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Abstract: The paper presents the analysis of the possibility of fatigue crack detection and monitoring
its propagation process using fibre Bragg grating (FBG) sensors. The investigations were carried out
on an aluminium alloy sample (a part of the Mi-2 helicopter rotor blade). During the fatigue test,
the sample was equipped with FBG sensors applied for strain measurement and the vibration-based
strain monitoring. It was observed that the strain curves determined by the FBG sensors agreed
well with the fatigue force profile. However, the strain curves were almost insensitive to the crack
propagation process, except in the last stage of the test, when the crack length was equal to 25 mm.
The strain values and the natural frequencies of the sample that were determined experimentally
were compared with the values achieved from the finite element method model, with both methods
showing good agreement. Additionally, spectrogram-based analyses were performed, focused on
the acoustic waves phenomena related to a crack propagation process. It was confirmed that the
proposed signal processing method, based on spectrogram analyses, can be applied for the detection
of fatigue crack development in metal structures.

Keywords: fatigue crack; fibre bragg grating sensors; FBG; blade; structural health monitoring;
vibration

1. Introduction

Fatigue wear and corrosion are two of the most typical processes that occur during
the normal exploitation of aircraft structures. The airplanes are investigated using NDT
(Non-destructive testing) techniques. The typical NDT methods used for aircraft structures
are: visual inspection without/with a penetrative agent, ultrasound inspection, X-ray
inspection, eddy current, acoustic emission and infrared thermography [1,2]. However,
NDT techniques, mentioned above, cannot be used for in-flight monitoring of aircraft
structures.

The high complexity and costs of aircraft structures, combined with their high op-
erational reliability and safety needs, result in an increasing interest in Structural Health
Monitoring (SHM) systems. Fibre Bragg grating (FBG) sensors are a very interesting tool for
SHM applications. In SHM systems, FBG sensors are mostly applied for strain [3], and tem-
perature [4] measurements. The most important advantages of FBG sensors are their small
size, high multiplexing capabilities, corrosion resistance, and lack of calibration needs [5].
FBG sensors can be mounted on structure surfaces [6–8], as well as embedded into the
material during its manufacturing [9,10]. At present, FBG sensors are integral parts of the
SHM systems installed on different structures: bridges [10], offshore platforms [11–13],
buildings [14–16], marine vessels [9,17,18]. In aircraft structures, FBG sensors are mostly
used to monitor fuselage parts [19–21], aircraft cockpit [6] or composite wings [22–24].

In cyclic-loaded metallic structures, such as rotor blades, small cracks gradually
develop, and any crack with a stress intensity factor exceeding the fracture toughness can
lead to catastrophic failure. The stress intensity factor depends on both crack length and
applied stress [25]. Therefore, inspection techniques able to detect small fatigue cracks and
monitor their propagation process are crucial to ensure the reliability of metallic aircraft
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structures. An SHM system based on FBG sensors bonded to military aircraft structures
should retain functionality over the design life of the airframe. Typically, this is over
30,000 flight hours (15–20 years) [26].

A variety of complex signals collected by a large number of sensors creating SHM
systems require good post-processing algorithms, facilitating data analysis. Examples
of such algorithms are: multiple signal classification (MUSIC) and the reconstruction
algorithm for probabilistic inspection of damage (RAPID). MUSIC is a method used to
address the Rayleigh criterion [27] and has been applied to a variety of guided wave-based
SHM systems. Zhong et al. [28] applied the MUSIC algorithm to distinguish multiple
damage on a carbon-fibre-reinforced polymer (CFRP) plate and a real aircraft composite
oil tank. Fan et al. [27] proposed a modification of MUSIC, combining the adaptive
focusing of the time reversal algorithm and the high resolution of direction estimation of
the MUSIC algorithm. The modified MUSIC algorithm was applied for the SHM system
based on Lamb waves for damage (drilled holes) detection in aluminium plate-type aircraft
structures [27]. Bao et al. [29] proposed another modification to the MUSIC algorithm
that overcomes the problems related to the low signal-to-noise ratio (SNR) of damage
scattered signals, as well as the structural anisotropy in complex elements that limits the
localisation ability of the algorithm. They developed a new aperture-MUSIC algorithm for
damage diagnosis with array error compensation. Its effectiveness in detecting corrosion
damage was successfully verified on a complex aircraft structure with T-stiffeners, ribs
and rivets [29]. RAPID is based on a comparison between the obtained signals and a
damage probability distribution [30]. Zhao et al. [31] applied the RAPID algorithm for
damage detection in a real aluminium wing specimen using Lamb waves. Azuara et al. [30]
presented a geometrical modification of the standard RAPID algorithm, allowing for a more
accurate location of the damage (due to impact) in a fibre-reinforced polymer plate using
Lamb waves. Briand et al. [32] compared a few damage localisation methods for damage
detection in a CFRP plate equipped with a stiffener and a piezoelectric sensor-actuator
network. The RAPID algorithm showed very promising results in the determination of the
predicted damage size using Lamb waves.

