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Abstract: Offshore wind power is becoming attractive in the wind-power field. With the rapid 
development of wind-power technology, high-power wind turbines have been implemented in 
practice. However, the increase in the length of the wind turbine blade causes the pile foundation 
to withstand a prone overturning moment. For overcoming the problems of traditional sensing 
technology and meeting the monitoring requirements of pile foundations, a 20 cm spatial resolution 
differential pulse pair Brillouin optical time-domain analysis (DPP-BOTDA) technique is used to 
measure a 69 m long offshore wind turbine pile under horizontal loading. From the distributed 
strain data collected in the test, the maximum stress location of the long pile under the horizontal 
load can be obtained. By analyzing the load and maximum strain (F-εmax) curve, the horizontal 
bearing capacity of the pile foundation can exceed 900 kN, which is the maximum horizontal load 
of the design. The distributed displacement calculation method based on distributed strain data is 
proposed, according to the force characteristics of steel pipe piles. By comparing the calculated 
displacement data with the measured data by the dial indicators, the mean absolute percentage 
error (MAPE) value is only 0.03548. Results show that the 20 cm spatial resolution DPP-BOTDA 
technology is very suitable for the bearing capacity test of offshore wind turbine steel pipe pile 
foundations. 

Keywords: offshore wind turbine; DPP-BOTDA; pile foundation; distributed displacement; bearing 
capacity 

 

1. Introduction 

Offshore wind power, with the advantages of high wind speed, low wind edge cutting, low 
turbulence, and high output, has gradually become a new field of wind power development. 
However, the foundation of offshore wind turbines has a special engineering attribute. It is located 
in the marine environment and subjected to the repeated impact of seawater. Also, it bears a huge 
overturning moment and is affected by the natural vibration load of wind turbines. In addition, the 
equipment of a wind turbine has higher requirements for bearing capacity and deformation of 
foundation. Therefore, it is necessary to evaluate the bearing capacity of the foundation. At present, 
pile foundations are widely used in offshore wind turbine foundations, and piles are large in 
diameter, deep in soil, and high in bearing capacity. In order to obtain the actual bearing capacity of 
the pile foundation, the widely used method is to carry out the horizontal bearing capacity test in the 
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engineering sea area. The pile test can determine not only the bearing capacity of the whole pile but 
also the friction of the soil and evaluate the settlement characteristics of the pile foundation [1]. 

In the pile test, traditional instrumentation includes vibrating wire strain gauges (VWSGs), 
resistance strain gauges, axial load cells, and extensometers. However, the arrangement of sensors is 
limited by the number of test points, connecting lines, acquisition instruments, and costs. Also, the 
quality of the sensor installation cannot be guaranteed [2]. In this way, the result is a limited number 
of sensors on tens-of-meters-long piles. This situation will lead to test results only being able to reflect 
the local deformation characteristics of the pile. Moreover, the effective bearing capacity of the pile 
cannot be determined. In recent years, distributed optical fiber sensing technology has developed 
rapidly. It has been well applied in the civil engineering field, such as tunnels [3,4], bridges [5,6], 
railways [7], and foundations [8]. Compared with traditional electrical sensors, the distributed optical 
fiber sensors (DOFS) have unique advantages such as distributed measurement, chemical resistance, 
electromagnetic interference, and easy installation. Based on the above advantages, DOFS are very 
suitable for the marine environment. At present, in the field of pile foundation inspection, the 
application of DOFS mainly includes Brillouin optical time-domain reflectometry (BOTDR) [9–13], 
Brillouin optical time-domain analysis (BOTDA) [14,15], and optical frequency domain reflectometry 
(OFDR) [16,17]. The first two categories are Brillouin-based sensors, whereas the last one is Rayleigh-
based sensors. 

