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Abstract

®

CrossMark

We demonstrate the application of optical frequency domain reflectometry to detect, locate and
track the propagation of fatigue cracks in simple beam-shaped stainless-steel specimens. To do
so we recorded the strain distribution along the entire length of hot rolled and additively
manufactured 316L steel specimens with a spatial resolution of 1 mm using an embedded optical
fibre, and we evaluated fatigue induced damage under four-point bending load cycles. Our
findings are threefold. First, we show that the onset of fatigue damage can be detected using our
methodology based on a damage index adapted to optical frequency domain reflectometry
measurements, which allows alerting for potential failure. We also show that our optical fibre
mounting and embedding technique enables the fibre to survive critical failure of the steel
specimen. In addition, we obtain strain profile measurements with a spatial resolution that allows
linking the strain distribution with imperfections in the four-point bending set-up.

Keywords: metal fatigue, distributed strain sensing, optical fibre sensors, OFDR

(Some figures may appear in colour only in the online journal)

1. Introduction

In metallic structures, the most important and most common
form of damage stems from material fatigue, which is asso-
ciated with localised and progressive damage resulting from
cyclic loading at load levels that are significantly lower than
the failure load [1-4]. Fatigue failure occurs following the
initiation of microscopic cracks in a structural component,
typically (but not exclusively) at locations of high stress, and
the growth and propagation of these cracks leading to the
rupture of the component [5, 6]. Early detection of growing
fatigue cracks is therefore important to initiate corrective
actions with the aim to avoid failure of the component [7].
Non-destructive testing (NDT) inspections can be con-
ducted at regular time intervals to detect crack growth. State-

0964-1726/19/105054+-09$33.00

of-the-art NDT methods to monitor fatigue can involve local
strain or displacement measurements at the surface of the
component or rely on indirect measurements such as vibra-
tions and modal analyses [1, 4, 7-11]. The former require
physical access to an adequate (i.e. smooth and sufficiently
large) area for mounting strain gauges near the locations of
anticipated high stress or need optical access in the case of
imaging techniques, which cannot always be guaranteed.
Furthermore, point-based sensors such as crack propagation
gauges or electrical strain gauges are unable to provide
structural information about other (not instrumented) loca-
tions [1, 4, 7, 12]. On the other hand, full-field imaging
techniques only provide information at the surface of the
component under test [8, 9, 13]. In the case of indirect
measurements, it is very challenging to relate an observed

© 2019 IOP Publishing Ltd  Printed in the UK
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response to the occurrence and location of fatigue damage. In
most cases, such a technique relies on the development of a
model to which the observed situation can be compared to
[4, 7, 11, 14-17]. Consequently, the reliability of these
methods essentially depend on the quality of the models. Note
that other NDT methods can be applied to monitor fatigue
such as technologies relying on ultrasound, eddy currents,
liquid penetrants, x-rays, .... These techniques however are
outside the scope of this paper.

Advancements in steel manufacturing techniques, such as
additive manufacturing, now allow for the fabrication of
thinner and more intricate structural components. This not
only complicates the installation of surface mounted sensors,
but also increases the number of critical areas where high
stress concentrations can occur, which also calls for imple-
menting more adequate NDT techniques to monitor and to
detect the occurrence of fatigue damage [18-21].

In this paper, we address these issues and we attempt to
overcome important drawbacks of conventional fatigue
damage methods by demonstrating an alternative sensing
solution that relies on an optical fibre to determine the dis-
tributed strain along the fibre and that allows monitoring the
occurence and evolution of fatigue damage. The technique is
based on so-called ‘Optical Frequency Domain Reflecto-
metry’ (OFDR) and allows recording changes in the amount
of light scattered inside an optical fibre resulting from chan-
ges in the local (relative) strain level [22, 23]. As a proof-of-
principle, we apply this method to well-understood 316L
stainless steel beam-shaped specimens and we show that it
allows recording the internal strain distribution of the speci-
men with a spatial resolution of Imm and a sensitivity of
approximately 1 micro-strain. To the best of our knowledge
these conditions have not been demonstrated to monitor
fatigue in metallic components. To further illustrate the
potential of our approach, we recorded the strain distribution
internally in the steel specimen in view of anticipated
developments in additive manufacturing technology [24-26].