FBG sensors are used for the SHM of structures subjected to long-term fatigue loads,
to confirm that the material of the sensors is able to withstand the fatigue conditions. At
present, investigations focus on FBG sensors’ utility in fatigue and fracture mechanics,
including fatigue crack propagation. Ang et al. [33] analysed the fatigue properties of an
uncoated FBG sensor bonded to the CFRP substrate as a representative of aircraft composite
structure. The influence of two main stripped methods (mechanical and chemical) on
the fatigue properties of fibre optics sensors was evaluated under cyclic tension–tension
loading. The signal quality of FBG sensors degraded due to the formation of sub-critical
cracks within the fibre by stress corrosion. Based on the S–N curve, a fatigue endurance
limit (at 106 load cycles) was determined as 3500 µε, below which fibres have an infinite
fatigue life and there is no degradation to the FBG sensor signal quality [33].

Yashiro and Okabe [34] used FBG sensors for damage detection and localisation in
holed CFRP laminates under cyclic loading. Any cracks and delaminations and there influ-
ence on the reflected spectrum from FBG sensors were easily identified. Takeda et al. [35]
applied FBG sensors to durability tests of a composite wing structure. This investiga-
tion included fatigue tests based on the design service life of the analysed aircraft panel.
During the test, damaged from impact does not evolve. Therefore, strain-monitoring
using FBG sensors does not indicate any remarkable changes due to damage evolution.
Kocaman et al. [36] analysed the reliability and durability of FBG sensors embedded into
glass-fibre-reinforced polymer (GFRP) subjected to fatigue loading. It was observed that
the strain inequality along the fibre length can result in FBG sensor spectrum distortion.
Such a phenomenon can occur due to crack development or the angle between the sensor
axis and the fibre reinforcement. Shen et al. [37] analysed the possibility of applying an FBG
sensor rosette to strain-monitoring in a ship hull during its operation. The analysis also
contains a fatigue-loading influence analysis of the sensor itself, as well as its impact on the
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metal sample with the attached sensor. The analyses were performed in an environment
with a high humidity level and in salt water. Linearity between the wavelength change
and loading was observed for all analysed cases, confirming the good stability of FBG
sensors. Szebenyi et al. [38] demonstrated the applicability of FBG sensors embedded
into flax-fibre-reinforced polymer under fatigue loading. The experimental investigation
suggested that such a measurement set-up can be applied to monitoring of the cyclic creep
strain of the composites. Vieira et al. [39] developed a laboratory prototype of a weight-
measuring system based on FBG sensors embedded in a silicone rubber tray. The proposed
solution considered the need for removal of the environmental temperature influence on
the system structure. The experimental investigation showed the good repeatability of the
system, confirming its utility for accurate small-weight measurement (up to 500 g). A linear
response of the embedded FBG sensors was observed in this loading range. Ruzek et al. [20]
and Tserpes et al. [21] performed experimental and numerical analyses of CFRP fuselage
stiffened panels with FBG sensors arrays. Among the many analyses, the possibility of
applying the FBG sensors to strain measurement during fatigue loading and damage
detection was considered, to validate of the utility of the sensors. Liu et al. [11] analysed
the utility of FBG sensors embedded into a composite material (in a form of a package)
and attached to a wind turbine blade for the strain variation monitoring under static and
fatigue tests. It was observed that the parameters (length, thickness) of the joint between
the package and the blade strongly influenced the strain transfer efficiency. FBG sensors
can be applied for strain measurements under both static and suddenly applied load.

The investigations presented above indicate both the need for the development of
methods of fatigue crack propagation monitoring in aircraft structures and the possibility
of the application of FBG-based SHM systems for this purpose. Their main advantages in
such an application are the lack of electricity in the measurement array, combined with the
small size and low weight of the sensors. Additionally, the FBG sensors are very sensitive
to even very small changes in local strain. The experimental (and numerical) analyses
were focused on the possibility of applying FBG sensors to fatigue crack propagation in a
metallic aircraft structure. The novelty of the study is its complex analysis of the utility of
FBG strain sensors in vibration-based analyses, leading to the determination of consecutive
stages of a fatigue crack propagation process during a fatigue test.

The paper is structured as follows. Firstly, the investigated structure and the measure-
ment set-up are described. Secondly, the experimental and numerical investigation results
are presented and discussed. Finally, the conclusions are drawn.

2. Main Rotor Blade
2.1. Fatigue Cracks in Main Rotor Blades

A helicopter main rotor system is a rotating part consisting of a mast, a hub, and two
or more rotor blades. The mast is a hollow cylindrical metal shaft that extends upwards
and is driven by the transmission. The system is used for lift generation [40].