Until now, much attention has been paid to improving the spatial resolution of Brillouin-based 
DOFS. The spatial resolution is determined by the pulse width in the BOTDA system. However, the 
short pulse will broaden the Brillouin spectrum and then reduce the fitting accuracy, when it is 
shorter than the phonon lifetime (~10 ns) [18]. Several impressive techniques have been proposed to 
realize sub-metric spatial resolution, such as the pulse pre-pump method [19], dark-pulse scheme 
[20], Brillouin echoes [21], and differential pulse pair (DPP) technique [22]. The first two methods 
pre-excite the acoustic field and then utilize an ultra-short pulse or dark pulse to develop a high 
spatial resolution BOTDA system. However, the sensing range is limited to several kilometers due to 
pump depletion. The last two techniques are implemented with two long different pulses (phase or 
width) and the differential signal is obtained via the subtraction between two Brillouin signals. Both 
techniques have shown the capabilities of high spatial resolution and long-range sensing. 

In this paper, differential pulse pair Brillouin optical time-domain analysis (DPP-BOTDA) 
technique is used in the horizontal-loading performance test of wind turbine pile foundations for the 
first time, to the best of our knowledge. The spatial resolution of DPP-BOTDA is 20 cm and the 
sampling rate of data points is 5 cm. Distributed optical fiber sensors are arranged at an angle of 90° 
along the perimeter of the pile. Firstly, the strain values of the pile under different loading conditions 
are obtained. Comparing the relationship between the load and the maximum strain value, the 
horizontal bearing capacity of the pile can reach 900 kN, which satisfies the standard of the 
horizontal-load capacity of offshore wind turbines. Secondly, the calculation method of distributed 
displacement of steel pipe piles based on distributed strain data is analyzed. According to this 
method, the distribution displacement data are obtained. The displacement data are compared with 
the measured data using the dial indicators, and the mean absolute percentage error (MAPE) value 
is only 0.03548. Finally, the practicality of the high spatial resolution DPP-BOTDA technology in the 
field of offshore pile foundation is verified. 

2. Field Experiment 

2.1. DPP Measurement System 

A typical DPP-BOTDA scheme was implemented to realize high spatial resolution offshore wind 
turbine pile monitoring, as shown in Figure 1. A narrow-linewidth (40 kHz) optical fiber laser was 
used as the light source, which operates at a wavelength of 1550 nm and outputs a power of 80 mW. 
Then, a 3 dB coupler was used to split the output beam into two arms. In the upper arm, the laser 
beam was double-sideband modulated by means of an intensity electro-optic modulator (EOM1), 
which was driven by the microwave generator (MG). Then, the lower sideband was selected by a 
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fiber Bragg grating (FBG), working as the probe wave. An orthogonal polarization scrambler (PS) 
was used to reduce polarization fading. Right before being launched into the fiber under test (FUT), 
the probe wave went through an optical isolator (OI), which was used to prevent the high-power 
pump pulse. 
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Figure 1. Experiment setup of the differential pulse pair Brillouin optical time-domain analysis (DPP-
BOTDA). EOM, electro-optic modulator; MG, microwave generator; FBG, fiber Bragg grating; PS, 
polarization scrambler; OI, optical isolator; AFG, arbitrary function generator; EDFA, erbium-doped 
fiber amplifier; PD, photodetector; DAQ, data acquisition. 

In the lower arm, the laser with a 50% power component was firstly modulated into an optical 
pulse pair (38 ns and 40 ns) by the second electric-optic modulator (EOM2), which was driven by the 
arbitrary function generator (AFG). Then, an erbium-doped fiber amplifier (EDFA) was utilized to 
amplify the optical pulse pair, providing a 500 mW peak power. The pump pulse pair was obtained 
and injected into the FUT from the other end through an optical circulator. The frequency difference 
between the pump and probe waves was scanned from 10.6 GHz to 11 GHz, covering the sensing 
fiber Brillouin frequency shift (BFS), with a frequency step of 4 MHz. As a result, the pump and probe 
waves interacted in the FUT via stimulated Brillouin scattering, and then the amplified probe wave 
was detected by a 350 MHz bandwidth photodetector (PD). Finally, the detected signal was collected 
by the data acquisition (DAQ) card with a sample rate of 2 GHz. 

The DPP technique is a good candidate for overcoming the limited metric spatial resolution, 
limited by a non-instantaneous (10 ns) response time of the acoustic wave generation. The sub-meter 
spatial resolution offered by the DPP scheme is achieved based on the subtraction of two temporal 
traces using long pump pulse widths with slightly different durations. Here, 20 cm spatial resolution 
is obtained by 2 ns difference between the pump widths, and a high-frequency fitting accuracy is 
maintained due to a narrow spectrum with long pump pulses. Besides, the DPP scheme is simple and 
reliable, which is suitable for the field experiment in an extreme environment, especially marine. 

