Vignoli et al., 2011;
Bergamo et al., 2012; Vignoli et al., 2016). In our specific test, as we
assumed no significant lateral changes along the acquisition lines, after
splitting the profile in stabilized and natural ground (Fig. 2), we made
full use of the most common technique. Hence, the dispersion curves
have been extracted via a simple picking, frequency-by-frequency, of the
maxima of the FK spectrum. Dispersion curves describe the dependence
of the surface wave (group and/or phase) velocities on the frequencies
(and, in turn, on the investigated depth); so, they can be inverted by
using 1-D forward modelling algorithms (Park et al., 1999) to infer the
shear-wave velocity profile beneath the acquisition location (in princi-
ple, phase velocities depend also on the compressional velocity and
density, but, in the vast majority of the practical cases, that minor
dependence is seldom exploited - see i.e. Xia et al., 1999).

Like many other inversion problems, also retrieving the shear-wave
velocity profile is an ill-posed problem and the associated ambiguity is
usually tackled by including a regularization term in the inversion
process. Basically, the regularization term formalizes the prior infor-
mation — different from the one provided by the collected data — about
the physical system under investigation. In this way, through the proper
choice of the regularization term, it is possible to select — among all the
possible solutions compatible with the data — the unique and stable
model that is also consistent with our expectations (described by the
regularization). Thus, the regularization term plays a crucial role in the
selection of the final result (in our specific case, the shear-wave velocity
profile).

Despite its importance,

usually, invocating a - perhaps,
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Fig. 8. Layout 2 (2 m geophone spacing) in the portion of stabilized ground. In
the left column, the trace-normalized seismograms (TX) of (from top to bot-
tom): vertical geophones (GEO-V), horizontal in-line geophones (GEO-H) and
fiber optic sensors (FIBER). In the right column, the corresponding trace-
normalized frequency content plotted as Fourier transforms of each trace (FX).

misinterpreted — Occam’s Razor principle (Popper, 2005), the regula-
rization term is chosen in order to favor smooth solutions (Zhdanov,
2002).

However, this choice can be often in contradiction with the actual
nature of the subsurface, in which, for example, the presence of sharp
boundaries can be possibly well-known; in these cases, the use of smooth
regularizations would lead to incorrect results (even if perfectly
compatible with the measurements).

In the present research, since we knew that, by construction, the
subsurface consists of blocky targets and abrupt changes in the physical
properties, we coherently adopt a tunable regularization term based on
the minimum gradient support stabilizer (Zhdanov et al., 2006; Vignoli
et al., 2015). The main characteristic of the adopted stabilizer lies in the
capability of providing solutions (equally compatible with the mea-
surements) with a tunable level of sparsity (Vignoli et al., 2021). The
adopted tunable stabilizer, s(f), has the following expression:

~1/2

s(B) = (LAY’ /(L ap)* +¢*) )
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Fig. 9. Layout 2 (2 m geophone spacing) in the portion of natural ground. In
the left column, the trace-normalized seismograms (TX) of (from top to bot-
tom): vertical geophones (GEO-V), horizontal in-line geophones (GEO-H) and
fiber optic sensors (FIBER). In the right column, the corresponding trace-
normalized frequency content plotted as Fourier transforms of each trace (FX).

where: L is a discrete approximation of the spatial derivative, A = (f —
Bo) is the difference between the shear-wave velocity f§ and the reference
model By, while ¢ is the parameter used to tune the desired sparsity level
of the solution and that should be selected accordingly to the scale and
the characteristics of the target features to be reconstructed (Vignoli
et al., 2021). In particular, the value of the tuning parameter ¢ is con-
nected to the minimum velocity variation to be considered significant
for the studied problem.

In the present examples, the subsoil has been parameterized with
1000 layers with a fixed thickness of 0.05 m; this is to avoid any possible
effect of the parameterization on the final result and to make the regu-
larization term act as the unique inversion stabilizer. Hence, by
following the prescriptions in Vignoli et al. (2021), the tuning parameter
has been chosen equal to ¢ = 0.6 (for all the inverted datasets); this
specific value, together with the used discretization, promotes the
retrieval of velocity models characterized by (sharp) changes larger than
a few tens of meters per seconds over a 1 m depth interval.