Helicopter rotor blades are loaded by a force changing in time. In the case of any
fatigue damage, the possibility of destroying a blade is very high. Cases of throwing away
rotor blades during the flight due to fatigue damage were observed [41]. Such accidents
result in flight catastrophe in which not only is the helicopter completely destroyed, but
the crew are also in danger. It should be underlined that, even in the case of both engines
failing, the main rotor can save the helicopter due to the auto-rotation phenomenon.

Helicopter main rotor blades operate under alternating loads, which can induce
fatigue cracking. Typically, using the normal inspection methods, the critical crack length
for a rotor blade can be too small to detect prior to failure. A safe life for retirement
time will generally be given in both flight hours and chronological age. However, there
are uncertainties in the prediction of main rotor blade operational loads due to factors
such as: variations in the operating speeds and loads at low speed, interactions with
the environment, accidental damage occurrence as a result of impact (e.g., stone, hail)
and chemical influence as well as atmospheric processes (corrosion). These factors create
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uncertainties in the prediction of load spectra and fatigue growth and, consequently, the
retirement time of the rotor blades needs to be calculated to provide a large margin of
safety [26].

A helicopter’s main rotor blades are complex structures. In helicopter Mi-2, this
element is made of aluminium alloy (duraluminium 2024-T3). The honeycomb filler has
regular hexagonal cells of 5 mm size. The scheme of a main rotor blade part is presented
in Figure 1. In the scheme, three regions are marked according to their structural features.
They are as follows:

(1) A leading edge part including corrosion protection elements and heating parts;
(2) A middle part including upper and lower D-spar walls;
(3) A back part containing a D-spar back wall as well as additional sections with honey-

comb filler (do not present in the scheme).

Investigations performed on rotor blades of helicopters Mi-2, Mi-4, Mi-8 and Mi-24
suggest that the origin of many fatigue cracks is located on the back wall of the main rotor
blade D-spar (73% cases) (region (3)—Figure 1). Then, the cracks propagate on upper or
lower walls of a D-spar (region (2)—Figure 1). The dimension of typical fatigue damage
ranges from 35% to 40% of an area of a blade cross-section. Usually, damaged areas are
detected during typical scheduled NDT inspections, and blades are repaired [41].

Figure 1. Scheme of the helicopter Mi-2 main rotor blade cross-section focused on D-spar element.

Typically, damage in the main rotor is due to its material ageing (42%) or a manufac-
turing defect (23%) [41]. The damage types that usually occurred are: blade separation,
debonding or crack [41]. The majority of cracks originated from surface defects that oc-
curred during the blade-manufacturing processes (material discontinuity, corrosion pits).
On the other hand, in many cases, the origin of fatigue cracks was mechanical scratching
of blade surfaces that occurred during incorrect reparation processes. A fatigue crack
propagation is not a random process but is strongly related to the loading cycles typicalof
a helicopter exploitation process. Mean fatigue cycles number are equal to about 50 h
(100 flights) [41].

2.2. Investigated Structure

As mentioned previously, fatigue cracks propagate in the upper or the lower wall of
D-spar (a part denoted as (2)—see Figure 1). Therefore, the experimental investigation
was performed on a sample of a dimension of 0.3 m × 0.1 m that had been mechanically
extracted from the upper wall of Mi-2 main rotor blade. During the extraction process,
attention was paid to not overheat the sample, resulting in changes in its structural proper-
ties. The sample thickness was almost stable and its mean value was equal to 0.005 m. The
geometry of the sample instrumented with FBG sensors array is presented in Figure 2.
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Figure 2. Geometry of the investigated sample with FBG sensors array (FBG are denoted as S1–S4).

In the middle of the longer side of the sample, a notch was cut to serve as a fatigue crack
origin (Figure 3). The notch tip location was chosen based on investigations performed
in the Air Force Institute of Technology (AFIT) related to fatigue crack propagation and
its origin in the main rotor blade D-spar. Then, the sample was ground on both sides to
prepare for clamping in a fatigue machine.

Figure 3. The notch in the sample—the fatigue crack origin.

In order to predict the behaviour of the sample during the fatigue test and to deter-
mine the FBG sensors’ locations, a finite-element model of the investigated part of the
main rotor blade was prepared. The finite-element method (FEM) model with mesh is
presented in Figure 4. The model was based on the blade geometry presented in Figure 2
and as a modelling tool, the finite-element package ABAQUS® was used. By using the
commercial code strain/stress fields during the crack propagation process, the chosen
crack propagation path can be determined.

