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Abstract. Two innovative optical fiber cable layouts designed to improve strain measurement accuracy for
Brillouin Optical Time Domain Analysis (BOTDA) sensors through improved strain transfer efficiency are
presented and discussed. Swept Wavelength Interferometry (SWI) is used to experimentally evaluate their
performance alongside analytical models and numerical simulation through Finite Element Method (FEM).
The results show good agreement between the different methods and show that the second sensing cable design
presents good features to minimize the mismatch between measured and actual strain. Finally, the strain
response of both strain and temperature sensing cables of this design are evaluated, showing that their differ-
ence in response is reliable enough to allow temperature compensation.

Keywords: Brillouin scattering, Optical fiber sensors, Fiber ring lasers, Strain transfer, Structural health

monitoring.

1 Introduction

Optical fiber sensors represent one of the most interesting
technologies for many structural health monitoring applica-
tions [1, 2]. Compared to their electronic counterparts, opti-
cal fiber sensors are lightweight, small size (which makes
them suitable to be embedded in composites, 3D printed
structures and other materials [3, 4]), immune to electro-
magnetic interference and capable of transmitting a large
amount of information [5-10]. Among the various dis-
tributed sensing techniques, Brillouin Optical Time Domain
Analysis (BOTDA) gained significant relevance amid the
scientific and industrial community. BOTDA is based on
the Stimulated Brillouin Scattering (SBS) phenomenon
and allows to monitor large structures by extracting
temperature and strain profiles along tens of kilometers of
sensing fiber, with spatial resolutions of the order of few
centimeters [11-13]. While a great deal of study focuses
on the interrogating system, an important factor for
BOTDA sensors performance is the structure on the sensing
cable. In many applications, the exposure to harsh environ-
mental conditions may compromise the fiber functionality
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and requires the sensing fiber to be protected by additional
layers. However, each protective layer further increases the
mismatch between the strain at the core (the measured
strain) and the strain in the outer cable sheath (the true
strain) [14]. The modelling and minimization of this
mismatch, known as strain transfer, is an essential aspect
of sensing cable design and has a significant impact on over-
all strain sensing performance.

In addition, for simultaneous temperature and strain
sensing, it is necessary to employ both strain sensing cables,
which are bonded to the structure under test, and temper-
ature sensing ones, which are installed in a loose configura-
tion. Because of this, minimizing the transfer of strain from
the structure to the temperature sensing cable is another
important aspect for sensing performance.

In this study, an experimental setup based on Swept
Wavelength Interferometry (SWI) distributed strain sens-
ing technique is illustrated, calibrated, and used alongside
analytical and numerical simulations, to accurately evalu-
ate the strain affecting sensing cables built from two new
designs intended for BOTDA, and is compared to the strain
perceived by the host structure in order to evaluate their
strain transfer efficiency. Afterwards, SWI is used to evalu-
ate one of the designs in term of residual strain detected by
the temperature sensing cable.
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2 Sensing cable design

In general, the strain transfer process of sensing cables can
be envisioned as a transfer function linking the strain
applied to the structure (input) to the strain applied to
the fiber core (output), and key parameters for the opti-
mization of strain transfer mechanisms are the shear moduli
of the sensing cable layers and their reciprocal mechanical
coupling. To illustrate this, Figure 1 shows the strain
response of two sensing cables due to a crack in the sub-
strate where they are surface bonded. The first one
(Fig. 1a) has a relatively stiff sheath, while the second
one (Fig. 1b) has a much softer one. Theoretically, the crack
in the substrate can be considered to cause an infinitesimal
length displacement of §, which is equivalent to a Dirac
delta function in terms of strain. In general, a crack with
a finite length displacement can be generalized as a rectan-
gular strain profile.