Concerning the choice for the reference model, By, it has been
selected homogeneous and, so, characterized by a unique velocity equal
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Fig. 10. Layout 3 (0.5 m geophone spacing) in the portion of stabilized ground.
In the left column, the trace-normalized seismograms (TX) of (from top to
bottom): vertical geophones (GEO-V), horizontal in-line geophones (GEO-H)
and fiber optic sensors (FIBER). In the right column, the corresponding trace-
normalized frequency content plotted as Fourier transforms of each trace (FX).

to 400 m/s. This specific value for the reference model (that, for con-
sistency, is also the starting model) could be easily inferred by the
dispersion curves at low frequencies. In any case, it can be easily shown
(Vignoli et al., 2021; Vignoli et al., 2012) that this regularization
strategy is quite robust with respect to different choices of the star-
ting/reference model (obviously above the Depth Of Investigation
(DOY), i.e., the depth where the sensitivity of the data to the inversion
model parameters drops significantly).

In the original work by Vignoli et al. (2021), it is demonstrated how
different values of the tuning parameters can be used to explore the
model space and how the best value range is generally chosen based on
the scale of the application (from crustal studies to near-surface in-
vestigations). However, the goal of the present research is to assess the
performances of DAS data with respect to the standard geophones for
geotechnical characterizations (in particular, in presence of artificial soil
stabilization). Thus, an in-depth study of the impacts of the tuning pa-
rameters choices would be out of the scope of the present paper; for that,
we invite the readers to refer to Vignoli et al. (2021), and, possibly, also
to its recent extension to the two-dimensional case discussed in

Engineering Geology 306 (2022) 106729

Guillemoteau et al. (2022).
3. Results and discussion

DAS data are always acquired along the entire length of the buried
fiber optic cable, but, for sake of comparison, we selected the samples
across the same transect as for the geophone layout for every single shot.

Fig. 5 illustrates an example of seismograms, unfiltered and trace-
normalized, for the Layout 1 configuration. DAS data has a higher
spatial and temporal resolution (see Table 1).

The seismograms show high similarity, and the same seismic events
can be recognized. In all the three acquisitions, it is particularly visible
the transition zone between the topographically higher stabilized
ground (from O to 38 m) and the natural ground (from 42 to 88 m). It is
evident that the seismogram of the DAS acquisition (FIBER) is more
similar to the horizontal in-line component of the geophones (GEO-H).
DAS does not discriminate between the different spatial components of
the ground movements and its sensitivity is a function of the angle of
incidence of acoustic waves (Wu et al., 2017): the fiber optic is more
sensitive to compressional (P) waves with low-degrees of incident angle
(waves propagating in the same direction of the cable), whereas it is
essentially blind to events that propagate perpendicular to the fiber
optics. The strongest DAS response to shear (S) waves occurs when the
incident angle is around 45 degrees and damps down to no recorded
signal for higher and lower incident angles.

Despite a general likeness between fiber optics and geophones ac-
quisitions, a relevant aspect to be mentioned is the combined effect of
spatial resolution (Gauge length) and spatial sampling of DAS surveys.
We acquired a seismic trace every 0.255 m along the fiber with a Gauge
length of 2 m (Table 1). The outcome of these parameters is a localized
“stepwise” appearance of the seismic events in the DAS data, as it is
particularly evident in Fig. 6, which shows the seismograms of Layout 3.
The horizontal geophones (left plot) have a punctual resolution and a
spatial sampling of 0.5 m. Even if the spatial frequency is lower than for
the fiber optic data, the seismogram looks smoother, and the seismic
events have a more linear appearance. Instead, the DAS seismogram
(right plot in Fig. 6) shows a “stepwise” behavior that is more pro-
nounced in some portions of the profile, reaching a maximum of 6
adjacent traces (between 8 and 9 m) displaying a similar pattern,
especially at traveltimes around 0.1 s. The same pattern is present in all
the acquisitions independently from the location of the source.