Figure 4. A finite element mesh.
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For the finite-element model of the sample, 8600 elements were used in total, while
the number of model degrees of freedom was 133,578. Three-dimensional finite elements
(brick of C3D20 type) were employed to model the blade.

2.3. Fatigue Test Stand

Based on the numerical investigation results, FBG sensor locations were determined.
During the experiment, an FS 6200 Miniature Polyimide Strain Sensors (Fiber Sensing)
was used. In this sensor type, a Bragg grating was protected by polyamide coating in the
dimension of 40 mm × 12 mm × 0.2 mm. Selected properties of FBG sensors are presented
in Table 1.

Table 1. Selected properties of FBG sensor.

Property Value Unit

Wavelength range 1541–1561 nm
FBG length 10 mm
Strain limit 4000 µε

Strain Sensitivity ca. 1.2 µε

Accuracy +/−2 µε

Spectral width (FWHM) <0.2 nm

The FBG sensors were placed in locations denoted from S1 to S4—see Figure 2. Each
sensor location along the sample was determined as a distance between the notch axis
(dotted line) and the centre of the sensor. Analogically, a similar distance along the sample
was determined from the edge (with the notch) of the sample to the centre of each sensor.
Three FBG sensors (S1, S2 and S4) were mounted close to the notch tip, while one FBG
sensor (S3) was mounted far from the notch, close to one end of the working area of the
sample. Sensors S1 and S2 were not located symmetrically due to the dimension of the
FBG sensors’ protective coat. The FBG sensor S4 was mounted at the same distance from
the notch tip axis as sensor S1, but after a stiffener.

During the fatigue test, two sources of the wavelength changes that were measured
by the FBG sensors were defined. The first one originated from the fatigue test loading,
while the second was related to a fatigue crack propagation process. Sensor S4 was used to
determine the strain variations related to the load generated by the fatigue machine on an
intact part of the element. Sensors S1, S2 and S4 were used for the determination of fatigue
crack propagation.

The instrumented sample was mounted in fatigue machine (MTS 810.23) clamps
(Figure 5). Additionally, during the test, extensometer MTS 632.03F-30 was used. The
FBG sensor array was equipped using interrogator FS2500 Industrial BraggSCOPE (Fiber
Sensing) with a sampling frequency equal to 1 kHz. The test was performed at constant
temperature, so the temperature compensation was not needed, although the temperature
was monitored during the test.
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Figure 5. The sample clamped in fatigue machine.

During the test, the sample was loaded cyclically according to the force characteristic
presented in Figure 6. The fatigue test consisted of tension cycles from 1 N to maximum
load values under stable frequency 2 Hz. The fatigue test is not strictly based on the Mi-2
main rotor blade loads that occur during its normal exploitation. In contrast with an aircraft
wing, a helicopter rotor blade has both its upper and lower surfaces in tension because the
centrifugal (tensile) loads exceed the compressive blade-bending loads [42]. The maximum
load values were selected for the purpose of moderate fatigue crack propagation velocity—
mostly achieving stable fatigue crack propagation velocity. The fatigue test parameters
were assumed based on the AFIT experience.

Figure 6. A fatigue force values during the test.
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The test was divided into ten stages, lasting between 300 and 450 s. After every stage,
the fatigue machine was stopped and the total length of the crack was measured. Two
stages of crack evolution are presented in Figure 7. The length of the crack was measured
from the end of the notch tip. The fatigue test was finished when the total length of the
fatigue crack exceeded of 25 mm in length (Figure 7b).

Figure 7. Photographs of the fatigue crack growth: (a) with a length of 3.6 mm, (b) after the end of
the fatigue test.

3. Results
3.1. Strain Analyses

To determine longitudinal strain distribution over the sample surface, the FEM model
was used. This parameter was measured by the FBG sensors in the experimental part of
this analysis. The FEM results for two stages are presented: for the fatigue test, beginning
with a notch in the sample (Figure 8), and for the end of the fatigue test, when the crack
length was equal to 25 mm (Figure 9).

Figure 8. Distribution of the longitudinal strain over a sample surface at the beginning of the
fatigue test.
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Figure 9. Distribution of the longitudinal strain over a sample surface at the end of the fatigue test.

As visible in Figures 8 and 9, the maximum strain values are in the notch tip. The
strain values determined for the FBG sensor locations are collected in Table 2. In the first
stage (Figure 8), strain values are similar in all FBG sensors locations, because the FBG
sensors (S1) and (S2) located closest to the notch were used after the first stiffener. Due to
this, the notch tip influence on the strain values was neglected. The situation changes due
to fatigue crack evolution. For the last stage (Figure 9), the maximum strain values in all
FBG sensors locations were higher than they previously were. The lower values determined
for FBG S1 and S2 are because of the decrease in the sample’s effective cross-section.

Table 2. Comparison of strain values, determined experimentally and numerically.