2.2. Engineering Profile 

The test platform is located on the Y14 wind turbine which belongs to the Xinghua Bay Wind 
Farm in Fujian, China. As shown in Figure 2, the Y14 wind turbine is a DEW-G5000 produced by 
Dongfang Electric Corporation, China. This wind turbine has a rated power of 5000 kW, a hub height 
of 90 m, a rotor diameter of 140 m, and a total weight of 733.5 tons. The foundation of a Y14 wind 
turbine is composed of four pile foundations. In order to obtain the bearing capacity of the pile 
foundation, a test pile was made next to the Y14 platform, and the design and construction process 
is the same as the Y14 platform pile. 

The test platform is located on the Y14 wind turbine. The entire pile is a concrete-filled steel pipe 
composite pile. Above the elevation of −30.5 m, the test pile is a steel pipe. At the elevation of −30.5 
m, the test pile is filled with reinforced concrete. The length of the concrete-filled steel tube section is 
14.5 m. At the elevation below −45 m, the pile is only reinforced concrete. The material of this steel 
pipe is Q345, and the dimensions are: length 55.5 m, diameter 2.0 m, and wall thickness 27.0 mm. The 
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geological survey data are shown in Figure 3. The test platform is located at the elevation +8.0 m, and 
the horizontal loading point is located at the elevation +9.2 m. 

 

Figure 2. DEW-G5000 wind turbine in position Y14. 

 

Figure 3. Test pile and geological survey data at different elevations. 

2.3. Fiber-Optic Installation 

In the test, the single-mode strain sensing fiber with a diameter of 0.6 mm was used, and four 
fibers were arranged at an angle of 90° along the perimeter of the steel pile. The location of the DOFS 
are shown in Figure 4a and the DOFS are named FUT1, FUT2, FUT3, and FUT4. Due to the harsh 
environment in which the pile was located, only FUT1 and FUT3 survived in the final test. Epoxy 



Appl. Sci. 2020, 10, 492 5 of 12 

rubber and carbon fiber cloth were adhered to the DOFS as shown in Figure 4b, and the angle iron 
was welded to the outer wall of the test pile in order to protect the DOFS, as shown in Figure 4c. The 
initial point elevation of the fiber strain measurement was +10.0 m, and the end point elevation was 
−43.3 m. Finally, the length of the measuring fiber was 53.3 m. 

   
(a) (b) (c) 

Figure 4. The detailed arrangement of optical fiber. (a) Arrangement and naming of distributed 
optical fiber sensors (DOFS) in the test pile; (b) adhering the DOFS with epoxy resin; (c) installation 
of angle steel for protective fiber. 

2.4. Experimental System 

As shown in Figure 5, the entire experimental device was divided into three sections: test pile, 
horizontal load test reaction frames, and Y14 platform. The test pile had been driven into the soil 
according to the standard construction process. The Y14 platform was a well-built wind turbine 
platform. The experimental platform was fixed on the Y14 platform to ensure safety during the test. 

 

Figure 5. Entire experimental device. 

On the test platform, there was a power supply, a loading device, and the DPP-BOTDA test 
system. The loading device was mainly one 100 t jack and a movable loading beam. Behind the jack, 
there was a fixed beam to provide counterforce support. The loading principle was that the jack 
directly applied the force to the movable loading beam, and the beam transmitted the force to the test 
pile. The direction of force was the connection direction of FUT1 and FUT3. The force point was 
located on the FUT1 side and the elevation was +9.2 m. The pulses used in the DPP-BOTDA test 
system were 40 ns and 38 ns, resulting in a 20 cm spatial resolution. The sampling rate of data points 
was 5 cm. During the experiment, the load was divided into 15 stages and the load increment was 60 
kN, as shown in Table 1. For each load, the load stability time was 30 min to achieve complete stability. 
At each loading, the data were repeatedly collected three times, and the average value was taken as 
the data value of the current load. 
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Table 1. Information of horizontal loading. 