The remainder of this paper is structured as follows.
Section 2 describes the manufacturing of the test specimens
and discusses the experimental test set-up. We explain the
principle of distributed strain sensing using OFDR and how
we applied this to reconstruct the strain profile in a steel test
specimen subjected to four point bending with the aim to
validate the test procedure. We also deal with two approaches
to initiate fatigue damage in the tested specimens. We discuss
the experimental results and explain how these relate to the
presence, location and growth of fatigue cracks in section 3.
Section 4 closes our paper with a summary and conclusions.

2. Experimental method and set-up

2.1. Materials and experimental set-up

We manufactured three beam-shaped test specimens in 316L
stainless steel of which two specimens were milled from a
block of hot rolled material and a third specimen was pro-
duced from a block of laser based ‘Directed Energy
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Figure 1. Schematic representation of the four point bending set-up
and fatigue test specimen with an integrated optical fibre fixed inside
a capillary. Dimensions are in millimetres.

Deposition’ (DED) [27] manufactured material. The latter is a
metal additive manufacturing (AM) technique, which we
considered in view of illustrating the applicability of our
concept to such recent manufacturing techniques that results
in very different failure loads although the material is exactly
the same [28]. We used one specimen to validate the exper-
imental set-up as described in section 2.3 whilst we tested the
remaining two specimens under fatigue loads (section 3).

All 3 specimens had overall dimensions of
12mm X 20mm X 115 mm. Generally speaking, the pre-
ferred location for attaching fatigue sensors that rely on strain
measurements is the surface of the component where the
highest strains are expected. These high strains however,
which are expected to cause fatigue damage in the steel
component, are also likely to damage said sensors. In addi-
tion, a complex engineering component can have multiple
surfaces where critical strain levels are expected. It would
hence not be very practical or cost-effective to instrument
every critical area of the component since the presence of a
multitude of surface mounted sensors each requiring some
sort of wiring, which in its turn also significantly impacts the
handling of the component. Therefore, we opted to demon-
strate the use of an embedded optical fibre in the steel spe-
cimen. To do so, the 3 steel specimen were equipped with an
integrated capillary in which the optical fibre could be
embedded, as schematically illustrated in figure 1. This
straight 2 mm diameter capillary was drilled using deep-gun
drilling through the entire test specimen. Note also that the
embedding of the optical fibre appears compatible with the
anticipated developments in AM as for example the DED
technique could allow incorporating the capillary and even
the optical fibre during the actual manufacturing of the sample
[24-26].

To install the optical fibre, we first pressure-filled the
capillary, from the bottom up, with a two-component epoxy
adhesive (HBM X120). The selected adhesive exhibits very
limited out-gassing, cures at room temperature after mixing
and does not lead to curing-induced non-uniform stress that
would be transferred to the fibre, making the epoxy very
suitable for our application. Subsequently, we inserted a pre-
wetted optical fibre inside the capillary and ensured that the
fibre was centred and aligned. The selected optical fibre was a
mechanically strong optical fibre assembly consisting of a Ge-
doped single mode fibre (125 ym diameter and numerical
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Figure 2. Photograph of the four-point bending fatigue test bench
with installed specimen and integrated optical fibre.

aperture of 0.26) equipped with a glass-fibre reinforced
polymer coating with an outer diameter of 1 mm.

Figure 2 shows a photograph of the four-point bending
fatigue test set-up. The supports consisted of four steel rollers.
The top rollers are actuated, whilst the bottom rollers remain
fixed. Centring brackets ensured that the specimen were
properly aligned in the plane perpendicular to the actuation
axis. The diameter of the roller supports was 25 mm. We set
the fatigue loading to be a sinusoidal cyclic load at 15 Hz with
a stress ratio (R ratio) of 0.1. The mean load was different for
each experiment and ranged between 12.4 and 24 kN. For
each of the tested specimens however, we followed different
procedures to promote the occurrence and propagation of a
fatigue crack under four-point bending as detailed in the
subsequent sections.

The capillary is oriented perpendicularly to the principal
stress direction for the specimen in the 4-point bending setup.
The cross-section of the specimen is uniform across its entire
length. The capillary does not introduce local stress con-
centrations, but only leads to an overall increase of the stress
since the load is distributed over a smaller, but uniform, cross-
section. It has been shown that the capillary does not act as an
initiation site for fatigue damage and that the fatigue prop-
erties of the specimen remain unaltered when including such
capillaries [29, 30]. A summary of fatigue tests of specimen
with and without capillary is shown in table 1 in [31].

