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Abstract

This paper presents the results of a first of its kind application and valida-
tion of fiber optic strain sensing for structural health monitoring of offshore
wind turbines. A full-scale wind turbine was tested at the University of Califor-
nia, Berkeley’s shaking table. The test employed two Rayleigh-based Distributed
Fiber Optic Sensing (DFOS) technologies to monitor dynamic strain profiles in
a wind turbine that was subjected to strains representative of a typical offshore
wind turbine environment. The two technologies used were Optical Frequency-
Domain Reflectometry (OFDR), which can measure strain (tens of meters), and
Phase-sensitive Optical Time-Domain Reflectometry (ϕ-OTDR), a technology
used in DAS, which can measure strain over large distances (several kilometers).
Target dynamic strain profiles were determined prior to testing using a pro-
totype floating offshore wind turbine simulated in the computational software,
OpenFAST. Fiber optic cables were installed onto a wind turbine tower in dif-
ferent orientations to capture global tower deformations and local strain. First, a
quasi-static bend test of the entire tower was conducted to calibrate the sensing
techniques. Second, the tower was mounted on a six degree of freedom shake table
and was subjected to multi-directional (translational and rotational) shaking to
induce dynamic strain profiles similar to offshore conditions. Different configura-
tions of loose bolts at the turbine flange connections were also tested to evaluate
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the proposed sensing approach. The results show good agreement between ϕ-
OTDR and OFDR measurements and show that the technologies captured both
local and global structural phenomena; the effect of loose bolts on strain response
was readily identified. In addition, numerous lessons on effective sensing installa-
tion techniques were identified. ϕ-OTDR’s ability to accurately capture dynamic
strain over large distances makes it a promising candidate for Structural Health
Monitoring (SHM) of large civil systems, though mitigating vibration noise is
essential to measure small strains accurately.

Keywords: offshore wind, onshore wind, structural health monitoring, distributed
fiber optic sensing, distributed acoustic sensing

1 Introduction

Wind turbines are becoming increasingly popular, with 106 gigawatts of onshore wind
and 10.8 gigawatts of offshore wind being installed in 2024 worldwide [1]. These
wind farms constantly require scheduled inspection and maintenance, which are time-
consuming and expensive [2]. Additionally, these scheduled inspections may not find
deficiencies, such as loose bolts in the wind turbine tower, which may lead to struc-
tural failures [3, 4]. Floating offshore wind turbines, which are used for locations with
deep water columns (greater than a few hundred meters), present inherent difficulties
in inspection and maintenance due to logistical constraints [5–7]. The scale of onshore
and offshore wind farms requires sensing technologies with long-distance capabilities.
The vibration frequencies induced by wind turbines also necessitate sensing technolo-
gies with high sampling rates. Additionally, popular system identification methods
such as Fourier Domain Decomposition (FDD) [8] and covariance-driven Stochastic
Subspace Identification method (SSI-COV) [9], estimate modal parameters and shapes
from data; sensing higher modes requires high frequency data and finer spatial resolu-
tion in the sensor. It is also important for the technology to maintain signal integrity in
high-strain rate environments. Distributed Fiber Optic Sensing (DFOS) technologies
provides a potential solution. One such technique that satisfies the needs previously
mentioned is Phase-sensitive Optical Time-Domain Reflectometry (ϕ-OTDR), which
falls within the family of Distributed Acoustic Sensing (DAS) technologies. ϕ-OTDR
is particularly well suited to monitor wind farms due to its sensing range (tens of
km), high sampling frequency (tens of kHz), and relatively small spatial resolution of
channel readouts (1 meter) with a gauge length that can be as small as 2 meters.

The ϕ-OTDR technique was conceived of and developed during the 1990s [10, 11],
originally being used for water column acoustic ranging using optical fibers, which
led to the method being referred to as DAS [12]. The technique is based on Rayleigh
scattering. As light travels along an optical fiber, some of it interacts with inhomo-
geneities in the fiber and is scattered [13], which is then used to measure a phase
change. Although the ϕ-OTDR technique was proposed to monitor dynamic strain
early on in its development [11], relatively few applications exist for strain sensing of
civil infrastructure [14]. To leverage the advantages associated with ϕ-OTDR in the
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context of monitoring offshore and onshore wind farms, the technology should be val-
idated with well-accepted DFOS technologies used in structural health monitoring.
Additionally, best practices for data analysis and fiber optic cable installation must
be developed to properly interpret the data collected by ϕ-OTDR systems.

A complementary DFOS technology is Optical Frequency-Domain Reflectometry
(OFDR), which is similarly based on Rayleigh scattering. OFDR differs from ϕ-OTDR
in that the backscattered light is collected in the frequency domain rather than the
time domain [14, 15]. OFDR systems have the ability to measure strain at a very
fine spatial resolution (less than 1 mm) but have a limited sampling rate (less than
20 Hz) and sensing distance (less than 100 m). OFDR technologies have precedent in
monitoring civil infrastructure such as gas pipelines and concrete structures [16–18],
but are limited to monitoring low-frequency data for infrastructures that require less
than 100 m of sensing distance. This is a drawback for monitoring of large-scale wind
farms. However, the OFDR provides useful data for evaluating ϕ-OTDR technologies,
and also provides detailed strain information that is useful for laboratory or field
testing.