Class of Loading Load (kN) Data Acquisition Time 
0 0 12:50 

load1 60 13:30 
load2 120 14:20 
load3 180 15:10 
load4 240 16:10 
load5 300 18:10 
load6 360 19:10 
load7 420 20:10 
load8 480 20:50 
load9 540 23:20 

load10 600 00:30 + 1 d 
load11 660 02:30 
load12 720 03:30 
load13 780 04:30 
load14 840 06:00 
load15 900 07:00 

3. Results and Discussion 

3.1. Distributed Strain Data 

In this experiment, the load direction is the connection direction of FUT1 and FUT3, and the 
action point is located on the FUT1 side. The test pile is simplified to a fixed cantilever beam structure. 
So, the strain values of FUT1 and FUT3 are antisymmetric according to the force state of the pile. 
Based on this property, the BFS values caused by temperature can be calculated. The calculation 
equation is as follows: 

( ) ( ) ( )1 2
1
2T FUT FUTBFS BFS BFSΔ = Δ + Δ   , (1) 

( ) ( )1 1 1000 /FUT FUT T sBFS BFS Cε = Δ − Δ ×   , (2) 

( ) ( )3 3 1000 /FUT FUT T sBFS BFS Cε = Δ − Δ ×   , (3) 

where Δ(BFST) is the BFS change value induced by temperature; Δ(BFSFUT1) and Δ(BFSFUT3) are the 
actual measured BFS change values of FUT1 and FUT3, respectively; εFUT1 and εFUT3 are the FUT1 and 
FUT3 strain values after removing temperature, respectively; and Cs is the strain coefficient—here, Cs 
is 0.0482 MHz/με. 

The temperature-compensated strain values can be calculated by Equations (1)–(3). At the 
corresponding elevation, the strain values of FUT1 and FUT3 are shown in Figure 6. The FUT1 side 
is subjected to tensile stress and the FUT3 side is subjected to compressive stress. Above sea level, as 
the load increases, the strain values on both sides of FUT1 and FUT3 show large errors. The reason is 
that the received light is different on both sides during the test (12:50 p.m.–07:00 a.m.), which in turn 
affects the temperature and ultimately causes the different changes in the Brillouin frequency shift. 
However, this error does not affect the determination of the bearing capacity of the pile. The 
maximum strain value at the load of 900 kN was 1436 με, and the position was at −19.63 m. This 
position is in the fine sand layer. At the elevation of −35.0 m to −43.3 m, the strain values hardly 
changed with the load and were near 0 με. The reason is that, at the elevation of −30.5 m, the test pile 
was the tube filled with reinforced concrete. Then, the bending stiffness was dramatically enhanced, 
so the strain values were always small with the load increasing. 
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Figure 6. Strain values of the corresponding elevation from 0 kN to 900 kN. 

From the distributed strain values of the pile, the load and maximum strain (F-εmax) curve could 
be obtained, as shown in Figure 7. A linear fit was performed on the data in the figure, and the fitted 
results are shown in the solid red line. The R-square is 0.9986. The fitted results show that the 
maximum strain value of the pile was linearly related to the load, and the strain coefficient under 
load was 1.631 με/kN. The maximum stress was 295.8 MPa, which does not exceed the yield stress of 
Q345 steel. The stress ratio of 0.86 indicates that the pile was still in the elastic stage. Therefore, it can 
be concluded that the horizontal bearing capacity of this pile exceeds 900 kN, which satisfies the 
standard of horizontal load capacity of offshore wind turbines. 

. 

Figure 7. Load and maximum strain (F-εmax) curve at −19.63 m. 

3.2. Distributed Displacement Data 

The steel pipe pile can be simplified as a cantilever beam structure. According to the flat section 
assumption, after the microsegment beam is deformed, the left (m–m’) and right (n–n’) cross-sections 
in Figure 8 remain flat, but are rotated by an angle. The longitudinal strain at each point is equal 
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where the neutral layer O1O2 is y, and the calculation equation of the strain can be obtained as in the 
Equation (4), 

( )
 ( )0 0

0 0,
ρ y dθ ρdθ yab abε y x

ρdθ ρab
+ −−= = = , (4) 

where ε is the axial strain, ρ is the radius of curvature, dθ is the central angle formed by the micro-
section bending, x0 is the distance from the neutral axis to the starting point, and y0 is the distance 
from the neutral axis along the radius of curvature. 