2.2. Distributed strain sensing methodology using OFDR

Optical fibre based sensors are already applied to monitor
fatigue in components as for example in [32-34]. However
and to the best of our knowledge, no published work exists
where distributed strain measurements (with a spatial reso-
lution of 1mm and a sensitivity of approximately 1 micro-
strain) have been applied inside steel structures to monitor
fatigue. Our methodology described in this paper builds on
so-called ‘Optical Frequency Domain Reflectometry’ or
OFDR which relies on the full scalar response of the optical
backscatter in an optical fibre [22, 23]. The backscatter
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Figure 3. Typical response of the optical fibre using the OFDR

technique which relies on the scattering losses at every position in
the optical fibre that are inherent to the fibre. Local changes in the
scattering losses can be linked to local temperature or strain changes.

originates from random (small) fluctuations in the refractive
index profile along the fibre length. The signal is therefore
inherent to the optical fibre under test and depends on the
position along the optical fibre. Such a backscatter trace
measurement is sometimes referred to as the ‘fingerprint’ of
the fibre. Changes in environmental parameters such as
temperature and strain can affect the physical length and local
index of refraction of the fibre and thus also modify the fin-
gerprint of the fibre. The resulting changes in the backscatter
are recorded as temporal shifts resulting from time-of-flight
measurements of light pulses (or spectral shifts in the fre-
quency domain) and can be linked to local changes in
temperature, strain, etc with a millimetre-scale spatial reso-
Iution over tens to hundreds of meters of optical fibre [35].
Cross-correlating two recorded fingerprints determines the
size of the temporal shifts. The achievable spatial resolution
depends on the noise in the cross-correlation: lower signal
noise corresponds to an improved spatial resolution. Note that
any two fingerprints can be correlated to determine the local
temperature or strain difference between the two records in
the tested optical fibre. The obtained strain and temperature
resolution are typically on the order of a few micro-strain (j€)
and a few tenths of a degree. These specifications surpass
typical measurement techniques used for fatigue monitoring
relying on strain measurements [8, 9, 12]. OFDR is typically
applied as a (small-sized) network analysis tool [36, 37], for
distributed temperature [38—41] or strain sensing [41-43].
Figure 3 shows an example of such a fingerprint for the
fibre used in the fatigue experiments. In our experiments we
used a Luna Innovations OBR 4400 [35]. The fibres had a
length of about 3.7 m consisting of a 3.0 m long optical fibre
and a 0.7 m section of Ge-doped single mode fibre with 1 mm
outer diameter to increase stiffness and to avoid micro-bends
that affect the fingerprint. To maximize the signal-to-noise
ratio and to obtain the mentioned spatial resolution at the
relevant section of the optical fibre, sources of noise such as
Fresnel-type reflections at the fibre end-faces should be
avoided or reduced as much as possible. In figure 3 such
reflections can be found, as expected, at the entrance of the
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Figure 4. Experimentally obtained strain distribution curves (in grey)
of a pristine steel (wrought) specimen in the four point bending set-
up under different load amplitudes as well as a numerical simulated
curve (in blue) for a load of 12 kN. The spatial resolution was 1 mm.

source and detector (at O m) and at the free end-face of the
fibre (at 3.7 m). To reduce the reflections from the free end-
face of the optical fibre (at 3.7 m), we dipped it in so-called
index-matching gel. Such a substance has a refractive index
close to the refractive index of the light guiding part of the
optical fibre and allows most of the light guided in the optical
fibre to escape instead of being reflected back into the fibre.
At the other extremity (at 0 m), good coupling with minimal
reflections is ensured owing to a FC/APC type connection
(typical return loss of —55 dB) and a cleaned, correctly mated
connector.