In both cases, due to the system transfer function, the
perturbated strain region in the fiber core is larger than
the original  crack opening on the substrate. Referring to
Figure 1 it is possible to define a strain transfer length
Ly, as the region where the strain perturbation propagates
into the fiber core. Therefore, the perturbated area in the
fiber core is equal to 6 + 2L.. While 6 does not depend
on the sensing cable, L, is related to the system transfer
function and is larger for softer cables and smaller for stiffer
cables. Ideally, an infinitely stiff cable with a perfect
mechanical coupling within its layer has a constant transfer
function equal to 1 and simply replicates the strain present
in the substrate. This configuration would result in a “per-
fect” strain transfer with a spatial resolution which is only
limited by the interrogator performance. Although lowering
L, might in principle be desirable, the features of the sens-
ing scheme must also be taken into consideration. For
instance, an extremely efficient strain transfer is typically
desired for conventional point-like strain sensors such as
electrical strain gauges, but for sensors such as BOTDA,
which have a relatively low spatial resolution (>10 cm),
strain discontinuities (i.e. cracks) distributed over lengths
much shorter than that would not be reliably reconstructed.
In addition, deformation spikes above the fiber tolerance
limit would lead to irreparable damage. Because of this,
unlike other sensing applications, BOTDA requires strain
sensing cables that smooth strain peaks in the fiber core
over a length comparable to the spatial resolution of the
sensor. This can be achieved by employing less stiff cable
jackets with a lower shear modulus such as the one in
Figure 1b, or by producing a sensing cable whose layers
can slip if a certain strain threshold is exceeded. Therefore,
sensing cable design needs to be specifically tailored to the
sensing application it is designed for.

The two cable designs developed in this study are shown
in Figure 2. The first sensing cable design was developed
with the following goals as standard: (i) optimized mechan-
ical coupling with the structure; (ii) protection against harsh
environmental conditions; (iii) stable attenuation and sensi-
tivity over the range of operational conditions; (iv) capabil-
ity of withstanding large deformations; (v) absence of creep
and other long-term phenomena capable of degrading the

measuring performance of the cable. During preliminary
testing, the performance of this design raised several
concerns in terms of fiber uniformity, decoupling of the tem-
perature compensation fiber and overall mechanical cou-
pling between the strain sensing fiber and the observed
structure. The second design, compared to the first one,
was introduced as a way to address these issues with the fol-
lowing changes: (i) lower speed ramp-up during fabrication
to ensure better uniformity of the fiber pre-stress; (ii) the
presence of a silane-based lubricant to reduce the drag on
the temperature compensation fiber; (iii) different cable
jacket material to avoid slippage with the inner fiber tubing;
(iv) structured surface to improve the mechanical coupling
with the host structure. These changes are expected to
improve overall sensing performance in terms of strain sens-
ing accuracy, better distinction with temperature readings,
and more reliable strain transfer.

3 Methodology

3.1 Numerical model and theoretical background
on SWI

First, the performance of the devices was evaluated through
numerical simulations based on the development of a Finite
Element Method (FEM) model of the two cables using
Abaqus/CAE. Every single layer of the cables was modeled,
and their shapes was accurately reproduced based on direct
microscope observations. The contact region between the
surfaces of every layer was modeled applying a tie con-
straint, implying a perfect bonding within the parts. The
cables behavior under different loads was simulated by
imposing fixed displacements in the substrate structure
(see Fig. 3), thus reproducing real experimental conditions.

Afterwards, the strain transfer of the two cables was
experimentally assessed using an Optical Backscatter
Reflectometer (OBR) based on Swept-Wavelength Interfer-
ometry (SWI) [15-17]. SWI involves measuring the
Rayleigh backscattered signal generated by refractive index
variations in silica fibers. For each point of the fiber, the
strain value can be derived from the reflected wavelength
Ar by treating each elementary segment of the fiber as a
Fiber Bragg Grating sensor. While the change in refractive
index is generally non-periodical, it is possible to define a
local average perturbation period Aavg dependent on Ap
and the effective refractive index n.y through the relation:

Ap = 2negAsve. (1)

By detecting the Rayleigh backscattered light before the
experiment, it is possible to determine a stable baseline.
When a certain point of the fiber experiences strain or tem-
perature variations, the corresponding reflected wavelength
in the trace shifts from the baseline by an amount Alp
defined by the relation:

A}.R AVR

= 2 _ K+ KpAT, (2)
)vR VR

where K, and K are the strain and temperature coeffi-
cients, respectively, while v and Av are the corresponding
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Fig. 1. Strain transfer models of a crack causing an infinitesimal displacement for a high (a) and a low (b) shear modulus sensing

fiber.
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Fig. 2. Schematics of the cable prototypes.

reference frequency and frequency shift. All the experi-
ments were performed at constant ambient temperature
to filter any undesired thermal evolution, and thus the tem-
perature term K4 T can be neglected. For what concerns
the strain term K€, the strain coefficient K, is defined as:

where p is the photoelastic coefficient, which is calculated
with the following formula:

2
n
= (P12 — V(P11 + Pr12)],

P (4)

1 — outer sheath

2 - tight tubing of the strain sensing fiber
3 — strain sensing fiber

4 — composite reinforcing bar

5 — composite coating

6 — temperature compensation fiber

7 — lubricant

8 — compensation fiber loose tubing

9 - yams

where p; and py, are the components of the strain optic
tensor, while v is Poisson’s ratio [18]. For standard germa-
nium doped silica fibers, like the ones used in this work,
the photoelastic coefficient is known to be equal to 0.22.
As a result, the strain coefficient should be equal to
0.78. Knowing these parameters and the central wave-
length A of the scanning process, it is possible to determine
the relation between the strain and the frequency shift as
a linear function of the form:
A
e=———Avp = aAvpg.

K ()
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Fig. 3. Numerical model. Highlighted region represents the fixed displacement imposed to simulate the applied load; (a) first cable,
(b) second cable.

Test Rig

Length: 4000 mm
Bending Tolerance: 0.8 mm/m
Twisting Tolerance: 0.75°/m

Linear Actuator

Max Load: 500 N
- Max Travel Range: 500 mm
Controller Resolution: 10 um

Fig. 4. Calibration setup: test rig (a), linear actuator (b) and controller (c).
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Fig. 5. Clamps in the test rig (a), CAD representation (b) and test cable insertion (c).

From this formula, assuming 4 = 1306 nm for this measure-
ment, the value for o is found to be —5.59 ue/GHz. While
this value may be realistic, it is still affected by variable
factors such as dopant species concentration in the fiber
core and outer layer composition (including cladding and
coating) which all contribute to the uncertainty of the
estimation [19].

3.2 Test rig development, calibration and uncertainty
quantification

The strain coefficient was ultimately found through an
experimental calibration process, which involved the design
of a specific test rig, shown in Figure 4a. The fibers were
stretched by means of a high-precision linear actuator
(Fig. 4b), with a travel range of 500 mm and a resolution
of 0.01 mm, allowing for characterization of up to
3.500 £ 0.005 m of fibers.

The clamps holding the fiber (shown in Fig. 5) were real-
ized with two aluminum plates on which the shape profile of
the two cables, previously determined with the aid of a
microscope, was engraved on both sides with a high precision
CNC milling machine. This allowed the insertion of the cable
inside the clamps applying a quasi-uniform pressure on the
corresponding cable jackets, which is fundamental to
preserve a sufficiently high signal to noise ratio. Once the
clamps were properly set up, the cable prototype being mea-
sured could be switched by flipping the plates upside down.

The calibration measurements involved measuring the
frequency displacement while the fiber was subject to differ-
ent strain values ranging from 0 to 4000 pe, with a step of
100 pe, equivalent to a displacement of 0.350 £+ 0.005 mm.
The results of the calibration for both cable designs are
shown in Figure 6. From linear fitting, the respective

o parameters, which were found as the inverse of the slopes,
were determined to be o; = —5.520 & 0.018 pe/GHz for the
first cable and oy = — 5.590 + 0.023 pe/GHz for the second
one.