The integration along the Gauge length acts as a moving average
window (Dean et al., 2017). Along the 2 m resolution segment, some
points can record a stronger signal that is dominant and commonly
present in a few traces. The stronger signal at some points can be caused
by a local more effective coupling of the cable with the surrounding
material. This localized and more intense stretching of the optic fiber
may mask the weaker signals from the other portions of the 2 m segment
(Gauge length). The cable construction (e.g., the distribution of scat-
tering points along the glass fiber) can also play a role in defining how
the fiber optic responds to external vibrations, enhancing the signal from
specific portions of the Gauge length.

The acquired seismic data have been analyzed for the seismic
refraction method (Fig. 7). A clear refracted event is recognizable in the
vertical geophones (GEO-V) dataset, whereas it is very weak in the
seismogram collected by horizontal in-line geophones (GEO-H), such
that it is hardly detectable within 30 m from the source. The seismogram
from the DAS acquisition does not show any refracted event, not even
characterized by a weak signal. In Fig. 7, the picked refracted event from
the GEO-V seismogram (blue dashed line) is superimposed on the other
two datasets. From the bottom panel in Fig. 7, it is evident that no sig-
nificant signal is present at those time-locations in the fiber optic data,
and that DAS is recording merely high-frequency noise. This is consis-
tent with the fact that refracted waves have a high angle of incidence at
the surface, due to the slower shallower layer. As analyzed by Wu et al.
(2017), DAS is mainly sensitive to P-waves propagating along the same



M. Rossi et al.

Engineering Geology 306 (2022) 106729

Shot position 1 m - Layout 2 - Stabilized

B. FK: Fiber-Geophones

8&:. RMS: Fiber-Geophones

80 80
Eeo 60 ’ 60
5 -
9 g 40 40 40
03 >
£ 20 20 [ 20
0 01 02 03 04 0 01 02 03 04 0 01 02 03 04
80 80 80
EGO 60 60
I
o
8 g 40 40 40
Oz
=20 20 20
0 0 0
0 01 02 03 04 0 01 02 03 04 0 01 02 03 04

Wavenumber [m'1]

©
o

()]
o

0 0.1

-1 -0.8

FIBER
Frequency [Hz]
S &

0
0 0.1 0.2 0.3 0.4
Wavenumber [m'1]

Root Mean Square

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

-04  -02 0 0.2 0.4 0.6 0.8 1

Fig. 11. Layout 2 (2 m geophone spacing) in the portion of stabilized ground. A, left column, the normalized spectra (FK) of (from top to bottom): vertical geophones
(GEO-V), horizontal in-line geophones (GEO-H) and fiber optic sensors (FIBER). B, central column, the absolute difference between the normalized spectra of DAS

and geophones. C, right column, RMS error of the same spectra for each frequency.

direction of the cable; consistently, for higher incident angles, the signal
progressively fades, resulting in an unobservable refraction event.

Figs. 8 and 9 show the seismograms (left column) of Layout 2 for the
geophones and fiber optics acquisitions; the profile has been subdivided
into the portions associated with the stabilized and natural ground,
respectively. Not surprisingly (improving the geotechnical characteris-
tics is the ultimate goal of ground stabilization), the portion of untreated
ground is characterized by slower velocities of the seismic events. The
same figures display the spectral content of each trace (FX), in the right
column. Also in this case, it is evident, especially considering the FX
spectra, that the signal recorded by the DAS system shows a higher
similarity with the horizontal geophones in both ground conditions.

The DAS seismogram of the natural ground (Fig. 9) reveals less
pronounced “stepwise” features (see Fig. 6) compared to the portion of
stabilized ground (Fig. 8), despite the identical fiber installation. This
can be due to the different spectral content of the natural ground,
characterized by lower frequencies, which are less affected by the Gauge
length. Fig. 10 displays, for Layout 3, the same high similarity between
the fiber optics and the horizontal geophones - in this specific case,
characterized, by a higher spatial sampling (0.5 m).

With the aim of thoroughly analyzing the spectral content of the
recorded acoustic signal, a two-dimensional Fourier transform (FK) has
been applied to the seismograms (Figs. 11-13). The similarity between
the acoustic sensors is here quantified by analyzing the discrepancies of
the energy distribution in the FK spectra normalized, frequency-by-
frequency, for the corresponding amplitude maximum (columns B and
Q).