2.3. Validation of experimental set-up

Prior to conducting the fatigue experiments, we validated our
experimental set-up including the mounting of the optical
fibre in a reference specimen, which was one of the three
fabricated specimen. Once installed in the four-point bending
test rig, we statically loaded a wrought (hot-rolled) steel
specimens and determined the strain distribution inside the
specimen using the OFDR technique. First a small load of
500 N was applied to the specimen and the corresponding
backscatter profile was used as reference. The load on the
specimen was subsequently increased in steps of 500 N up to
12 kN. At each step, the updated backscatter profile was
correlated this to the reference (at 500 N) to obtain the strain
difference distribution in the steel specimen. Recall that the
high signal-to-noise ratio allows recording the strain dis-
tribution with a spatial resolution of 1 mm. Figure 4 shows the
resulting relative strain distributions. It is clear from the figure
that the strain between the two inner rollers is maximum and
effectively constant. Consequently, fatigue cracks are expec-
ted to nucleate and grow in this region. The strain grows
linearly between the outer and inner rollers. All these obser-
vations are in line with what is expected for a four point
bending set-up [44] which essentially validates the set-up and
the measurement method. Beyond the left-hand outer roller,
the alignment pin of the fibre (used to centre the fibre in the
capillary) retains the strain over a distance of approximately

— untreated rollers

—roller 1 treated
roller 1-2 treated

—rollers 1-2-3 treated
all rollers treated

0.08 0.1

0.06
position (m)

0.04

Figure 5. The OFDR measurement technique allowed evaluating the
quality of the roller supports. Subsequent cleaning and lubrication of
the rollers altered the stress distribution inside the specimen, finally
resulting in a constant strain distribution between the two central
rollers.

1 cm. In addition, the maximum strain observed between the
two inner rollers was linear with the applied load (up until the
highest tested load of 12 kN in the described situation). The
measured maximum tensile strain for the 12 kN case (i.e. a
difference of 11.5kN) equals 557.8 e £ 1.4 pe.

We compared the observed maximum tensile strain with
a numerically calculated value. To do so, we have built a
finite element model in Abaqus FEA in which the optical fibre
was modelled as ‘perfectly embedded’” which means that
continuous boundaries were considered. The rollers were
defined as ‘stiff” and thus no deformation of the rollers was
allowed. The tangential friction coefficient was empirically
determined and equal to 0.02. The result of the simulations
between the central rollers for 12 kN is shown in blue in
figure 4 and agrees well with the experimentally obtained
values. Moreover, the calculated maximum tensile strain was
556.8 pe which is within the measurement uncertainty of the
experimentally obtained value.

Recall that the obtained backscatter profiles depend on
the applied strain and temperature along the optical fibre.
However, any part of the optical fibre that is not embedded in
the steel specimen does not experience strain and thus the
backscatter profile at that location will only be sensitive to
temperature. We used this information to compensate for
temperature fluctuations, where required, in the remainder of
this paper. The observed temperature fluctuations during our
experimental campaigns were approximately 2-3 K.

An extra feature of the measurement of the shape of the
strain distribution curves between the rollers is that this allows
evaluating the position of the test specimen and the roller
supports of the set-up. In particular, the strain experienced by
the specimen should reach a plateau and a maximum in the
region between the two inner rollers. However, if one of the
rollers is not adequately cleaned and lubricated, the strain
measured between the inner rollers will exhibit a slope. To
illustrate this, we mounted the reference specimen with
embedded optical fibre in the test set-up using 4 rollers that
were used in a previous fatigue experiment and showed traces
of wear. The blue curve in figure 5 shows the strain dis-
tribution that was initially obtained. The presence of a clear
slope (with a maximum on the right-hand side) demonstrates
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that the rollers need to be cleaned (or even replaced) and
lubricated. The four rollers were treated consecutively and the
altered strain distribution after each treatment was recorded.
Figure 4 shows the corresponding curves. Before the treat-
ment of the rollers, the stress level in the region between the
inner rollers showed an important stress difference of £12%
as compared to the nominal value. Such differences may be
sufficient to favour fatigue initiation at the location of highest
stress. To validate fatigue test results, it is therefore important
to check the stress distribution obtained during practical
testing rather than conduct single point measurements. We
conclude from figure 5 that the treatment of rollers 2 and 3,
i.e. the two inner (or bottom) rollers, yield the most significant
effect. After treatment of all rollers, the region of maximum
strain between the two inner rollers was constant. This evi-
dences that paying attention to the lubrication of the supports
is crucial in such experiments. The overall conclusion of this
section is that the distributed strain sensing methodology
relying on an embedded optical fibre is a suitable technique to
reconstruct the stress profile inside the test specimen and that
it can be used to verify whether the test set-up is correctly
maintained and operated.