The validity of these results, and in particular their
accuracy, can be further verified using the methodology
contained in reference [20]. In particular, it is shown that
a preliminary, conservative estimate of the uncertainty for
the o value can be obtained from the specifications of the
testing rig through the formula:

Uy uar\2 | ou\? | uar?
G () ()

- uar\? | (ur)?

*\(a1) + (7)) (©)
where L and AL are the length and displacement step
respectively, while u; and wa; are their uncertainties.
Using the values for the testing rig (L = 3500 mm,
ur, = 5 mm, AL = 0.35 mm, uaz = 0.005 mm) in equation
(6), we obtain a relative uncertainty equal to 1.4%. Com-
paratively, the relative errors obtained for the alpha
parameters of the first and second cable are respectively
0.33% and 0.41%, which are lower, as expected for the fact
that they have been obtained by fitting multiple measure-
ments. However, when experimental calibration is not

possible, this approach provides conservative and reliable
uncertainty quantification.

3.3 Experimental testing

Once the calibration process was complete, SWI could be
used to evaluate the strain transfer properties of the two
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Fig. 6. Calibration data for the first (a), and the second (b), cable prototypes.

optical fiber cable designs. The sensing fibers were bonded
through an epoxy adhesive (LOCTITE® EA 9466™) on
the surface of an aluminum specimen, which was positioned
in a tensile strength machine, as shown in Figure 7.

Its dimensions were 300 mm in length, 8 mm in
thickness and 20 mm in width, with a Young modulus of
71.7 GPa and a shear modulus of 26.9 GPa. The sensing
cables were attached at the opposite sides of the specimen,
in order to avoid any contact with the clamps of the tensile
strain machine, which would have added unwanted bending
radii. The minimum bonding length between the cable and
the specimen required for a complete strain transfer was
determined from the previously mentioned numerical
model, which found optimal results for 270 mm.

During the experiment, the aluminum specimen was
subjected to loads ranging from 5 kN to 25 kN (5, 10, 15
20 and 25 kN). Two electrical strain gauges were fixed on
the opposite ends of the specimen length and used as a ref-
erence to measure the effective longitudinal strain value of
the specimen. In particular, the average of their measure-
ment was used as the asymptotic strain value that should
be detected by the two sensing cables.

As further validation, the experimental results were
compared with a known analytical model for strain transfer
developed in [21], represented by the following formula:

(6)

5(2) = [1 _ cosh (kx)]’

cosh (kL)

in which &; represents the strain profile of the fiber core,
€y, the strain profile in the host structure, L denotes the

bonding length and z represents the spatial coordinate
along the fiber axis. Finally, k corresponds to the shear
lag parameter, and is the fundamental variable of the
model, enclosing all the geometrical and mechanical
aspect of the sensing cable and its interface with the struc-
ture. Specifically, the higher its value, the more efficiently
the strain is transferred from the structure to the sensing
cable. While in principle its value can be derived a priori
exploiting the properties of the sensing cable, it is com-
monly considered more feasible to tune the value based
on experimental data in order to correct the initial guess
with a more accurate value.

