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Abstract: The research shows the link between the strain transfer properties of distributed optical
fiber sensors and their probability of damage detection, which is crucial for a successful
implementation in real structural health monitoring applications. © 2023 The Authors

1. Introduction

Distributed Optical Fiber Sensors (DOFSs) allow to simultaneously acquire strain distributions over the entire length
of a sensing optical fiber with varying degrees of spatial resolution, range, and accuracy depending on the interrogation
system and the scattering phenomenon they are based on (Rayleigh, Brillouin, or Raman) [1,2]. These features make
DOFSs prime candidates for employment in many Structural Health Monitoring (SHM) applications. Still, their
successful implementation in this field depends on a clear characterization of their damage detection capabilities. Such
characterization can be achieved by developing methodologies to extract Probability of Detection (POD) curves which
translate the system sensing performance into its reliability in detecting specific types of damage. Even though such
methodologies are already well-established, such as the ones found in MIL-HKBK-1823A [3], they are designed for
a different sensing approach, namely Non-Destructive Evaluation (NDE). These protocols are incompatible with
SHM, since it relies on permanently installed sensors, includes additional sources of variability compared to NDE,
and produces a series of spatial and time correlated data [4,5]. Despite this, it is possible to produce POD curves for
DOFSs by relying on statistical models specifically designed for SHM such as The Length at Detection (LaD) and
Random Effects Model (REM) [6].

In real SHM applications, the damage detection capability of a DOFSs-based system also depends on factors such
as measurement noise, loading conditions, geometrical properties of the structure, morphology of damage,
environmental and operational conditions (EOCs), and human factors. In addition, it can also depend on the sensing
fiber in terms of strain transfer efficiency, which defines how the strain from the structure is transferred to the sensing
fiber core, where the strain is effectively measured. This value depends on the geometrical and mechanical properties
of the sensing fiber [7], and degrades with the addition of protective layers between the fiber and the structure. Despite
this, protective layers are necessary to ensure long-term durability of the fiber.

In this work, we evaluate how the combined effects of different strain transfer efficiencies and measurement noise
influence the POD curves developed for DOFSs. The study makes use of a Model-Assisted POD (MAPOD) framework
developed in Falcetelli et al. [8], recreating different POD curves for varying values of noise and strain transfer.

For DOFS systems capable of performing dynamic strain measurements, the estimation of how the POD evolves
with varying strain transfer properties of the sensing fiber and noise can be particularly useful. For example, in the
case of sensors based on Swept Wavelength Interferometry (SWI) [9], like the ODiSI-B developed by LUNA
Innovations Inc. [10], frequencies of up to 250 Hz can be reached. If the noise levels are found to degrade the POD,
they can be reduced by averaging multiple measurements, thus creating the opportunity of trading improved POD for
reduced sampling rate of the sensor, thus increasing the range of applicability of these technologies.

2. Materials and Methods

The strain transfer effect can be modeled by means of the system transfer function, I', which can be thought of as the
DOFS response after a Dirac strain impulse.

MG =Le, (1)
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where A represents the space constant parameter [8]. This parameter is the inverse of the shear lag parameter, which
was described in several strain transfer studies [7,11,12]. Then, in the most general case, the strain profile in the
optical fiber core, &¢(x), can be computed as a convolution operation between the strain profile in the structure, £5(x),
and the system transfer function, I':

g () = (' ® &) (x). 2)

Fig.1 shows the DOFS response (blue line) to a rectangular strain profile input (dashed black line), and the system
transfer function (red dashed line).
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Fig. 1. Strain transfer effect on the measured strain profile. At 3\ approximately 97% of the strain has been transferred from
the structure to the DOFS core.

To simulate the POD at different levels of transfer efficiency and measurement noise, the authors employ the MAPOD
developed in [8]. This MAPOD approach allows to simulate the response of a DOFS which is monitoring the crack growth
from an initial length a, to a final length ag, in a carbon fiber reinforced polymer (CFRP) double cantilever beam (DCB)
specimen undergoing quasi-static loading (see Fig. 2). The model was validated with an equivalent experimental setup
using the ODiSI-B as interrogator [13]. These kinds of structure and damage are representative of many composite
components used in aircraft structures subjected to delamination.
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Fig. 2. DCB and DOFS bonding scheme in the MAPOD framework.