3. Monitoring of fatigue damage in steel specimen

In this section we deal with the application of the distributed
strain sensing methodology described in the previous section
to monitor the presence and propagation of fatigue damage in
the 316L stainless steel specimen as proof-of-principle. The
first test focuses on a pre-cracked specimen for which the
location of the fatigue crack was not known. In a second
experiment we evaluated a notched pristine (i.e. not pre-
cracked) specimen in order to detect the presence and follow
the growth of a fatigue crack.

3.1. Specimen with invisible crack

To validate the observation of fatigue damage using the
optical fibre based distributed sensing technique, we sub-
jected a specimen (fabricated using DED) to fatigue cycles,
prior to the OFDR measurements, and halted the experiment
as soon as damage was observed by monitoring the internal
air pressure in the pristine capillary (i.e. before the optical
fibre is mounted). The internal pressure was initially reduced
in the capillary to create a partial vacuum. This pressure
returned to atmospheric pressure as soon as a fatigue induced
crack has propagated from the surface up to the capillary. We
validated this technique in previous work and more details
can be found in [31]. Note that no macroscopic fatigue cracks
were visible when the pressure had normalized and thus that
the location of damage was unknown a priori. We then
mounted the optical fibre in the capillary (as described earlier)
of the invisibly damaged specimen and evaluated the strain
distribution over the optical fibre inside the specimen for
different static loads initially. Figure 6 shows the measured
strain distribution with a spatial resolution of lmm when an
additional load of 10 kN was applied compared to the
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Figure 6. The strain distribution observed in the pre-damaged
specimen when a static load of 10 kN was applied. We expect the
location of high strain concentration at 71 mm to correspond to that
of the fatigue crack.

reference ‘fingerprint’ at 500 N. The strain distribution
expected from a four point bending set-up remains unaltered,
except at a position around 71 mm where a clear strain con-
centration (i.e. strain hardening) can be observed. As men-
tioned, the specimen was pre-damaged with the fatigue crack
having propagated up to the capillary which leads to a stress
concentration at the crack location that can be clearly
observed with the optical fibre. We therefore believe that the
high strain concentration at 71 mm reveals the location of the
fatigue crack. This hypothesis is a conventional approach in
case of e.g. imaging techniques (as for example in [9]),
supporting to the applicability of our methodology. Note that
the fatigue crack must have propagated over the distance
between the top surface of the specimen and the capillary,
yielding a fatigue crack length of at least 5 mm and a width
that is too small to be visualized without microscopes.

Note that the four-point bending of the beam-shaped
specimens guarantees that a fatigue crack will propagate
parallel with the direction of the load and thus towards the
location of the optical fibre. This renders the optical fibre
particularly sensitive to fatigue damage. For many applica-
tions that leverage on bending, a similar situation can be
considered. For other applications however, the location and
path of the capillary and thus the optical fibre might require
more deliberation.

The specimen was subsequently subjected to fatigue
cycles to evaluate the growth of the fatigue crack and to
confirm visually the location of the damage. The mean load
on the specimen was 24 kN with a stress ratio (R ratio) of 0.1
[28]. We interrupted cycling every 1000 cycles and recorded
the backscatter profile at 24 kN to evaluate the change in the
strain distribution by correlating the profile with the last
recorded profile rather than the initially measured one. Note
that correlating with the initial profile is the conventional
approach used in OFDR analyses. In our case this would lead
to erroneous results due to excessive and localized temporal
shifts corresponding to large strains. Correlating with the last
recorded profile instead proved to be very suitable for the
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Figure 7. The difference in strain compared to the distribution in figure 6 obtained approximately every 1000 fatigue cycles clearly shows the
location of the damage at approximately 71 mm. We believe that the observed increase of compression in the vicinity of the damage indicates

the growth of the width of the fatigue crack.