A previous study was conducted that showed that ϕ-OTDR is capable of measuring
strain that is comparable to measurements taken using OFDR [19] for small-scale
structures experiencing large deformations. This paper expands on evaluating whether
ϕ-OTDR is a suitable candidate for monitoring full-scale offshore wind turbines. In this
paper, a large-scale turbine tower enables fiber optic cable configurations that are more
practical for modern wind turbines, which is vital for downstream tasks. This study
investigates the application of ϕ-OTDR for the structural health monitoring (SHM)
of floating offshore wind turbines. Floating offshore wind turbines experience different
magnitudes and frequencies of loading than of onshore wind turbines. Our research
highlights the innovative use of these technologies to measure dynamic strain, which
is a critical source of information for assessing the integrity of wind turbine structures
in dynamic ocean environments. By focusing on dynamic strain measurement, we aim
to provide a more comprehensive understanding of the mechanical strains experienced
by offshore wind turbines, which is essential for their maintenance and longevity.

2 Methods

The ideal testing scenario to validate the ability of ϕ-OTDR to measure dynamic
strain profiles that are typical of an offshore wind turbine would be to have a func-
tioning offshore wind turbine in a facility that can generate realistic wind, wave, and
mooring loads. However, due to typical hub heights of modern offshore wind turbines
being around 100 meters and rotor diameters being around 160 meters [20], tradi-
tional full-scale testing of offshore wind turbines is not feasible in a laboratory setting.
One way to circumvent this issue would be to use hybrid experiments to resolve more
complex fluid-structure interaction phenomena. However, this also poses issues when
enforcing similitude requirements. The scaling laws necessary to ensure dynamic simil-
itude causes computational bottlenecks in simulation software for a typical design.
Moreover, the entire structure (floating substructure, mooring system, tower, blades,
etc.) requires fluid-structure interaction simulation. However, since we are primarily
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concerned with validating the ability of ϕ-OTDR to measure dynamic strain profiles
that are typical of an offshore wind turbine, we only require to induce dynamic strain
profiles that are in the range of typical strain profiles in both magnitude and frequency.

As a result, this research employed an older full-scale onshore wind turbine, with
a scale large enough that any limitations in the spatial resolution of ϕ-OTDR could
be evaluated, but not too large to test at the shake table laboratory at UC Berkeley.
Dynamic strain profiles of magnitudes and frequency expected for new floating off-
shore turbines were induced in the older (smaller scale) test specimen using the shake
table, as further detailed below. Importantly, the older full-scale turbine still possesses
important characteristics (geometry, connections, etc.) required to evaluate monitoring
challenges and limitations.

The following subsections provide more details on sensing techniques and the
experimental testing procedure.

2.1 OFDR

OFDR data was collected using a Luna Innovations ODiSI6000 commercial OFDR
system. The system has four channels, each with the capacity to measure sensing cables
of 100-meter length; the measurement frequency can vary in both sampling rate and
gauge length. During the four-point bend test, a sampling rate of 1 Hz with a spatial
resolution of 2.6 mm was used. During the shake table test, a sampling rate of 2.5
Hz and 5 Hz, with a spatial resolution of 2.6 mm was used. This commercial system
has limitations regarding the strain rate when the power of the backscattered light
in the frequency domain is uncertain. When the strain rate is high, either temporally
or spatially, the readings at those locations become unreliable, limiting the accuracy
of dynamic strain profiles. It has less measurement precision than ϕ-OTDR [19, 21],
but it can measure strain after periods of signal loss since it measures absolute strain
relative to a baseline strain reading.

2.2 ϕ-OTDR

ϕ-OTDR technologies fundamentally measure the optical phase change, ∆ϕ, with units
of radians of the light wave. The incident wavelength, λ, used in Rayleigh backscatter-
ing measurements is around 1550 nm. ϕ-OTDR data was collected using an OptaSense
ODH4 interrogator. The interrogator can achieve a sampling rate of up to 200 kHz.
Additionally, the maximum length of strain measurement using ϕ-OTDR is 10 km,
allowing for large-scale structural health monitoring using only one interrogator. ϕ-
OTDR is intended for acoustic sensing in high-frequency dynamic strain environments.
One limitation of ϕ-OTDR is that the measured phase change cannot exceed a certain
limit. This is detailed in Appendix D. During the four-point bend test, a sampling
rate of 1 Hz with a gauge length of 2 meters and a readout spacing of 1 meter were
used. During the shake table test, a sampling rate of 4 kHz was used to record strain.
A gauge length of 2 meters and a readout spacing of 1 meter were again used.
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2.2.1 ϕ-OTDR for dynamic strain monitoring

To convert the phase change measurement to a strain measurement, Equation 1 can
be used. The conversion is detailed in Appendix C.

ε =
λ

4πnlgξ
∆ϕ (1)

In this study, typical values of Pockels coefficients (p11 = 0.126, p12 = 0.270) and
Poisson’s ratio for silica glass (ν = 0.17) [22] were used. The fiber optic cables used
had an effective index of refraction of n = 1.468200 as specified by the manufacturer.
The incident wavelength was taken to be λ = 1550 nanometers. The gauge length,
which is dependent on the interrogator unit used, was lg = 2.0419046 meters. It is
important to note that the gauge length represents the fiber length over which the
measurements are averaged, corresponding to the effective sensor length over which
the average strain is estimated. That is, the gauge length is analogous to the order of
the moving average filter [23]. Intuitively, a longer gauge length corresponds to greater
spatial averaging [24]; the gauge length controls the spatial resolution and the signal-
to-noise ratio [25]. The scale factor, ξ, is defined as a function of n, ν, p11, and p12,
and is given by Equation 2.