Sensor
Strain ε × 10−4 [m/m]

Experiment Model Error [%]

Beginning of the fatigue test

S1 9.8 8.2 16.3
S2 8.8 8.2 6.8
S3 10.0 8.2 18.0
S4 9.0 8.2 8.9

End of the fatigue test

S1 9.0 9.0 8.2
S2 10.0 9.0 10.0
S3 12.5 11.0 12.0
S4 12.8 12.0 6.3

In Figure 10, the strain values measured by FBG sensors during the fatigue test are
presented. The strain values were determined using the following relationship:

εSi =
λSi − λBSi

λBSiFG
f or i = 1, · · · , 4 (1)

where λBSi and λSi means Bragg and the measured wavelength, respectively. While FG is a
factor gauge that depends on fibre optics’ material properties.
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Figure 10. Strain values measured by FBG sensors during fatigue test.

The breaks between the consecutive stages of the test, presented in Figure 10 are
minimised for the purpose of presenting the real duration of the fatigue test, which took
about 80 min. The strain curves remained the shape of the load signal registered by the
fatigue test machine—see Figure 6. A small exception is presented in the graph determined
for sensor S2 (Figure 10). The sensor was likely prestrained during the gluing process, so it
also showed negative strain values (suggesting the compression behaviour of the sample).
Additionally, the strain amplitudes are about half the value of those registered for the other
FBG sensors. It is worth noting that the crack propagation process is visible on all strain
curves, but only during the two last stages of the fatigue test when the crack was no shorter
than 20 mm. For two sensors, denoted as S1 and S2 (located before the stiffener), the strain
values were decreasing, showing a local small compression. For the other two sensors (S3
and S4), mounted after the first stiffener, the registered strain values increased at the end of
the fatigue test. The differences are due to the fatigue crack propagation process and the
different behaviour of the material when close to the crack tip, as well asa the change in
the dimension of the effective cross-section of the sample.

The comparison of the maximal longitudinal strain values, determined experimentally
using FBG sensors and achieved from the FEM calculation for the FBG sensor locations, is
presented in Table 2. For each case, the percentage error was determined according to the
following equation:

εSi(t) =
∣∣∣∣ εm

Si(t)− εa
Si(t)

εm
Si(t)

∣∣∣∣100% f or i = 1, · · · , 4 (2)

where indexes m and a refer to the strain values measured and calculated using FEM,
respectively. The average percentage error for all cases was 10.8%. It can clearly be seen
that the obtained results of experimental measurements (Figure 10) are in good agreement
with the results of FEM calculations (Figures 8 and 9).
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3.2. Spectrogram Analyse

For the purpose of vibration analyses, the strain signals (measured by FBG sensors)
were converted into the time-frequency domain using the Short Time Fourier Transfor-
mation. This is based on a time window moving along the time domain in which the
Fast Fourier Transformation is conducted. The spectrogram is obtained, which depicts the
signal power as a function of time and frequency. Thanks to its nature, the simultaneous
analysis of time and frequency can be conducted. The transformation can be described by

Sx(t, f ) =
∫ ∞

−∞
x(t)w(t− τ)e−j2π f tdt (3)

where: x(t)—time domain signal, w(t-τ)—time window, f —frequency, j—imaginary unit.
During the experimental analyses, the Hamming window was used, with a length of
200 points and a 50% overlap. The product of the window width in the time domain ∆t and
in the frequency domain ∆ f is a constant value for a given window. Therefore, improving
the resolution in the time domain results in a deterioration of resolution in the frequency
domain. As the analysed crack propagation process was mostly time-dependent, a narrow
window width was chosen in the time domain. This was equal to 200 measurement points.

The spectrogram is defined by

Spec =|Sx(t, f )|2. (4)

It represents the signal in a 3D space and allows for an investigation of of the time
instants at which each frequency component is present.

The spectrogram analysis was performed for all stages of the fatigue test. In Figures 11–14,
the processed signals for few chosen stages of the fatigue test are presented. For each case,
the results are presented in the form of four spectrograms according to the number of FBG
sensors. The spectrograms are denoted as S1 to S4 according to the FBG sensors’ numbers
(S1 to S4).

The spectrograms from the first stage of the experiment are presented in Figure 11. For
FBG sensor S1, only a part of the data was registered. This was a result of bending the fibre
optic connecting the array of FBG sensors. A response observed during the measurements
in the range of 50 Hz originated from the fatigue test loading. This phenomenon is visible
on all spectrograms for all FBG sensors, and is stable for all sensors during the whole
fatigue test. There is also an additional frequency (222 Hz) that is excited during all stages
of the fatigue test. It is observed only on spectrograms determined for sensors S2 and S4.