4 Results

The results are summarized in Figure 8. Due to the sym-
metrical nature of the experiment, only one half of the
strain profile is plotted (the first 135 mm of bonding
length). The vertical line in both plots is chosen as the first
bonding point between the cable and the aluminum speci-
men. The horizontal solid lines correspond to the reference
strain value obtained by the two strain gauges for each
load case. The diamond shaped symbols are the results
obtained from the FEM numerical model. The SWI sensing
measurements are represented by star symbols and are
denoted in the legend with the DOF acronym. Finally,
the dashed lines are the strain profiles predicted by the
strain transfer model. The strain transfer improvement
obtained in the second cable can be easily seen at the high-
est load levels, where even in the midline (z = 135 mm),
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Fig. 7. Aluminium specimen in the tensile strength machine.

there is a mismatch between the strain of the first sensing
cable and the strain of the gauge, representing an incom-
plete strain transfer. On the other hand, the second devel-
oped sensing cable is always capable of reaching the
strain level measured by the two strain gauges, proving it
as a viable alternative for BOTDA sensing cables. In this
case, since the strain transfer length is well above the
BOTDA resolution limit due to the heavy cable jacket
required for protection, the better cable is the one with
the highest strain transfer efficiency. In addition, for both
designs there is a consistent overlap between the experimen-
tally obtained strain values for the sensing cable and the
ones predicted with the numerical and theoretical models,
showing how both these tools allow reliable predictions.
As further evaluation of the fiber performance, the strain
response of the temperature sensing fiber of the second
cable design was also measured through the use of SWI

2nd Cable
Prototype

!

.

and by subjecting it to different strain levels ranging from
200 to 400 pe through the linear actuator. The results
and the comparison with the response of the strain sensing
fiber are shown in Figure 9, in a graph showing the dis-
tributed SWI measurements in terms of frequency shift (left
y-axis) and the corresponding strain values (right y-axis)
along the length of the fiber; in particular, the strain values
in the right y-axis were calculated from the frequency shift
values measured by SWI using equation (5). The horizontal
dotted lines represent the expected true strain values,
obtained by dividing the displacement of the actuators by
the total length. Ideally, the strain sensing fiber measure-
ments should match the theoretical strain values (horizon-
tal lines), whereas the temperature sensing cable should
be completely insensitive to strain. As can be seen from
the figure, the strain sensing fiber matches the expected
theoretical values. The fluctuations in the strain profile
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Fig. 8. Strain transfer of the first sensing cable (up) and second sensing cable (down). Horizontal lines: strains measured by the
gauges. Stars: OBR measurements. Dashed lines: analytical model. Diamonds: numerical FEM model.

can be associated with non-uniform restrictions of the outer
cable jacket or can be due to microscopical imperfections of
the optical fiber itself. In the temperature compensation
fiber, on the other hand, a residual strain equal to 12% of
the total strain is still detected. These results were somehow
expected since the temperature sensing cable will always

retain a level of friction with the outer layer. Nevertheless,
Figure 9 indicates that the strain fingerprint along the fiber
is stable along the entire testing length for different strain
levels. As a result, even in absence of perfect decoupling,
results are consistent enough that temperature compensa-
tion can be achieved during the postprocessing phase.
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of the linear actuator.

5 Conclusion

In this work, a sensing method based on SWI has been used
to evaluate two newly manufactured optical fiber tempera-
ture and strain sensing cables. These cables are intended to
be employed in Brillouin optical time domain analysis to
extract temperature and strain spatial distributions in large
structures at centimeter level spatial resolution. Of the two
cable designs, the first one was intended to satisfy a series of
requirements for effective strain sensing performance, but
several construction issues compromised its strain transfer
capabilities and prevented it from operating at optimal
operating conditions, leading to the realization of the
second design to solve them. Besides SWI, the two designs
were also evaluated through numerical and analytical
approaches. The results showed a good agreement between
the experimental methods and both numerical and analyt-
ical models, showing that SWI is an effective method for
characterizing the strain transfer behavior of optical sensing
cables and that the numerical and analytical models can be
considered reliable tools to make predictions. As expected,
these results showed that the second design presented supe-
rior strain transfer capabilities, always reaching the same
strain value of the actual specimen, proving it to be a viable
alternative for BOTDA sensing. The first design, on the
other hand, due to the issue detailed in this work, presented
a mismatch between the strain detected by the cable and
the one effectively applied to the specimen, especially at
higher strain values.
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