ξ = 1− n2

2
[ν(p11 + p12) + p12] (2)

2.3 Experiment setup

2.3.1 Experimental specimen

The strain gauge length of the ϕ-OTDR system used in the experiment has a minimum
of approximately two meters. Therefore, the spatial scale of the experiment should be
as close to a typical offshore wind turbine as possible to match a realistic ratio between
the lengths of the strain gauges and structure. A 65-kW Nordtank wind turbine, was
used for the experiment. The tower is composed of three separate parts: a bottom
section, a middle section, and a top section, all varying in diameter. The bottom and
middle sections have a tapered portion that transitions to a smaller diameter. The
blades were not attached in this experiment. The turbine properties are listed in Table
1 and the overall dimensions are displayed in Figure 1. A previous study had used
another 65-kW Nordtank wind turbine at the Network for Earthquake Engineering
Simulation (NEES) shake table [26].
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6.1 m

1.9 m

6.0 m

1.9 m

6.0 m

2.0 m

1.6 m

1.2 m

Nacelle

Fig. 1: Elevation view of experimental specimen used with dimensions.

Table 1: Properties of the Nordtank
65-kW wind turbine.

Property Value

Tower height 21.9 meters
Bottom section length 8.0 meters
Middle section length 7.9 meters
Top section length 6.0 meters
Bottom section diameter 2.0 meters
Middle section diameter 1.6 meters
Top section diameter 1.2 meters
Height to rotor hub center 22.6 meters
Tower thickness 6 millimeters
Young’s modulus 191 GPa
Bottom section mass 2885 kg
Middle section mass 2100 kg
Top section mass 1415 kg
Total tower mass 6400 kg
Nacelle mass 2770 kg
Additional mass in nacelle 907 kg
Number of bolts per flange 30 bolts
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This particular turbine also has stiffeners between all bolts on both sides of the
flanges, shown in more detail in Figure 3b, to prevent local failure mechanisms of the
tower.

2.3.2 Fiber optic cable layout

The fiber optic cables were oriented longitudinally along the tower’s height, and cir-
cumferentially just above and below the flange connections. The layout of the cables
for the four-point bend and shake table test are shown in Figures 2a and 2b, respec-
tively. Note that the four-point bend test only included the bottom two tower sections,
while the shake table test included all three tower sections.

Interrogator Units

15.9 m

(a) Four-point bend test.

Interrogator Units Interrogator Units

15.9 m

22.6 m

(b) Shake table test.

Fig. 2: Fiber optic installation layout (in red) for the four-point bend and shake table
test (side views).

The cables that were oriented along the tower’s height ‘jump’ the flanges to con-
tinue along the same axis, as shown in Figure 3. Since epoxying the cables directly
along the geometry of the turbine tower at the flange would cause issues in the bend-
ing radius of the fiber optic cable, the portions of the cable near the flanges were not
epoxied to the turbine tower and were slack. This allows for the cable to transverse or
‘jump’ the flange. The non-epoxied cable length at the flanges is roughly 0.4 meters,
centered at the flanges. The cables were secured at the flange so that they would
not hit the flange during the shake table test to reduce vibration noise and measure-
ment errors. The circumferential cables were oriented just below and above the flange,
approximately 5 centimeters below where the stiffeners ended.
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(a) View from the inside of the turbine
tower looking down the tower during the
four-point bend test.

(b) Close-up of fiber optic cables jumping
the flange and the stiffeners at the flanges.

Fig. 3: Black cables are the optical fiber sensing cables.

2.4 Determination of loads using computational models

To determine the appropriate loading to induce typical dynamic strain profiles,
two computational tools, Open-source FAST (OpenFAST) and Open System for
Earthquake Engineering Simulation (OpenSees), were used. OpenFAST is an open-
source multi-physics, multi-fidelity tool for simulating the nonlinear coupled dynamic
response of wind turbines, developed by the National Renewable Energy Laboratory
(NREL). OpenFAST couples computational modules (aerodynamics, hydrodynamics,
structural dynamics, etc.) [27]. The framework builds upon Fatigue, Aerodynamics,
Structures, and Turbulence (FAST), its predecessor. The computational tool can also
simulate realistic loading conditions, such as stochastic wind fields, using modules
like Turbsim. OpenFAST’s module relating to the computational modeling of the tur-
bine tower can be used to simulate dynamic strains for realistic loading environments.
OpenFAST was used to simulate the structural response experienced by the prototype
tower induced by typical loading sources such as wind and wave loadings. To deter-
mine typical strain profiles that would be induced in a realistic floating offshore wind
turbine tower, a prototype offshore wind turbine, and site location were selected. This
prototype configuration was NREL’s 5-MW reference wind turbine for offshore system
development. This model was used due to its extensive computational validation by
NREL and its design which has been adopted for existing floating offshore wind tur-
bines [28, 29]. Humboldt and Morro Bay were chosen as prototype sites due to their
potential for future offshore wind farms [30]. The average wave heights, periods, and
wind speeds were chosen using the information submitted by the Scripps Institution of
Oceanography and NREL [30, 31]. This information was used to create realistic load-
ing conditions. The response was then used to inform the shake table motions used in
the experiment.