Figure 11. Spectrograms from the first stage of the fatigue test.
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In the spectrograms performed for FBG sensors S1, S2 and S4, located close to the
notch tip, the system response in a wide range of frequencies can be observed. In the
Figure 11, this can be determined about 50 s and 120 s from the beginning of the fatigue
test. On the spectrogram made for data registered by sensor S3, which was mounted close
to the clamp of the fatigue machine, such a phenomenon was not observed.

This phenomenon can be combined with fatigue crack propagation observations using
a magnifying glass. The crack occurrence after 120 s of the test was long enough to be
visible using the magnifying glass. After 300 s of the test, the fatigue machine was stopped.
Then, the length of the fatigue crack was measured. The total length of the crack (measured
from the end of the notch tip) was equal to 2.3 mm.

Figure 12. Spectrograms from the second stage of the fatigue test.

Spectrograms for the second stage of the fatigue test are presented in the Figure 12.
The maximum loading value, in this case, was smaller than in the previous stage. It was
changed to reduce the crack propagation velocity. During this stage, the crack was not
propagating, so the length of the crack after this stage was the same as after the previous
one. The spectrograms for all FBG sensors were similar, showing only the loading from
the fatigue machine. The phenomena referred to as the crack evolution were not observed
during this stage.

Figure 13. Spectrograms from the fifth stage of the fatigue test.
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Spectrograms for FBG sensors for the fifth stage of the fatigue test are presented in
Figure 13. The phenomenon of system responses in a wide range of frequencies is visible
on spectrograms for sensors S2 and S4, especially in a range between 180 s and 200 s from
the beginning of the stage. The total length of the crack after the stage was equal to 3.6 mm
(Figure 7a). In this case, the phenomenon can also be connected with the crack evolution.

Figure 14. Spectrograms from the tenth stage of the fatigue test.

In Figure 14 spectrograms for the last stage of the fatigue test are presented. The
phenomenon of the response of the system in a wide range of frequencies is visible on the
spectrograms for sensors S2 and S4, about 400 s and 650 s from the beginning of the stage.
The total length of the crack after the end of the fatigue test was equal to 27 mm, and is
presented in Figure 7b.

3.3. Strain Trends

The strain curves determined experimentally using the FBG sensors (Figure 10) contain
an influence originating from both fatigue loading and the blade material degradation
process. To obtain strain values trends in the blade, the measured strain signals were
filtered and all frequencies higher than 1.5 Hz were removed, as they were related to the
fatigue test-loading characteristics.

The results for the four chosen stages are presented in Figures 15–18. They present
strain trends, around which the strain oscillates during the fatigue test. For the purpose
of better visibility, similar strain ranges were chosen for the sensors. The first range was
equal to 2.5 × 10−4 for the first (Figure 15) stage and for sensor S1 in the tenth (Figure 18)
stage, where the strain changes were the highest. The second range equal to 0.4 × 10−4

was applied for the second (Figure 16) and the fifth (Figure 17) stages, as well as the rest of
the sensors (except sensor S1) in the tenth (Figure 18) stage, where the strain changes were
the smallest. This allows for the presention of changes in the strain profiles, which were
related to the crack propagation process.

The strain trends received for the first stage of the fatigue test are presented in
Figure 15. The strain variations observed for sensor S1 are due to the previously explained
bending of the fibre. Only the influence of the beginning and the end of the stage are visible.
The strain level is almost stable for all sensors.
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Figure 15. Strain trends for the first stage of the fatigue test.

The strain trends received for the second stage of the fatigue test are presented in
Figure 16. As in the previous stage, there is no indication of the fatigue crack propagation.
Strain changes close to 20 s from the beginning of the stage are related to an unexpected
change in the force level.

Figure 16. Strain trends for the second stage of the fatigue test.
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The strain trends received for the fifth stage of the fatigue test are presented in
Figure 17. About 200 s from the beginning of the test, a small peak (2 × 10−6 m/m) is
observed for the FBG sensor S2. It is worth notin that the change level is close to the
sensitivity of the used interrogator, which is equal to 1 × 10−6 m/m. The peak is observed
at the same time as the response of the investigated sample in a wide range of frequencies
in the spectrogram analysis (Figure 13).

Figure 17. Strain trends for the fifth stage of the fatigue test.

The strain trends for the tenth stage of the fatigue test are presented in Figure 18.
A strong decrease in the strain is observed for the FBG sensor S2, while, at the same time,
a strong increase in the strain values is registered by sensor S4. In the graph for the FBG
sensor S2, two peaks are observed at 400 s and 650 s from the beginning of the stage. They
are observed at the same time as the response of the investigated sample, in a wide range
of frequencies, in the spectrogram analysis (Figure 14). The peak amplitude is similar, as it
was observed during the fifth stage of the test.
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Figure 18. Strain trends for the tenth stage of the fatigue test.

