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Strain measurement inside the soil body in three-dimensional (3D) experiments is a real challenge for
physical modellers in geotechnics. The use of fibre optic sensing offers the possibility of continuous
measurement of the strain at depth with high spatial and temporal resolution in small-scale laboratory
experiments. Despite the technology not being fully ready yet for centrifuge experiments, this is an
importantdevelopment ingeotechnics.Thispaperexploresthecapacitiesofdistributedfibreopticsensing
(DFOS) as a solution for direct soil strain profilemeasurement at depth. A series of small-scale plane-strain
experiments isusedtosimulatethesimplecaseof theformationofadownwardssubsidence.DFOScables
are laid in the soil specimen, and strains are directly compared with the soil movement, recorded with
cameras through particle image velocimetry. Results indicate the ability of DFOS in detecting soil
movements and underline the typical signature strain profile expected during this type of experiments.
Finite-element analyses are carried out to further underpin the consequences of performing these tests at
1g and extend the findings to potential applications in 3D and on the geotechnical centrifuge. This shows
promising results for detection of soil strain profiles inside the soil body in 3D.
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INTRODUCTION
Reduced scale physical modelling is an integral part of
geotechnical engineering research and enables to further
understand aspects of the behaviour of geotechnical systems
(Muir Wood, 2004). This typically includes small-scale
model tests performed at single gravity on the laboratory
floor (1g) and at enhanced gravitational field on a
geotechnical centrifuge (ng). In both cases, the measurement
of physical properties, and in particular stresses and strains,
inside the soil body is critical. It enables to elucidate soil–
structure interaction, as well as failure mechanisms and infer
better design. However, the measurement of the strain field
within a particulate media sample has long interested
researchers in the field of physical modelling.
To date, elucidating the strain field in geotechnical

problems has been successfully achieved by way of particle
image velocimetry (PIV), also called digital image correlation
(DIC). PIV is an optical technique used to obtain

instantaneous velocity measurement of particles, originally
developed for fluid mechanics applications (Adrian, 1991).
This technique has beenmodified and is now routinely used in
geotechnical testing to measure the displacement of soil
particles between pair of digital images and infer the strain
within the soil body in plane-strain conditions (White et al.,
2003). The technology and accuracy in the measurements
from this technique has evolved massively since the 1990s and
has enabled significant progress in physical modelling
(Viggiani & Hall, 2012; Take, 2015; Eichhorn et al., 2020).
However, this technique requires constructing a model in
plane-strain conditions, which uncovers the failure mechan-
ism through awindow. It is therefore not suited for performing
experiments in three-dimensional (3D), in particular when
those experiments contain an asymmetry that render a
two-dimensional (2D) plane-strain simplification impossible.

More recently, innovative solutions have emerged to
enable the measurement of normal and shear stresses, as
well as pore-water pressure inside the soil body. Recent
examples used for field testing have been presented by
Talesnick (2013) and Templeman (2023). This sort of device
would be good candidates for determination of the stress
field, which can then be extended to the strain field for small
strain experiments. However, these devices are currently too
large for accurate measurement of the distributed stress field
in small physical modelling experiments.

An alternative solution could however be to use distrib-
uted fibre optic cables, laid directly within the soil sample, to
acquire the longitudinal strain field along selected critical
lines within a soil sample. Fibre optic cables can have very
small diameters of the order of 1–2 mm, and therefore do
not affect the soil behaviour significantly, nor contribute to
reinforcement of the soil sample. Recent developments in
fibre optic sensing, and in particular the emergence of the
Brillouin optical time-domain reflectometry, enable very
high spatial resolution, of a couple to few millimetres, and
reasonable sampling frequency to perform very accurate
measurements in small-scale physical modelling experiments
(Kechavarzi et al., 2016).
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This paper aims at exploring the use of distributed fibre
optic sensing (DFOS) for measurement of the strain field in
physical modelling experiments in geotechnics. The paper
provides a simple pilot study that demonstrates the perform-
ance of using direct fibre optic sensing cables within the soil
media to obtain a profile of the strain field in 3D. The paper
also highlights the limitations of using this technology at
low stress levels for 1g experiments, compared with repre-
sentative centrifuge experiments, which benefit from
the enhanced gravitational field. This study was conducted
as part of the SINkhole Early Warning (SINEW) project,
which aims at identifying an early warning system for
sinkhole expansion.