OpenSees is a finite element modeling framework for simulating the dynamic
response of structural and geotechnical systems that was initially developed for
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research in earthquake engineering at the Pacific Earthquake Engineering Research
(PEER) center [32]. OpenSees was used to model and simulate the Nordtank wind
turbine under shake table motions to simulate and confirm that the expected dynamic
strain profiles were similar to those experienced by the prototype model simulated
using OpenFAST. The Nordtank wind turbine tower was modeled as 50 beam-column
elements, with ten beam-column elements in each of the non-tapered and tapered
tower sections. The elements were assigned properties (e.g., flexural stiffness, weight)
determined by the cross-section at their respective midpoints.

2.5 Four-point bend test

First, to compare the performance of ϕ-OTDR and OFDR under a quasi-static load
test, a four-point bend test was conducted. This allowed for a better understanding of
the capabilities of the two Rayleigh-based techniques under quasi-static loading and
of the local strain field around the circumference of the tower at its connections, for
varying bolt configurations. The bottom two sections were connected in the fully bolted
configuration and then supported by two cranes to provide a simply supported beam
configuration. The tower segment was then loaded symmetrically about the center
connection, both 2.9 meters from the center connection to the center of the load along
the height of the turbine tower. The load was provided by weights that were loaded
onto two pallets which were hanging from the tower section by steel cables. The steel
cables were placed on top of wooden struts (with dimensions of 2 inches (5 cm) x 6
inches (10 cm) x 5 feet (1.5 m)) to help distribute the load as evenly as possible, as
shown in Figure 4a. The wooden struts were uniformly spaced at 14 inches (35.6 cm),
center to center. The steel cables were placed 6 inches from the edge of the wooden
strut. Lead weights weighing 500 lbf were placed onto each pallet via a forklift as
shown in 4b.

(a) Full view of the bend test configura-
tion with the supports and loading set-up
shown in black.

(b) Turbine being loaded with weights.

Fig. 4: Bend test experiment set-up.
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Weights totaling 4,000 lbf (2,000 lbf on each pallet) were applied. After placing
the weights on the pallets, dynamic vibrations were allowed to decay. Then, a single
500 lbf weight was removed from each pallet, resulting in a total of 3000 lbf. This
process was repeated until the pallets had no lead weights. The loading configurations
are summarized in Table 2. Measurements were taken throughout the entire duration
of the bend test with no interruptions.

Subsequently, a single bolt was fully loosened, resulting in bolt configuration 2.
The same loading process was repeated. The previous loose bolt was then torqued and
another bolt was fully loosened. This process was repeated until four different bolt
configurations, which are shown in Figure 6a, were tested. The naming convention of
the cables and the direction of bending are defined in Figure 5. During the entirety of
the four-point bend test, the ϕ-OTDR and OFDR interrogators continuously collected
data.

Table 2: Four-point bend test loading
configurations used for each bolt config-
uration.

Loading configuration Total Weight

1 4000 lbf (17793 N)
2 3000 lbf (13345 N)
3 2000 lbf (8896 N)
4 1000 lbf (4448 N)
5 0 lbf (0 N)

Direction of loading

3
1

4
2

Looking up the tower

3
1

4
2

3
1

4
2

3
1

4
2

Fig. 5: Cross section of turbine tower at the flange, looking up the turbine tower. The
red circles indicate the location of the longitudinal fiber optic cables as well as their
naming conventions (Axes 1-4).
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(a) Configuration 1 (b) Configuration 2 (c) Configuration 3 (d) Configuration 4

Fig. 6: Four-point bend test bolt configurations looking up the tower. The figure
shows the flange and bolt pattern with the same axis configuration as shown in Figure
5, shown as blue circles around the loose bolt, and red circles indicating the position
of the longitudinal cables.

2.6 Shake table test

All three tower segments and the nacelle with additional weight were connected and
placed onto the base plate, which was then placed onto the 6-DOF shake table at the
PEER center as shown in Figure 7a - 7c. From the results of the OpenFAST simu-
lations of the prototype floating offshore wind turbine and the OpenSees simulations
of the Nordtank wind turbine tower, the frequency of strains desired was determined
to be around 0.5 Hz for wave loading, and near static (0.05 Hz) for wind loading. A
sinusoidal motion at 0.05 Hz that would generate a response with a large enough mag-
nitude would require a large stroke, which would not be feasible due to the limited
stroke of the shake table (± 5 inches (± 12.7 cm)). However, to represent the response
due to a steady wind condition, an additional weight of 2000 lbf (8896 N) was placed
in the nacelle, approximately 2 meters off-center, to represent a steady wind loading.
Additionally, a loading configuration tilted the turbine in the south direction to induce
additional static load. This was done to make the loading configuration as realistic as
possible. The turbine tower was then subjected to three different loading configura-
tions, summarized in Table 3. The configurations were a sinusoidal horizontal ground
acceleration with a frequency of 0.5 Hz and an amplitude of 4.8 inches, a sinusoidal
horizontal ground acceleration with a frequency of 0.5 Hz and an amplitude of 4.8
inches with a 0.8 degree tilt towards the south direction, and a sinusoidal pure rota-
tion about the base of the tower with an amplitude of 0.8 degrees and frequency of
0.5 Hz. All loading configurations were repeated for each bolt configuration as shown
in Figure 9. The naming convention of the cables and the direction of shaking (North-
South) are defined in Figure 8. The shake table test occurred over the span of two days.
The tests for bolt configurations 1 and 2 were conducted on the first day, and the rest
of the tests for the remaining bolt configurations were conducted on the second day.
During each day, the ϕ-OTDR and OFDR interrogators continuously collected data.
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(a) View from the base. (b) Aerial view at time = 0s. (c) Aerial view at time = 1s.