4. Results and Discussion

In this paragraph, some important FBG sensor measurement results of a fatigue test
are presented and discussed.

The frequencies (222 Hz and 448 Hz) observed during the spectrogram analysis are
probably related to the first three natural frequencies (bending form) of the analysed
sample. According to the numerical simulation results, they are equal to 233 Hz, 753 Hz
and 1565 Hz. As the measurement frequency of the interrogator was equal to 1000 Hz, the
two natural frequencies were too high to satisfy the Nyquist criterion and the aliasing effect
occurred. Therefore, the frequency of 222 Hz, observed experimentally, is related to the
first mode and the second mode (aliasing). While the measured frequency 448 Hz is related
to the third mode (aliasing). The observability of the natural frequencies in spectrograms
originating from different sensors is related to their location on the sample and the shapes
of the vibration mode. Therefore, they are only visible on the spectrograms og two sensors
(S2 and S4). For the other sensors, the strain associated with the natural frequency modes
was too small to be noticed by the sensors. The limitations of the application of FBG sensors
(strain-measuring devices) for natural frequency determination was described in [7].

The spectrograms presented in Figures 11–14 showed that a crack propagation influ-
ence is not visible on any of the spectrograms determined for sensor S3. As mentioned
previously, sensor S3 was close to the machine clamps to determine frequency responses
that originated from the fatigue test (Figure 2). Therefore, it can be assumed that sensor
S3 is only influenced by the fatigue test loading spectrum. The phenomena related to the
fatigue test loading are visible in all spectrograms for all FBG sensors. Therefore, it can be
assumed that the influence of the fatigue test is similar for all FBG sensors mounted on
the sample.

Based on those assumptions, the spectrograms from FBG sensors S1, S2 and S4 were
processed for the purpose of better visibility of the crack propagation influence. For
each stage, the differences between spectrograms for sensor S3 and other sensors were
determined. As, during the fatigue test, a lack of transmission data from sensor S1 occurred,
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the results presented for the sensor contain high-frequency amplitudes that are not related
to the fatigue test.

As mentioned previously, the influence of the fatigue test on the system responses
occurred up to a frequency of 50 Hz. Due to this, in Figures 19–22, the frequency range
was narrowed to from 100 Hz to 500 Hz.

Figure 19. Differences for spectrograms, for the first stage of the fatigue test, for sensor: (a) S1, (b) S2, (c) S4.

Figure 19 presents the differences between spectrograms determined for the first stage
of the fatigue test. The phenomenon of the system response in a wide range of frequencies
observed in Figure 11 in spectrograms for FBG sensors was S2 and S4 about 50 s and 120 s,
and is also visible in Figure 19. There are additional high peaks for a frequency equal
to 222 Hz. Such a frequency is usually excited in the fatigue test stage. The maximum
amplitude values are higher for sensor differences of S4 than they are for sensor differences
of S2, because sensor S4 was located closer to the crack tip than sensor S2.

Figure 20. Differences for spectrograms, for the second stage of the fatigue test, for sensor: (a) S1, (b) S2, (c) S4.

The differences in spectrograms for the second stage of the fatigue test are presented
in Figure 20. The crack propagation process was not observed using the magnifying glass
or during the first spectrogram analysis (Figure 12). The response of the spectrum in a wide
range of frequencies is visible in spectrogram differences about 210 s from the beginning of
the stage of the fatigue test for sensors S2 and S4. The amplitude values of the phenomenon
were to small to observe during the previous analysis. Therefore, the crack evolution also
occurred during this stage, but the crack propagation velocity was too small to noticably
elongate the fatigue crack using the magnifying glass, even after the end of the stage. The
frequency equal to 222 Hz is also excited during the fatigue test stage.

Figure 21. Differences for spectrograms, for the fifth stage of the fatigue test, for sensor: (a) S1, (b) S2, (c) S4.
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The differences in spectrograms for FBG sensors for the fifth stage of the fatigue test
are presented in Figure 21. The phenomenon of the system responses in a wide range of
frequencies is visible on both graphs (for sensors S2 and S4) in a range between 180 s and
200 s, as well as about 350 s and 480 s from the beginning of the stage. The first range is
easily determined for the spectrogram analyses—see Figure 13. The frequency 222 Hz,
excited during the fatigue test, has a high amplitude over the whole stage.

Figure 22. Differences for spectrograms, for the tenth stage of the fatigue test, for sensor: (a) S1, (b) S2, (c) S4.

In Figure 22 differences of spectrograms for the last stage of the fatigue test are
presented. The phenomenon of the system response in a wide range of frequencies related
to crack propagation is visible in the differences for sensor S4). The phenomenon occurs
in a range from 380 s to 400 s as well as about 650 s from the beginning of the tenth stage
of the fatigue test. The second range can be also easily determined for the spectrogram
analyses—see Figure 14.