METHODOLOGY
This paper explores the potential use of fibre optic sensing in
physical modelling experiments by performing a very simple
test at 1g in plane-strain conditions, and comparing the
strain measured by the fibre optic cable with the results from
PIV. The extension to 3D experiments is modelled through
finite-element analyses, which offers more flexibility for
detailed analysis inside the soil body.
The most promising type of fibre optic sensing for

geotechnical physical modelling, employs Brillouin optical
time-domain reflectometry (BOTDR). A laser pulse is
emitted by an interrogator through the fibre and the location
and amount of axial deformation within the cable is inferred
by measuring the proportional relationship between the
Brillouin frequency shift of the backscatter light. This
permits very high spatial resolution over small distances,
suitable for laboratory applications. Unfortunately, at the
time where this study was undertaken, the use of such
analysers on the geotechnical centrifuge was not yet mature

(Eichhorn, 2021). Performing tests at 1g, coupled with
predicted scaling for applications on the geotechnical
centrifuge using 3D finite-element analyses, was therefore
selected as a good compromise to explore the potential of
using this technology for direct soil strain measurement for
future applications in physical modelling experiments.

Experimental set-up
The experimental study presented in this paper was
performed at 1g using a 790× 200 mm rectangular rig,
equipped with a plane strain trapdoor of width, B=100 mm
that can mimic the formation of a sinkhole, as shown in
Fig. 1(a). The tests were conducted using Hostun sand, with
an average particle size, d50 = 0·356 mm. A sample of height
H=200 mm was prepared, with relative density DR= 52%.
The sand was poured using an automatic sand pourer, and
careful consideration of scaling shows that the medium
dense sample prepared at 1g in this paper is most
representative of the behaviour of a much denser sand
profile. In the type of experiments conducted in this paper,
most of the failure mechanism is driven by the strength and
dilatancy of the sand, which means that appropriate scaling
of the dilatancy angle is needed (Möller et al., 2023). The
dependency of the dilatancy of sand on the mean effective
stress p′ and the relative density DR of the soil, is best
accounted for through the relative dilatancy index IR
(Bolton, 1986):

IR ¼ DR Q� ln p′Þ � Rð ð1Þ
where Q and R are two fitting parameters which are a
function of the soil material (Chakraborty and Salgado,
2010), commonly set equal to 10 and 1, respectively. Using
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Fig. 1. (a) Experimental rig with plane strain trapdoor (dimensions in mm), (b) schematic representation of experimental strain sensing
cable cross-section
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this relationship, the 1g tests shown in this paper at
DR= 52% best capture the dilatancy behaviour of a real
soil at approximately DR= 80% at the trapdoor level, with
IR= 3·6 (Möller et al., 2023).
Fibre optic cables were laid away from the window and

within the soil body, at three different heights z=50, 100 and
150 mm above the trapdoor level. These specific layers were
highlighted using dyed black sand on the window front to
facilitate the visibility of the shear band during failure
(Fig. 2(a)).
A 2 mm in diameter tight-buffed polyurethane-coated

fibre optic strain sensing cable manufactured by Suzhou
Nanzee Sensing Co., Ltd, was used in this study, with a
single fibre optic core (Fig. 1(b)). This fibre is a common
single-mode fibre (SMF) that has been widely used in
fibre-optic communication and structural health monitoring
applications. It is however, only able to measure axial strain.
Due to its relatively low modulus, it can be easily
pre-strained and directly integrated into loose material
such as soil. It is well suited for the experiments proposed
in this paper, with a yield stress of 23·1 MPa and yield strain
of 6·7%. Extensive laboratory calibration tests performed at
the Cambridge Centre for Smart Infrastructure and
Construction (CSIC) has demonstrated its perfect strain
transfer behaviour (e.g. strain transfer coefficient
20 080 με/GHz by way of BOTDR analyser and
6·67 με/GHz by way of Luna OFDRODiSI 6100 analyser).
Previous physical model tests and field monitoring projects
have also confirmed its satisfactory strain transfer perform-
ance for field applications. The cables were pinned at the
edge of the box, with no additional slack to permit strain
relief beyond interface friction failure and the 2 mm cables
were coated in sand to maximise soil–cable interface
coupling (Xu et al., 2022). The cables were laid 60–70 mm

away from the window, and therefore, are here unlikely to
impact the soil deformation measurably.

The DFOS Luna ODiSI 6100 analyser was used to collect
wavelength changes, converted into differential strain
changes within the cable, with the method described by
Kechavarzi et al. (2016). This analyser is very well adapted
for small-scale experiments in the laboratory due to the
small spatial resolution and precise gauge length (2·6 mm
used in this case). Strain obtained from the DFOS cables
were compared to soil strain profiles measured through
particle imaging through the window, and acquired using a
pair of Canon Powershot G10 cameras and analysed with
GeoPIV_RG (Stanier et al., 2015). With a sample width of
L=790 mm, this provides �300 sampling points in the fibre
optic cable at each level, enabling the establishment of a
precise continuous distributed strain profile.