The most energetic dispersive event — related to surface waves
propagation - is essentially identical for geophones and DAS receivers
(columns B in Figs. 11 and 12), for which the larger spatial sampling of
the geophones (2 m) results in a narrower wavenumber range. The most
evident differences are between fiber optic sensors and vertical geo-
phones, and they are related to seismic events with high frequencies and
to higher modes of propagation of the surface waves. This is particularly
clear by studying the frequency-by-frequency Root Mean Square (RMS)
error (columns C in Figs. 11 and 12).

The higher lateral sampling rate of Layout 3 of the geophones
acquisition allows analyzing shorter wavelengths (Fig. 13A). Despite the
higher spatial sampling rate of the DAS data — almost twice the geo-
phone’s one — the DAS recorded signal shows a spectrum limited to



M. Rossi et al.

Engineering Geology 306 (2022) 106729

Shot position 45 m - Layout 2 - Natural

80 A. FK 80B. FK: Fiber-Geophones 86:. RMS: Fiber-Geophones
X 60 60 60
3%
Q £ 40 40 d E 40
Oz
:._j 20 20 20
0 . 0 - : : 0 . - - -
0 01 02 03 04 0 01 02 03 04 0 01 02 03 04
80 80 80
EGO 60 60
I
e § 40 40 40
CF-
=20 20 20
0 0
0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4 0 0.1 02 03 04
Wavenumber [m™"] Root Mean Square
80
N 60 L ; ; |
o - 0 01 02 03 04 05 06 07 08 09 1
B € 40
Q
TS . |
o
2 / 4 08 06 04 -02 0 02 04 06 08 1
x 20
0
0 0.1 0.2 0.3 04

Wavenumber [m'1]

Fig. 12. Layout 2 (2 m geophone spacing) in the portion of natural ground. A, left column, the normalized spectra (FK) of (from top to bottom): vertical geophones
(GEO-V), horizontal in-line geophones (GEO-H) and fiber optic sensors (FIBER). B, central column, the absolute difference between the normalized spectra of DAS
and geophones. C, right column, RMS error of the same spectra for each frequency.

lower wavenumber values (Fig. 13B). The energy maxima of the lower
mode of propagation of surface waves (possibly the fundamental mode)
are concentrated in the area of the FK spectrum with upper limits of
0.3-0.4 m~! and around 60 Hz. This means that DAS does not sense
wavelengths shorter than about 1.25-1.5 m, even if, theoretically, the
spatial sampling allows the system to record wavelengths larger than
0.51 m. The shorter wavelengths could not be represented due to the
resolution driven by the 2 m Gauge length, which acts as a low-pass
filter.

The maximum amplitude of the FK spectra has been picked at each
frequency for the three different recording settings (vertical and hori-
zontal geophones, and DAS). The picking results are plotted together for
sake of comparison in Fig. 14. The slower and most energetic mode of
propagation of surface waves (from here below assumed to be — and
correspondingly named - “fundamental mode”) coincides between the
different receiver settings, whereas the higher modes of propagation
(characterized by higher frequencies and lower amplitude) are only
partially consistent. The different records obtained with the different
sensors have comparable modes of propagation within a small variance
due to inevitable environmental noise. The higher resolution of the

geophones in Layout 3 (Fig. 14C) allows identifying the fundamental
mode of surface waves propagation across a larger range. If DAS is
compared with geophones of Layouts 1 and 2 (Fig. 14A and B), the
fundamental modes are essentially superimposed. Only for the faster
stabilized ground (Fig. 14A), the fiber optics (red dots) are capable to
record higher frequencies for the fundamental mode: almost 60 Hz
compared to approximately 50 Hz of the spectra extracted from the
geophones data.

The goal of ground stabilization procedures is to enhance the me-
chanical properties of the original natural sediments. The shear modulus
is a relevant parameter for the geotechnical characterization of the
ground related to infrastructure building and depends on the shear wave
velocities (Vs). For this reason, the fundamental mode of Rayleigh waves
has been extracted and inverted to obtain a vertical one-dimensional
profile of Vs (Fig. 15).