The differences among the spectrograms presented in Figures 19–22 indicate two types
of areas with high amplitudes. The first is related to the natural frequencies of the sample
(especially the first mode) and are observed for stable frequencies. While the second is
related to the fatigue crack propagation and is observed for stable time values. For the
purpose of determining the crack propagation process and distinguishing the amplitude
changes related to the crack from those linked with the natural frequencies, the following
calculations were proposed. Based on the observations presented above, two indicators
(FSk and CSk) were determined. They are related to frequency and crack influences on the
amplitude values, respectively. The indexes are described by the following relationships

FSk(t) =
n

∑
i=1

Ai,j, where j = const, k = 2, 4 (5)

CSk( f ) =
m

∑
j=1

Ai,j, where i = const, k = 2, 4 (6)

where Ai,j is an element of matrix A that contains all differences of the amplitudes for the
chosen sensor S2 or S4. The matrix dimension is n × m. Indexes i and j are related to time
and frequency, respectively.

A comparison of indexes FSk and CSk is presented in Figure 23. The base values (B)
were determined as mean amplitude values for frequencies lower than 200 Hz. Such
values are similar for both sensors. It can be seen that both indicator (FSk, CSk) values are
higher than the base (B), except for the tenth stage, where the natural frequency mode is
almost invisible for both sensors. For the remaining stages, the FSk is much higher than CSk.
However, it is easy to distinguish between both indicators. It is worth mentioning that the
CSk indicators increase or stabilise with time (stages) for both sensors. It can therefore be
concluded that the crack propagates. This agrees with the observations performed during
the fatigue test.
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Figure 23. Comparison of differences in amplitudes for spectrograms for sensors S2 and S4: C—crack,
F—natural frequencies, B—base.

5. Conclusions

In this paper, the application of FBG sensors in fatigue crack propagation monitoring
is presented and discussed. The investigations were performed on a metal sample extracted
from the main rotor blade of the Mi-2 helicopter. During the fatigue test, FBG sensors
were applied for strain value determination and strain-based vibration analyses. The
strain values (at the beginning and end of the test) were compared to the ones determined
using the FEM method with good agreement. The average percentage error was equal to
10.8%. Additionally, it was observed that the fatigue-loading profile shape is mapped by
all FBG sensors.

The strain trends were determined for all sensors. It was concluded that strain
measurements are almost insensitive to the crack propagation process. The crack evolution
was observed in only a few cases when the crack propagation resulted in a sudden local
change in the strain distribution. It is worth noting that the crack propagation process is
visible on all strain curves for the crack longer than 20 mm. Therefore, the method based
on the strain values cannot be applied for the determination of small crack propagation.

Therefore, the vibration analyses were performed, and the results were presented in
the form of spectrograms and the differences between them for chosen stages of the test.
The differences between the achieved results were related to the sensor location on the
sample. The higher sensitivity of the vibration phenomena was observed for sensors S2 and
S4, located closer to the crack and its propagation path. However, sensor S3, mounted closer
to the fatigue machine clamps, was almost insensitive to the vibration. On the spectrograms,
the three first natural frequencies of the sample were observed. The bending modes were
determined numerically using FEM and the numerical analyses explained the high visibility
of frequency 222 Hz (the first mode) and 448 Hz (frequency related to the aliasing related
to the third mode). On the spectrograms, a spectrum response phenomenon was observed
in a wide range of frequencies. During the crack propagation process, mechanical waves
are excited, which propagate through the material of the sample [43]. The phenomenon
was observed during the experimental investigation of spectrograms as the response
of the system in a wide frequency range. Because crack propagation results in energy
release in the form of the acoustic wave, it was assumed that the phenomenon is related
to fatigue crack propagation. Additionally, differences among the spectrograms were
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determined to determine the crack propagation indicator and distinguish the influence of a
crack and natural frequencies on the signal amplitudes. It was observed that, considering
the characters of both phenomena—stability in frequency (natural vibration mode) and
stability in time (fatigue crack propagation)—it is easy to distinguish them. Additionally,
the consecutive fatigue crack evolution can be determined by comparing the crack indicator
values. It was observed that the indicator values in the range of from 0.017 to 0.129 were
related to the crack, where the base (threshold) values were equal to 0.012. Therefore, the
vibration analyses based on the spectrograms can be applied for the determination of the
small crack evolution.

It was also possible to determine the direction of the crack propagation. The ampli-
tudes of a system response phenomenon in a wide range of frequencies were higher and
more visible for the spectrograms determined for sensor S4 (located close to the notch tip),
and then for the sensor S2 (located after a stiffener). The same behaviour was also visible
for differences in the spectrograms and the crack indicator.
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