Fig. 7: Wind turbine positioned on the shake table. Figures 7b and 7c show the wind
turbine during rotational shaking, with the vertical red line added as a reference.

Table 3: Shake table test loading configurations used for each bolt
configuration.

Loading
configuration

Loading description Frequency Amplitude

1
North-South translational

sinusoidal shaking
0.5 Hz 4.8 inches (12.2 cm)

2
North-South translational
sinusoidal shaking with tilt

0.5 Hz 4.8 inches (12.2 cm)

3
North-South rotational

sinusoidal shaking
0.5 Hz 0.8 degrees

12



Direction of loading
Looking up the tower

3
1

4
2

South North

3
1

4
2

3
1

4
2

3
1

4
2

Fig. 8: Cross section of turbine tower at the flange, looking up the turbine tower. The
red circles indicate the location of the longitudinal fiber optic cables as well as their
naming conventions (Axes 1-4).

(a) Configuration 1 (b) Configuration 2 (c) Configuration 3 (d) Configuration 4

Fig. 9: Shake table test bolt configurations looking up the tower. The figure shows
the flange and bolt pattern with the same major axes as shown in Figure 8, with blue
circles around the loose bolt, and red circles indicating the position of the longitudinal
cables.

3 Results

3.1 Four-point bend test

Due to the loading process during the four-point bend test, the initial loading step
of 4000 lbf caused phase determination errors in the ϕ-OTDR data as described in
Appendix D. This leads to difficulty comparing different bolt configurations. However,
a comparison between the initial loading configuration of 4000 lbf and subsequent
loading configurations could be made due to the smaller magnitude of the difference
between the loading increments. Some minor phase determination errors during the
loading process affected some sensors near the pallets that carried the loading, most
likely due to the local vibrational noise caused by the forklift (e.g., vibrations caused
by inadvertent collisions between the forklift and turbine tower). However, all minor
phase determination errors were corrected for, and all ϕ-OTDR data presented did
not have any phase determination errors. Although the OFDR system experiences
signal loss during high frequency and magnitude vibrations, the system does not suffer

13



from phase determination errors. It can return strain data relative to its original
baseline measurement, which was taken at the beginning of the experiment. Therefore,
comparison is possible across all bolt configurations in this test.

During the four-point bend test, there was a temperature increase of roughly 2
degrees Celsius due to the PEER center not being a temperature-controlled envi-
ronment. The effect of the temperature increase was seen in both the ϕ-OTDR and
OFDR data. Since the nature of the loading during the bend test was sudden and
caused strain changes orders of magnitudes larger than strain changes due to temper-
ature over the time interval of loading, the data could be separated to remove sudden
jumps in the data. The separation process separated the low-frequency drift due to
diurnal temperature changes, from the high-frequency phenomenon due to the load-
ing. This was done numerically by accumulating the strains that were less than the
jumps in strain due to the sudden loading of the turbine. This isolates the strain due
to temperature increase for both ϕ-OTDR and OFDR. The strain change due to tem-
perature increase was subtracted from the original dataset to remove this effect. It is
important to note that the OFDR data had an order of magnitude higher noise than
ϕ-OTDR data due to the OFDR system’s inherent sensor noise (± 5µε). Due to the
sensor noise, the OFDR data was smoothed using a running average over 15 seconds
of data. The loading process for each load step occurred over the span of 2-3 seconds,
while the strain induced by temperature was much more gradual, as shown in Figure
10; thus, the running average was chosen to be taken over 15 seconds. The smoothed
OFDR strain data was then separated into temperature-induced strains and strains
due to loading configurations. All plots of ϕ-OTDR and OFDR measurements show
the strain changes due only to the loading configurations. There is a slight dispersion
of the sensors due to temperature variations along the length of the cable. In this
paper, parameters, such as the choice of the size of the running average window, used
in data cleaning and processing were perturbed to ensure the stability of the data
cleaning and processing results [33, 34].
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Fig. 10: Increase in temperature and temperature-induced strain during the bend test.
In the right-hand plot, each blue line is a sensor, while the black line is the average of
the individual sensors.
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Figures 11 and 12 show the comparisons between ϕ-OTDR and OFDR strain
measurements under all load configurations for a particular bolt configuration. The
measurements are zeroed with respect to the final loading configuration of 0 lbf of their
respective bolt configuration. Figure 11 shows the theoretical strain assuming ideal-
ized simply supported boundary conditions, idealized uniformly distributed loading,
Euler-Bernoulli beam theory assumptions, a simple tube cross-section that varies in
diameter, and ignores the complexities of the connection of the flanges. The Young’s
modulus and Poisson’s ratio of the turbine was taken to be 191 GPa (27,700 ksi) and
0.3, respectively [26]. ϕ-OTDR and OFDR are generally in good agreement, and dis-
play a similar scaling up of recorded strain to that of the theoretical strain. Figure
11 shows that the measurements have the same shape as the expected bending strain
distribution. While axes 1 and 2 are similar in shape and magnitude, axes 3 and
4 show a sharp decrease in magnitude near the flange connection. This decrease in
axial strain may be due to the fiber optic cables associated with axes 3 and 4 being
aligned with the stiffeners, resulting in a greater bending stiffness locally. Addition-
ally, at the connection, the flanges were not in uniform contact with each other, which
caused deviations from the theoretical values. The ϕ-OTDR and OFDR measurements
are in good agreement, which may indicate that it is the true strain. The other bolt
configuration results can be found in Figures A1 - A3.