Finite-element analysis
Finite-element analyses were carried out using Plaxis3D to
further analyse the experimental results obtained at 1g and
extend the findings to realistic stress levels in both 2D and
3D that could be obtained in the future on the geotechnical
centrifuge. The domain consisted in half of the soil specimen
in order to reduce computational effort. The material model
used for the soil was the hardening soil model with small
strain stiffness (HSsmall; Schanz and Vermeer, 1996; Benz,
2009). The incorporation of this material model is particu-
larly suitable for trapdoor tests characterised by small
deformations, since it captures the reduction of soil stiffness
with increasing strain during the early stages of the trapdoor
test. The cables were modelled as embedded beams with an
interface associated and the material model used was a
perfect elastic behaviour, with a Young’s modulus of
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Fig. 2. (a) Image acquired from the Canon Powershot G10, used for PIV analysis; (b) experimental contour plot of vertical
displacements from PIV; (c) numerical half-space deformed mesh; (d) numerical contour plot of vertical displacements (DR = 52%
δ=2 mm)
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200 MPa. Full and loose coupling between the cable and the
soil were both assumed to model the best- and worst-case
scenario that could be obtained in practice. Further detail on
the numerical models is described in Della Ragione et al.
(2023).

RESULTS
For a trapdoor displacement δ lower or equal to 1–2% of the
trapdoor width, the soil is able to adjust and redistribute the
stresses on an adjacent support (da Silva Burke & Elshafie,
2021). This behaviour is known as arching and is regarded as
the early phase of the subsidence formation. This phase was
selected to validate the feasibility of using DFOS to measure
soil strain in the soil body due to the small strain generated,

which are therefore more challenging to measure. Despite
logging the strain profile at three heights within the soil
sample, most of the results shown in the following apply to
the cable closest to the surface, which, due to an increased
lack of coupling between the soil and the cable, is also the
most challenging to measure.

Validation of scientific method
The main results from PIV analyses consist in the displace-
ment fields above the trapdoor. Contour plots of displace-
ments, together with the deformed shape of the soil sample
and cables, are compared for validation of the numerical
model in Fig. 2. The observed trends show good agreement
in the development of the mechanism.
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To further this observation, individual layers are analysed
more closely. The settlement profiles Sv(x) is fitted using a
modified Gaussian distribution following recommendations
by da Silva (2018) and Möller et al. (2023). Horizontal soil
displacements Sh(x) from PIV are interpolated using a
double Gaussian distribution to obtain the displacement
profiles from PIV shown in Fig. 3. Detail on the processing
method is provided in depth in Möller et al. (2023). The
experimental data are compared with the numerical results,
showing good agreement with the experimental data and
validating the numerical model. It is important to note the
difference in magnitude between horizontal and vertical
displacements obtained in both the experimental and
numerical cases.

Performance of fibre optic cables at 1g
From the soil displacement profiles, it is then possible to
evaluate the strain, which are representative of those
experienced by the fibre optic cable using:

ε xð Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xiþ1 � xi þ Sh;iþ1 � Sh;i

� �2
þ Sv;iþ1 � Sv;i
� �2r

xiþ1 � xi
� 1

ð2Þ
where x is the abscissa at which the displacements are
considered, Sh and Sv are the horizontal and vertical
displacements. The experimental soil strain evaluated from
the fitted displacement profiles are compared with the
experimental strain experienced by the fibre optic cables,
and obtained from the Luna ODiSI 6100 interrogator.

Figure 4(a) therefore shows compared strain profile
between the PIV measurement and the DFOS signal. The
graph shows a fairly good agreement in the trends acquired
from the DFOS, which exhibit avery distinct signature strain
profile that corresponds to the strain profile observed for the
expansion of a subsidence.

Figure 4(a) also highlights a difference in strain magnitude
between the fibre optic cable and the corresponding strain in
the soil, coupled with a difference in trough width of this
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same profile. This difference is due to a lack of shear transfer
between the soil and the cable, induced by a lackof coupling.
The results shown here are for the top cable, which is the
most severely impacted by the lack of confining pressure at
1g. The results shown in this figure therefore prove that
DFOS is still able to provide reasonable understanding of the
soil strain profile.
The difference in troughwidth can also be further explained

by friction between the sand particles and the window, which
very often alter the PIV results from the true soil strain. This is
indeed what likely perturbs the results from Fig. 2(b) at each
layer where sand was inked in black. To further understand
what the true soil and cable strain are andwhether the readings
from DFOS can be improved for 1g experiments, further
inspection of the fibre optic cable is performed using the
numerical model. Figure 4(b) shows the compared soil strain
profile with the best- and worst-case scenarios where perfect
and null coupling between the soil and cable would be
achieved, respectively. This is extended to all soil layers in
Fig. 5, where the middle and bottom cables benefit from
slightly more confining pressure at 1g. It clearly shows that the

results at 1g obtained during the experimental campaign are
already very good and cannot be improved massively.