The model can produce a MAPOD curve for a given parameter configuration. Fig. 3 shows an example of a
MAPOD curve obtained using the LaD method and its lower bound obtained with the one-sided tolerance interval
(OSTI) approach [14]. The quantities of interest for the reliability assessment are ago and agg9s. The former represents
the damage size that can be detected with a probability of 90%, whereas the latter denotes the damage size that can be
detected with a probability of 90% with a confidence of 95%.

3. Results

In this study, POD curves were computed for different A values in the model. Specifically, A was swept from 0.01 mm
to 100 mm with 100 intervals evenly distributed on a geometric scale. Fig. 4 shows the results of these simulations,
plotting agy and agges against A for a scenario where the noise equals 30 pe. Both agy and agges can be fitted with an
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exponential law. However, since ags is taken as the reference reliability metric, Fig. 4 shows only the exponential
fitting related to aggss, drawn with a blue-dashed line.
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Fig. 3. Example of MAPOD curve and its lower bound.

It is possible to extrapolate two relevant quantities for the space constant: A; and A,. The space constant equals A,
when the ags fit line increases of 20% from its initial value. Although the choice of considering a 20% increase is
arbitrary, A; can be seen as a critical value above which the detection performance of the system rapidly degrades. On
the other hand, the space constant equals X, when the agys fit line reaches 10 mm. This value of 10 mm is also chosen
arbitrarily, but in general can be thought of as the critical agos for a specific SHM application. Thus, A; is the ultimate
admissible space constant value for a given application.
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Fig. 4. Sensitivity of agy and aggs to the strain transfer space constant A with a noise value of 30 pe. The lowest red-dashed line represents the initial
value for the aggps fit line. The second red-dashed line represents an increase of 20% from the lower line. The highest red-dashed line is drawn at a
critical crack length of 10 mm.

Fig. 5 plots the A; and A, obtained repeating the abovementioned procedure for several noise values. As is expected,
the higher the noise level, the lower the A; and A, which are allowed, resulting in stricter requirements for the sensing
fibers in terms of strain transfer quality. In more detail, the relations between A; and A, seem to both follow a power
law. For a given DOFS, thus for a given space constant A, the information in Fig. 5 can be used to find the noise
tolerance for A; and A,. If the noise tolerance is greater or equal to the measured noise level, the optical fiber meets the
requirements. On the contrary, if the resulting noise level is lower than the measured noise level, there are two possible
solutions. The first is simply to substitute the optical fiber with another having a lower strain transfer space constant
hence better stain transfer performance. The second is to perform repeated measurements, leveraging the central limit
theorem to reduce the noise. If the results are averaged over n measurements, the resulting noise will be oy = o/v/n.
As a tradeoff, the sampling rate is reduced by the factor n = (o /0y)?.

2023



Th6.98 Optical Fiber Sensors (OFS) 2023 © Optica Publishing Group

120 : _:
! ; o A
! T T Y e Az fit: y = 9.89e+02 x 143 +00
10{f O}0 O} o A
IE --------- A fit: y =3.07e+04 x~179e+00
T 801 '
.E. { B
~ '
g , &
i '
E 601 ] ]
@ |
c \
<] i
v i =
g 409 \ 2.,
- lj\ 0
(72} 5
2071 O
.,
o0
0 A B S = BRI
0 20 40 60 80 100

Noise [uée]
Fig. 5. Trends of A, and A as a function of noise. The red markers represent space constant values greater than 100 mm and thus outside the A sweep
range.

4. Conclusions

This study exemplifies a way of quantifying the influence of the strain transfer of DOFSs on their relative POD,
providing information on the reliability of the system in terms of damage detection for a given SHM application at
different noise levels. As said in the introduction, this evaluation can also provide practical guidelines and to find the
optimal tradeoff between measuring accuracy and sampling frequency for a certain DOFS given the critical space
constant values A; and A,. These guidelines have the potential to extend the range of application of DOFS technologies,
by providing insight which can be used to enable reliable measurements where either high noise levels or poor strain
transfer properties would otherwise prevent to do so. Further studies should be devoted to similar considerations

applied to other critical parameters such as loading conditions and geometrical properties of the structure, damage
morphology, EOCs, and human factors.
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