Fig. 11: Axial strain for bolt configuration 1 with theoretical strains plotted.

Figure 12 compares the ϕ-OTDR and OFDR measurements of bolt configuration 1
for the circumferential loops above and below the flange for all load configurations. The
other bolt configurations’ plots can be found in Figures A4 - A6. For all circumferential
plots, the direction of the loading is in the direction from 90 to 270 degrees. There are
several peaks in the strain profile that repeat in both the top and bottom loops. This
may be due to stress concentrations due to the local stiffeners at the flanges. Figure
12c shows the expected behavior of the hoop strain due to the Poisson effect. Namely,
as the loading increased, the hoop strain plot shifted towards the opposite direction of
the loading. Due to the spatial resolution of ϕ-OTDR, the peaks are not as apparent
but still show the correct behavior in strain differences due to the Poison effect. We
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note that around 210 degrees, the ϕ-OTDR measurements differ due to part of the
gauge length of that sensor point not being epoxied from the tower.

(a) ϕ-OTDR and OFDR
data of circumferential loop
just below the flange.

(b) ϕ-OTDR and OFDR
data of circumferential loop
just above the flange.

(c) Comparison of circum-
ferential loop ϕ-OTDR data
and theoretical hoop strain.

Fig. 12: Circumferential strain comparison for bolt configuration 1, looking up the
tower. See Figure 11 for legend.

As previously mentioned, due to ϕ-OTDR’s issue with phase determination errors,
which is problematic when the nature of the loading is step-like, which was the case
during the four-point bend test, comparisons between different bolt configurations
become difficult due to this vibration noise. On the other hand, OFDR does not suffer
from phase determination errors, which allows for comparisons between different bolt
configurations. Figure 13 shows the comparison of OFDR across all bolt configurations
for their respective 0 lbf load configuration strain profiles. For each bolt configuration,
the strain profile is zeroed out with respect to bolt configuration 1’s strain profile,
which is why Figure 13a is a circle at 0 µε. In Figures 13b - 13d, there is a clear large
increase in the hoop strain at the locations of the bolts that were loosened at each bolt
configuration, even under the self-weight of the turbine, before applying the weights.
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(a) Bolt configuration 1. (b) Bolt configuration 2.

(c) Bolt configuration 3. (d) Bolt configuration 4.

Fig. 13: Circumferential strain for all bolt configurations zeroed out from bolt con-
figuration 1 at 0 lbf loading, looking up the tower. The red lines indicate the location
of the loose bolt.

3.2 Shake table test

During the shake table test, OFDR experienced severe signal loss due to the high
strain rate environment during the duration of shaking. The experimental specimen
was excited with high-frequency noise vibrations due to the shake table’s imperfect
feedback. Due to signal loss of OFDR, a comparison between the maximum and mini-
mum strains for each load configuration measured by OFDR and ϕ-OTDR was made.
The comparison of the minimum and maximum strain envelopes for bolt configura-
tion 1 is shown in Figure 14. The other bolt configurations are shown in Figures B7 -
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B9. This was done to validate the magnitude of the strain measured by ϕ-OTDR. It
should be noted that due to the signal loss of the OFDR system, several of the min-
imum and maximum values of the sensors underestimate the magnitudes of the true
strain. This behavior can be seen in Figures 14, and B7 - B9, where several of the
minimum and maximum values of the OFDR measurements are dispersed (shown as
the blue dots). Axis 1 and axis 2 were comprised of a single fiber optic cable, and axis
4 and axis 3 were comprised of a separate single fiber optic cable. At the bottom of
the tower, axes 1 and 4 were directly connected to the OFDR system, which resulted
in less signal loss in those axes. The dispersion of the minimum and maximum OFDR
strain values due to signal loss grows nearly linearly along the sensing distance. Addi-
tionally, there was generally more signal loss for higher strain rates. For example, for
the translational shaking, which induced a smaller strain response than the rotational
shaking, the minimum and maximum OFDR strain values are more concentrated in
Figure 14’s load configuration 1 than the strain envelopes in Figure 14’s load configu-
ration 3. This can be attributed to more signal loss for bolt configuration 3. To make
a better comparison between the OFDR and ϕ-OTDR, the strain envelopes of the
OFDR data were determined by finding the local extrema of the minimum and maxi-
mum strain values and taking the running average of these values. A window size of 5
was used to find the extrema and a running average was shown to effectively extract
the true OFDR strain envelope. Comparing the strain envelope profiles, it is observed
that there is good agreement, with ϕ-OTDR profiles matching the OFDR profiles. Due
to the bottom segment of Axis 4 having lower OFDR signal loss than the other seg-
ments, the mean percent error of the strain envelope thickness was computed against
the ϕ-OTDR strain envelope thickness. The OFDR strain envelope values used for
comparison were computed using the spatial average of strain envelope values over the
corresponding ϕ-OTDR gauge length. This allows for a direct comparison between the
OFDR and ϕ-OTDR strain envelopes. For Figure 11, the mean percent errors for load
configurations 1, 2, and 3 were 10.1%, 10.2%, and 13.4%, respectively. The discrep-
ancy was partly due to the signal loss experienced as the loading magnitude increased
and the imperfect strain envelope from the OFDR data.
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Fig. 14: Strain envelope comparisons for bolt configuration 1.