Curiously, the results in Fig. 5(h) show larger strain for the
smooth cable than for the rough cable. This is explained by
looking at the horizontal andvertical components of the strain
from equation (2) recalling that horizontal displacement
induced by trapdoor opening induces compressive horizontal
strain in the soil just above it. For a smooth cable, no
horizontal displacements are induced in the cable by soil
movements, and only vertical displacements are hence
generated, inducing pure tensile strain (i.e. positive strain) in
equation (2). In contrast, for the rough cable, soil movements
induce both vertical and horizontal displacements in the cable,
which induce both positive and negative strains and reduce the
maximumamount of tensile strain found for the smooth cable.

Potential use fibre optic sensing for 3D centrifuge
experiments
Finally, the numerical model is used to extend the results to a
potential centrifuge experiment, performed at 40g in 3D,
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and with a relative density DR= 87·5%. The test very much
corresponds to one of the centrifuge tests performed by da
Silva (2018), but is here extended to a 3D circular trapdoor,
schematised in axisymmetric conditions in Fig. 6(a).
Figure 6(b) shows the settlement profile obtained for a

layer located 3 m below the soil surface. This is compared
with the settlement profile derived from the grid of fibre
optic cables, shown in Fig. 6(c) of the cable. The figure shows
very good agreement between both profiles, and demon-
strates that the loss of magnitude and distortion of the
profile, observed at 1g, resorbs at higher g-levels. To
conclude, Fig. 6(d) shows the strain grid that would have
been obtained in a 3D physical modelling experiment at a
specific height, and from which the strain field can be
obtained by way of interpolation, providing further insight
into the soil behaviour.

CONCLUSIONS
The use of DFOS can improve experimental testing in
geotechnics by enabling the measurement of small strain
with a high level of spatial and temporal accuracies in a
relatively limited spaced sample at depth. Different from
civil structural applications (e.g. concrete structures, steel
structures etc.), where the fibre can be simply glued onto the
surface, the effectiveness of DFOS in following soil move-
ments is strongly dependent from the soil–cable interface
and this limit has been considered as the main barrier to the
use of this technology for geotechnical applications. This is
particularly true for tests at 1g on the laboratory floor where
the stress level is low, and impact coupling great.
This paper illustrates the effectiveness of a relatively new

technology (i.e. DFOS with Raileigh backscattering), and
not yet available for tests on the geotechnical centrifuge, for
sensing soil movement in 1g small-scale experiments. The
study is focused on a simple plane-strain small-scale trap-
door test, performed in controlled conditions at 1g, where
soil strain measured from PIV can be directly comparedwith
DFOS data. The results demonstrate a clear ability of the
DFOS in measuring accurately the correct strain profile
trend, for very small movements induced in the soil. In this
experiment, DFOS is able to pick up an unequivocal profile
of strain, induced by the trapdoor movement, right from the
beginning of the test – that is, for trapdoor movement
δ≤ 0·01–0·02 B. This is a very promising result for geotech-
nical testing at 1g. However, an order of magnitude
difference between the DFOS and the PIV is also observed.
The key limitations of the use of fibre optic at 1g is the very

large contrast of stiffness between the cable (axial stiffness)
and the soil, which results in a non-conformity in the cable
deformation compared to the soil movement. For this reason,
the cable strives to conform to the soil movement in
horizontal (longitudinal) direction, regardless of its surface
roughness, as demonstrated by the numerical analyses. This in
turn provides a loss of precision on the width of the failure
mechanism, and its magnitude, while preserving its overall
shape. At larger depth with larger confining stresses, as well as
for experiments on the geotechnical centrifuge, the soil
stiffness is larger and the contrast of stiffness with the cable
reduces. The cable therefore conforms much better the actual
soil strain. Further research could explore how to improve this
result using a multi-core fibre optic cable (MCF) that would
enable the measurement of bending strain.
This does not invalidate the use of DFOS for 1g

small-scale experiments, and DFOS can be used to provide
locations in extremum of the strain and reveal the position of
a subsidence. Nevertheless, tests at higher confining stresses,
it seems that real scale (on site) measurements or those in
centrifuge are much more suitable for the use of DFOS.

For this reason, numerical analyses are used to extend the
findings to potential future applications for 3D experiments
on the geotechnical centrifuge. The numerical results prove
that DFOS technology is a promising technology to further
understand soil strain and movement at depth in geotechni-
cal experiments. This paper also shows that, in the near
future, predicting the response of the fibre optic by way of
finite-element analyses prior to performing tests in the
laboratory is probably avery good route to better understand
the fibre optic strain measurements recorded during the test.
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