current application as the incremental temporal shifts are
significantly smaller. The total temporal shift and corresp-
onding strain can then be calculated cumulatively. In addition,
relying on the strain difference between consecutive mea-
surements allows (partially) eliminating the impact on the
measurements of more gradually occurring effects such as
wear of the roller supports (illustrated in the previous section),
whilst emphasizing the impact of more sudden strain changes
that stem from fatigue damage. We established that growth of
the fatigue crack corresponds to a higher stress concentration
observed by the optical fibre as illustrated in figure 7 which
shows five cumulative strain distributions for different
amounts of fatigue cycles. The displayed strain distributions
correspond to the total difference compared to that shown in
figure 6. The highest change in strain is found close to 71 mm
which coincides with the location of the fatigue crack. We
observed increasing compression in the vicinity of the crack
with an increasing amount of strain cycles and believe that
this corresponds to an increase in the fatigue crack width as
the crack had propagated already from the surface to the
capillary and optical fibre.

After approximately 10 000 cycles, the fatigue crack had
grown to a visible fracture as shown in figure 8. The location
of the fracture corresponded to the anticipated location at
71 mm. Note that upon fracture (and continued loading) the
optical fibre remained intact and still allowed recording the
backscatter profile (see figure 9). This indicates that our fibre
assembly and mounting method allows for continued mea-
surements at other locations in the specimen even when the
latter failed.

3.2. Pristine specimen with notch

The previous section demonstrated the potential of our dis-
tributed sensing methodology to locate otherwise invisible
fatigue cracks and monitor their propagation. In view of
practical structural health monitoring applications, we exten-
ded our experiments towards monitoring fatigue damage on a

Figure 8. The location of the fatigue crack is measured to be 71 mm
away from outer roller 1.

Figure 9. Upon further fracturing of the steel specimen, the
embedded optical fibre was revealed and proved to be intact.
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Figure 10. Evolution of the strain distribution in the steel specimen
obtained during the blind test. The fatigue-induced crack formation,
propagation and location are clearly observable. We visually
determined location of the damage at 70 mm, indicated in the figure
in blue.

pristine (i.e. not pre-cracked wrought) specimen. To be able to
validate the location of damage in the specimen, a small tri-
angular notch was created of approximately 2 mm in width at
one of the top edges (tensile stressed) of the specimen. The
existence of the notch leads to higher local stress concentra-
tions during loading, which promote the occurrence of fatigue
damage. The fatigue cycles were applied to the specimen with
a mean load of 12.4 kN and a stress ratio of 0.1. A smaller
mean load was used compared to the previous section due to
the anticipated difference in failure load between the wrought
specimen and the DED specimen [28]. We interrupted fatigue
loading after every 5000 cycles to record the backscatter
profile of the optical fibre embedded in the steel specimen at
12.4 kN.

Figure 10 shows the strain distribution at 5 different
instances during the fatigue test. We determined the strain
distributions by comparing a 500 N reference to a static load
of 12.4 kN. Initially, at O fatigue cycles, the strain distribution
corresponds to the curve expected in a four point bending set-
up. Slight wear of the four-point bending rollers may be
responsible for the small slope at the maximum strain plateau.
Up to 6.95 Mcycles, the strain distribution remained essen-
tially constant, except for a small amount of strain hardening.
To further facilitate the occurrence of fatigue damage, the size
of the notch was approximately doubled on one of the top
edges of the specimen after 6.95 Mcycles and the roller
supports were rotated. At 7.10 Mcycles i.e. 150 kcycles later,
a small strain concentration appeared similar to that observed
in the specimen tested in the previous section albeit with a
smaller strain amplitude. This indicates that fatigue induced
cracks are present in the specimen and are growing. The
location of this fatigue damage appeared at around 70 mm. In
the two subsequent curves at 7.12 and 7.15 Mcycles, the size
of the damage grew quickly until failure of the steel speci-
men. The rupture location exactly corresponds to the antici-
pated location i.e. the location of the notch and the location of
the precursor of damage in the strain distribution curves.