Figure 15 shows the strain time series measured by ϕ-OTDR. The response of the
two south-most axes (2 and 3) and the response of the two north-most axes (1 and 4)
have a similar amplitude and are 180 degrees out of phase, i.e., when the south-most
axes experience a tensile (positive) strain, the north-most axes experience a similar
magnitude compressive (negative) strain, as expected.
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Fig. 15: ϕ-OTDR strain time series during the translational loading configuration for
bolt configuration 1.

3.2.1 Frequency and modal information captured by ϕ-OTDR

Figure 16 shows the averaged power spectral densities of all the sensors in the bottom
section of axis 3 of the ϕ-OTDR sensors during the translational shaking at 0.5 Hz.
The power spectral densities were calculated after applying a high-pass filter with
a cutoff frequency of 0.15 Hz. The forcing frequency at 0.5 Hz is clearly identified,
and there are also peaks at integer multiples of 0.5 Hz (harmonics) due to the shake
table loading. There is also a peak that corresponds with the natural frequency of the
turbine, occurring around 1.4 Hz. The natural frequencies of the bolt configurations
were identified in Table 4.

0.4 0.6 0.8 1.0 1.2 1.4 1.6
Frequency (Hz)

102

103

104

105

PS
D 

(
2

H
z

)

Bolt Configuration 1
Bolt Configuration 2
Bolt Configuration 3
Bolt Configuration 4

Fig. 16: Averaged PSD values for the longitudinal channels in the bottom section of
axis 3 using ϕ-OTDR data during the translational shaking with tilt.
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Table 4: Shake test averaged PSD’s for each bolt
configuration during loading configuration 2.

Bolt configuration Identified natural frequency

1 1.411 Hz
2 1.398 Hz
3 1.392 Hz
4 1.388 Hz

4 Discussion

Regarding the shake table test results, all results were zeroed from the beginning of
each shaking phase. In Figure 14, we generally observe good agreement between OFDR
and ϕ-OTDR measurements for the minimum and the maximum strain values. Since
the sampling frequency of the OFDR and ϕ-OTDR for the longitudinal cables during
the shake test was 2.5 Hz and 4 kHz, respectively, and the total run was only 60 seconds
with a forcing frequency of approximately 0.5 Hz, there may be some discrepancy
between the two measurements. Due to OFDR’s low sampling rate, the maximum and
minimum values may underestimate the true magnitude of maximum and minimum
strains. Additionally, some strain values may not be correct due to the limitation of
the high strain rate, as mentioned in Section 2, which may result in an overestimation
of the strain. Some discrepancies from the ϕ-OTDR measurements may again be due
to the large gauge length and further acoustic noise.

Another important aspect of fiber optic sensing is the installation of the cables
themselves. When instrumenting the structure with fiber optic cable, the epoxy should
be applied evenly so that the fiber optic cable is fully adhered to the structure. This
ensures that the phase changes in the fiber optic cables are due to the structure under-
going strain and not to the debonding of the fiber optic cable from the structure. As
the epoxy cures, it is essential to hold the fiber optic cables in the desired configura-
tion. Regarding Section 2.2.1, it is worth noting that the precision of ε is dependent
on the precision of the coefficients ν, p11, p12, and n.

Due to sources of error such as laser frequency drift, temperature-induced refractive
index changes, and incorrect phase determination, ϕ-OTDR data must be properly
post-processed and interpreted. Laser drift and diurnal temperature changes tend to
occur at low frequencies. A high-pass filter can be implemented to isolate the structural
response due to higher frequency loadings. As previously mentioned, in this study a
high-pass filter with a cutoff frequency of 0.15 Hz was used to remove low-frequency
strain changes due to temperature and laser drift. Consequently, the effect of the tilt
of the turbine tower and eccentric loading in the nacelle is not apparent after filtering.
It is important to note that if the structure has natural frequencies of interest below
0.15 Hz, applying a high-pass filter would remove the information related to those
natural frequencies. However, recent advancements have allowed for measuring static
loadings [35], which would allow for the detection of low-frequency loadings.
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5 Conclusion

In this study, the ϕ-OTDR technique was validated against an industry-accepted
OFDR system for the structural health monitoring of wind turbines. The two technolo-
gies were compared for both a four-point bend test and a shake table test. While OFDR
has a high spatial resolution, it could not capture high-frequency information due to
its limited sampling rate. Additionally, signal loss was found to occur in high strain-
rate environments, which are associated with high-frequency vibrations. ϕ-OTDR was
found to have no signal loss and was able to accurately capture the dynamic response
of a wind turbine that underwent a shake table test. It was found that ϕ-OTDR was
also able to capture frequency information and changes in the modal properties of
the structure, which is necessary for applications of ϕ-OTDR data for system iden-
tification methods. ϕ-OTDR is a promising technology for the SHM of offshore wind
turbines due to its high sensing distance and high sampling rate, and has been shown
in this study to provide accurate measurements of dynamic strain profiles. Due to the
high sensing distance, ϕ-OTDR has the capability of monitoring several turbines with
a single fiber optic cable while providing a relatively high spatial resolution which is
also essential. Additionally, the high sampling rate allows for the detection of higher
modes which are not currently possible with OFDR technologies.