Fig. 15A shows the results of the inversion of the dispersion curve
data extracted from some of the maxima of the FK spectra in Fig. 14
(associated with different portions of stabilized and natural ground).
The Vs profiles derived by the acquisition on the natural ground (dashed
lines in Fig. 15A) are vertically shifted by 0.75 m to compensate for the
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mean elevation difference with respect to the artificial ground (Fig. 4B).
Fig. 15B displays the experimental and the calculated dispersion curves
of the fundamental mode for each inverted layout: i) the gray error-bars
show the phase-velocities (Vg) extracted by the data, together with the
associated uncertainty (estimated via several repetitions with the same
source location); whereas the colored lines are the Vg curves calculated
from the unidimensional Vs distribution inferred via the inversion.

From Fig. 15A, it clearly appears as the reconstructed Vs distribu-
tions are consistent between the different acquisition techniques, espe-
cially, at shallow, where a low-velocity layer (Vs < 250 m/s) is identified
between 0 and 3 m below the topographic surface. The almost perfect
matching between the inversion results, associated:

i) on one hand, for the stabilized portion, with the two different
geophone Layouts (Layout 3 and the combined Layout 1 + 2); and

ii) on the other hand, for the natural ground, with the DAS and the
combined geophones Layout 1 + 2 data,

are particularly impressive and demonstrate the extreme reliability of
the surface wave for the reconstruction of even relatively complex shear-

modulus profiles. The only significant mismatch occurs, at depth (> 4 m)
for the stabilized ground and between the fiber (solid red line) and the
geophone (solid blue and cyan lines) results; this discrepancy is caused
by the higher phase velocities recorded by the DAS at a lower frequency.
The higher velocity recorded by the DAS in the low-frequency range (<
25 Hz) is visible comparing the 1st, 2nd, and the 4th panels in Fig. 15B
(blue, cyan, and red solid lines). This higher phase velocity recorded by
the fibers is a consequence of the broader amplitude peak of the FK
spectrum in that frequency range with respect to the corresponding
vertical geophone (in this respect, compare the top and bottom panels of
Fig. 13A). This is consistent with the fact that the measurements
recorded by the fiber optics are a combination (i.e., a weighted average)
of the vertical and horizontal components of the signal propagating from
the source (e.g., Kennett, 2022).

Considering again Fig. 15A, and - in particular, comparing the solid
(corresponding to the measurements over the stabilized ground) and the
dashed (associated with the natural ground) lines — within the shal-
lowest 4 m, it is not surprising that the ground stabilization procedure
increased the Vs values by approximately 50-100 m/s (hence by around
60% of the original velocity) with respect to the natural ground. More



M. Rossi et al. Engineering Geology 306 (2022) 106729

A. Layout 1 - Stabilized B. Layout 2 - Natural C. Layout 3 - Stabilized
Shot position 1 m Shot position 45 m Shot position 2.3 m
120 / 120 [ ) 120 p s
I
/: ; o ’:.:-."
100 /{-, / 100F ° )
_ 80 80 . s
N B &
I l: 4‘;
> x: rad
2 60 60 A ;
9
g F
o #
S o
(T 5
40 40+ &
&~
20 20 &
GEO-V GEO-V - GEO-V
GEO-H GEO-H ; GEO-H
FIBER ?) “do . FIBER - FIBER
1 J 0 > ss ) ‘s 1 ) o e 1 D4 1 J
0.4 0.6 0 0.2 0.4 0.6 0 0.2 0.4 0.6
Wavenumber [m'1] Wavenumber [m'1] Wavenumber [m'1]

Fig. 14. Comparison of the modes of propagation among vertical geophones (blue dots), horizontal in-line geophones (green dots) and fiber optic sensors (red dots).
Data are extracted from: A. Layout 1 on stabilized ground, B. Layout 2 on natural ground, C. Layout 3 on Stabilized ground. The points defining the propagation
modes consist of the maxima picked, frequency-by-frequency, on the FK spectra. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