To avoid the need for analysing the entire strain dis-
tribution, we looked into the possibility of defining a single

150 1
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50r
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B
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Figure 11. Evaluation of the damage index as a function of the
number of applied fatigue cycles. Shortly after 7.10 Mcycles, fatigue
damage began to propagate.

parameter or figure of merit that can be calculated and used to
alert a user for the presence of fatigue damage based on an
OFDR measurement. We therefore defined a damage index
(DI) that can be calculated from the differential strain dis-
tributions i.e. the correlation of two consecutive backscatter
profiles to determine the local change in strain. This also
allows avoiding gradual changes resulting from the degra-
dation of the roller supports and eliminating the need to cal-
culate the cumulative strain from all the previously measured
differential strain distributions. We define this DI as,

1 N
DI = —— > (|Aal * 1), 1
A*Lk;(l el * L) ey

where Ag; is the differential strain determined from two
consecutive backscatter profiles at position k with N [ = L
the total analysed length of the optical fibre, which equals
140 mm. [, thus corresponds to the 1 mm spatial resolution of
the measurement. This suggested DI is particularly useful to
evaluate a section of uniform strain such as the area between
the inner rollers in the four-point bending set-up. In a different
application, a different DI may be more suitable. Furthermore
and depending on the application, a user can define an ade-
quate threshold for the DI and normalize using A to enable
real-time damage monitoring and potential failure prediction.
In our case for example, the DI could be normalized with
respect to the observed strain at the plateau. Such a normal-
ization would imply that gradual changes in load conditions
(e.g. when the applied load is not constant over time) or
temperature fluctuations that occur on a time-scale longer than
the time between two measurements are rendered negligible.
Since the applied loads during measurements were the same
during the entire test campaign and the observed temperature
changes were small, we nevertheless opted not to normalize
the DI in this paper and we kept A = 1. Figure 11 shows the
DI, calculated according to equation (1) of the tested speci-
men as a function of the number of applied fatigue cycles.
The measurements up to around 130000 fatigue cycles show
that the DI is between 5 and 12 pe. We believe that this stems
from the plastic deformation that occurs at the location of the
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Figure 12. After approximately 7.20 Mcycles, the fatigue crack was
clearly visible and located at 70 mm from outer roller 1.

rollers as these tend to compress and indent the specimen
during the first cycles. Up to about 6.95 Mcycles, the DI
remained close to 0-3 pe. As mentioned earlier, the occur-
rence of fatigue damage was facilitated by increasing the size
of the notch on one of the top edges of the specimen after 6.95
Mcycles and rotated the roller supports. The latter led to a
small increase in the DI to about 8-9 pe which again nor-
malized after approximately 100000 cycles. Close to 7.10
Mcycles, shortly after the modification of the notch, the DI
began to increase and continued to increase during more than
1 x 10° cycles until the test specimen failed. For the sake of
legibility, the vertical axis of figure 11 is limited to 150 pe,
but note that the DI continued to increase far beyond 1000 pe.
This shows that such DI can be a clear indicator for damage
detection based on OFDR measurements.

Figure 12 shows the fractured specimen. Note that the
optical fibre again remained intact after more than 7.20
Mcycles, confirming the robustness of the applied mounting
method and the ability to continue measurements across the
rest of the specimen.

4. Summary and conclusions

We studied the detection, location and propagation of fatigue
induced damage in 316L stainless steel specimens using
distributed optical fibre based strain sensing (OFDR). We
mounted the optical fibres inside a capillary within these
specimens and we determined the strain distribution in the
specimen along the entire length of the optical fibre (i.e.
without defining critical locations). When subjected to static
loads in a four-point bending set-up, we observed that the
measured strain distribution agrees well with the theoretically
calculated value. The obtained spatial resolution was 1 mm
while the strain sensitivity was approximately 1 pe.

We applied fatigue cycles to two 316L test specimens
and we monitored the strain distribution at regular intervals.
For both specimens, our distributed strain sensing metho-
dology allowed detecting the presence, location and propa-
gation of fatigue induced damage. In addition, we illustrated
that the difference in the strain distribution between con-
secutive measurements can handle the large observed strain.
In both tests, the optical fibres remained intact in spite of the

fracture of the specimen and allowed for continued strain
measurements at other locations in the specimen. Finally, we
have shown that the strain measurements even allow linking
the strain distribution with the degradation of the lubrication
of the four-point bending supporting rollers or by extension
with other imperfections in the test set-up.

The above indicates that our fatigue detection metho-
dology potentially allows avoiding typical drawbacks linked
to conventional fatigue monitoring techniques. Furthermore,
this methodology can be scaled to accommodate much longer
optical fibre lengths (provided the fibre can be mounted),
potentially enabling structural heath monitoring of real-world
engineering components and systems rather than small-sized
specimens only.
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