Data availability

All datasets supporting this study’s findings are available from the National Science
Foundation NaturalHazards Engineering Research Infrastructure DesignSafe Data
Depot: PRJ-5735. https://doi.org/10.17603/ds2-2qkc-3q70 [36].
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[23] Näsholm, S.P., Iranpour, K., Wuestefeld, A., Dando, B.D., Baird, A.F., Oye, V.:
Array signal processing on distributed acoustic sensing data: Directivity effects
in slowness space. Journal of Geophysical Research: Solid Earth 127(2), 2021–
023587 (2022)

[24] Vantassel, J.P., Cox, B.R., Hubbard, P.G., Yust, M.: Extracting high-resolution,
multi-mode surface wave dispersion data from distributed acoustic sensing mea-
surements using the multichannel analysis of surface waves. arXiv preprint
arXiv:2202.04779 (2022)

[25] Paitz, P., Edme, P., Schmelzbach, C., Doetsch, J., Gräff, D., Walter, F., Lind-
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Appendix A Additional results from the four-point
bend test

Fig. A1: Axial strain for bolt configuration 2. See Figure 11 for legend.

Fig. A2: Axial strain for bolt configuration 3. See Figure 11 for legend.

Fig. A3: Axial strain for bolt configuration 4. See Figure 11 for legend.
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(a) Circumferential loop just below the
flange.

(b) Circumferential loop just above the
flange.

Fig. A4: Circumferential strain comparison for bolt configuration 2, looking up the
tower. See Figure 11 for legend.

(a) Circumferential loop just below the
flange.

(b) Circumferential loop just above the
flange.

Fig. A5: Circumferential strain comparison for bolt configuration 3, looking up the
tower. See Figure 11 for legend.
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(a) Circumferential loop just below the
flange.

(b) Circumferential loop just above the
flange.

Fig. A6: Circumferential strain comparison for bolt configuration 3, looking up the
tower. See Figure 11 for legend.
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Appendix B Additional results from the shake
table test

(a) Loading configuration 1. (b) Loading configuration 2. (c) Loading configuration 3.

Fig. B7: Strain envelope comparisons for bolt configuration 2. See Figure 14 for
legend.
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(a) Loading configuration 1. (b) Loading configuration 2. (c) Loading configuration 3.

Fig. B8: Strain envelope comparisons for bolt configuration 3. See Figure 14 for
legend.
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(a) Loading configuration 1. (b) Loading configuration 2. (c) Loading configuration 3.

Fig. B9: Strain envelope comparisons for bolt configuration 4. See Figure 14 for
legend.

Appendix C Phase to strain conversion details

Since the fundamental measurement of ϕ-OTDR is the optical phase change, the
quantity must be converted to strain. The conversion is covered in detail in this section.
The phase change divided by the unaltered light phase, ∆ϕ

ϕ , can be expressed as a

summation of the length of fiber change (i.e., axial strain, ε along the fiber, ∆l
l = ε),

effective refractive index change, ∆n
n , and optical wavelength change, ∆λ

λ , as follows
[37, 38]:

∆ϕ

ϕ
=

∆l

l
+

∆n

n
+

∆λ

λ
(C1)

The effective index of refraction is dependent on strain due to the photoelastic
effect, also known as Pockels effect [39]; a relationship between the effective refractive
index and axial strain is needed. This can be described using Poisson’s ratio, ν, of the
fiber, and the Pockels coefficients, p11, p12 [40], [41]:

∆n

n
= −n2

2

[
ν(p11 + p12)

∆l

l
+ p12

∆l

l

]
(C2)
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Assuming that optical dispersion is negligible
(
i.e.∆λ

λ = 0
)
since Rayleigh backscat-

tering measurements are made at the incident wavelength [12] gives:

∆ϕ

ϕ
=

∆l

l
− n2

2

[
ν(p11 + p12)

∆l

l
+ p12

∆l

l

]
= ξ

∆l

l

(C3)

where the scale factor, ξ, is defined as a function of n, ν, p11, and p12:

ξ = 1− n2

2
[ν(p11 + p12) + p12] (C4)

To calculate the unaltered light phase over the gauge length of optical fiber, lg, for
two-way transit, the following relation [14, 38] can be used:

ϕ =
4πnlg
λ

(C5)

The relationship between strain and measured optical phase change is obtained by
substituting Equation C5 into Equation C3:

∆ϕ = ξ
∆l

l
ϕ (C6)

=⇒ ∆l

l
= ε =

λ

4πnlgξ
∆ϕ (C7)

Appendix D A note on phase wrapping for
ϕ-OTDR

If the measured phase change is greater than ±2π, the signal will remain in the interval
[−π, π] rather than following the true strain value. This can cause errors which are
typically characterized by step-like jumps in the recorded phase data. This imposes a
restriction on the capability of ϕ-OTDR to accurately measure phase changes, which
is inversely proportional to the frequency of the true signal [42]. The maximum phase
change rate, ˙∆ϕmax, that can be measured is given by [14]:

˙∆ϕmax = πfN (D8)

32



Due to uncertainty in phase determination, the signal may need to be unwrapped
before further analysis. However, it is important to note that if the nature of the load-
ing causes a high enough phase change rate, unwrapping the signal can be challenging
and may lead to removing the actual physical strain measured.
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