" A- Vs Vertical Profiles B- Dispersion Curves
T T /I T T T T T T T 800 E
V7 600 ;
| T _ i ‘;\u.__
sl i 200 -
ml | 0 20 40 60 80 100 120
800 F
b | 600 :
> ‘\\
10r 1 200 -
12 - J w 0 20 40 60 80 100 120
£
E1a) u 1z
— ——GEO-V Layout 3 - Stabilized S
£ ——GEO-V Layout 1+2 - Stabilized £ 400 ¢
@ 16 - |- = GEO-V Layout 1+2 - Natural . g
[a] ; - 2 200 -
—Fiber - Stabilized ] ¢ i | |
. ©
18 - = ~ Fiber - Natural 1 & o 20 40 60 80 100 120
L i 800 -
20 600 -
400 -
22+ .
200 -
24r | 0 20 40 60 80 100 120
26 - . 800 ¢
600 :
28} | 400 -
200
N r . s e o
S g 9438 838 a8 g8 gag g s 0 20 40 60 80 100 120
Shear Wave Velocity [m/s] Frequency [Hz]

Fig. 15. Vertical profiles of inverted shear-wave velocities (A) from the dispersion curves of surface waves (B). In B, the data plotted in gray are the experimental
dispersion curves of the fundamental mode; the relative error bars represent the standard deviation. The colored lines are the calculated dispersion curves (same
legend as A). 12



M. Rossi et al.

specifically, a clear effect of the stabilization is evident in the shallower
2 m, whereas, from 2 to 4 m, the increased velocity is a consequence of
the repeated mechanical compaction operated during the construction
of the artificial ground.

The bedrock shows Vs values larger than 400 m/s and it can be
identified at a depth of around 8 m. The differences between the inferred
depths for the natural and stabilized ground are compatible with the
typical spatial variability of the geology in the area, especially if we
consider a weathered rock layer of 1.5 m thickness, as confirmed by
nearby drilling.

4. Conclusions

The present work is a feasibility study on the application of fiber
optics as acoustic sensors for civil engineering investigations in
connection with ground stabilization, focusing on the comparison with
standard acoustic sensors (geophones).

The results clearly show that the signal from the fiber optics, despite
the inevitable differences with respect to the different components
collected via the standard geophones, can be a valid alternative to
standard seismic receivers for specific applications. As a general
conclusion, DAS is a methodology that can prove to be a powerful tool
for near-surface geophysical studies in environmental and civil engi-
neering applications.

The signal from the DAS system is almost equivalent to standard
seismic receivers. As it was expected, fiber optics display a higher sim-
ilarity with the horizontal in-line component of the geophones, as they
record the longitudinal stretching of the fiber. On the other hand, DAS is
less sensitive to acoustic waves propagating perpendicularly to fiber
cable. For this reason, a refracted event was not detectable via DAS
despite the good coupling between the fiber optics cable and the ground.
In turn, this highlights that DAS might not be the best tool for
geotechnical characterization via refraction seismics.

The frequency content of the DAS system is strongly related to the
resolution of the technique, which depends on the Gauge length (2 m in
the present work). Such resolution makes DAS less sensitive to smaller
wavelengths compared to short-spacing geophones. It must be
mentioned that seismic surveys are rarely conducted with an intra-
geophone spacing of less than 1 m. The uncertainty of the relative
location of the receivers, especially on a rugged topographic surface,
usually makes traditional seismic measurements impractical with a
spatial resolution smaller than 0.5 m. On the other hand, the exact
location of the receiver position along the fiber optics is a great
advantage of the DAS acquisitions.

The vertical profiles of inverted shear-wave velocities from the DAS
dataset are comparable with the same profiles obtained from traditional
acquisitions through geophones. A similar improvement of the me-
chanical properties is identified with both technologies, even if the
shear-wave velocities increase by about 50-100 m/s in the area of the
stabilized ground.

The specifications of the DAS instrument applied in the project
(spatial resolution of 2 m and spatial sampling interval of 0.255 m) are
probably the minimum requirements for these types of engineering
applications. Considering that DAS is a recent technological develop-
ment, this limit might be overtaken in the future, paving the way for
broader ranges of applications.

Thus, briefly, the novelties of the discussed approach and tests
concern:

i) The effectiveness of geophysical methods (and, in particular,
surface wave inversion) for the reconstruction of geotechnical
parameters (when properly used; for example, with the use of the
proper regularization);

ii) The unavoidable differences between standard geophones and
the new fiber sensors in terms of recorded seismic responses;
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iii) The fact that, despite the differences with respect to the geo-
phones, DAS data can be considered, for specific applications, a
valid alternative to more traditional techniques.
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