 
Figure 8. Pure curved structure deformation. 

The equation for calculating the curvature is: 

( )
( ) ( )( )

2

3/22 2

1/
/ 1 1

x x

x x

y
y yd d dx

dl dl dx y y

α ακ

′′
′+ ′′−= = = =
′+ ′+

, (5) 

where К is the curvature; x, y are the abscissa and ordinate of the point on the neutral axis in the 
Cartesian coordinate system, respectively; α is the angle between the tangent of the (x, y) point and 
the axis of abscissa; l is the arc length from the starting point to the (x, y) point along the neutral axis. 

The relationship between curvature and radius is 

1κ
ρ

= . (6) 

From Equations (4)–(6), 

( )
( )( )

0 0
3/22

0

,

1
x

x

y x y
y y

ε ′′−=
′+

. (7) 

In the actual project, ሺ𝑦௫ᇱሻଶ can be ignored, then the relationship between displacement and 
strain is 

( )0 0

0

,
x

y x
y

y
ε

′′ = − . (8) 

As shown in Figure 9, the deflection of the pile is obtained by the second integral: 

( )0 0
1 2

,y x
w dx dx C x C

d
ε 

= + + 
 
  , (9) 

where w is the deflection and d is the radius of the steel pipe pile—here, d equals 1 m. 
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Figure 9. The simplified model of the steel pipe pile. 

The boundary conditions of steel pipe piles are: x = 0, w = 0; x = 0, w’ = θ = 0. Then, the calculated 
C1 = 0, C2 = 0. Finally, the deflection equation of the steel pipe pile is: 

( )0 0,y x
w dx dx

d
ε 

=  
 
   (10) 

The strain data collected by the distributed optical fiber sensor are dense and continuous, and 
the distributed displacement curve of the pile was obtained by the second integral of the 
corresponding curve. The calculated displacement is shown in Figure 10. As the load increased, the 
absolute value of the displacement measured by the fiber increased. The force on the fiber at FUT1 
was the tensile, and the displacement value was positive. The force on the fiber at FUT3 was the 
pressure, and the displacement value was negative. The maximum displacement occurred at the 
uppermost end of the fiber, the elevation was +10.0 m, and the maximum displacement generated 
under the 900 kN load was 0.79 m.  

 

Figure 10. Distributed displacement values at FUT1 direction. 

During the test, the horizontal displacement of the pile was measured at the elevation of +10.5 
m by the dial indicators, as shown in Figure 11. The dial indicators base was fixed to the reference 
beam, and its direction parallel to horizontal load direction. The horizontal displacement data 
collected at different load levels is shown in Figure 12. In the figure, the blue curve is the data 
collected by the dial indicators, and the red curve is the displacement data calculated by the 
distributed strain. It can be seen from the figure that the horizontal displacement obtained by the two 
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methods was very close. The ratio coefficient between the displacement of the pile top and load was 
0.9136 mm/kN. 

  
  

Figure 11. Displacement data at +10.5 m elevation collected by the dial indicators during the test. 

To further verify the accuracy of distributed displacement calculated by the DPP-BOTDA, the 
error value was analyzed by the MAPE method. The calculation equation for MAPE is: 

1

ˆ1 n
t t

t t

y y
MAPE

n y=

−
=  , (11) 

where yt is the true value as comparison, ˆty  is the value to be compared, and n is the sample capacity. 

 

Figure 12. Displacement data at +10 m elevation collected by the dial indicators compared with 
displacement data obtained by the distributed strain calculation under horizontal loads. 

Finally, the calculated MAPE value was 0.03548. The result shows that the full-scale distributed 
displacement data of the steel pipe pile calculated by distributed strain data were accurate and 
credible. 

4. Conclusions 

In this paper, the distribution strain values along the length of the pile under each load were 
obtained. These distributed strain values can intuitively reflect the overall deformation of the test 
pile. According to the F-εmax curve, the horizontal bearing capacity of the pile foundation can be 
judged. In this test, the maximum strain at the load of 900 kN was 1436 με, and the position was at 
−19.63 m. Through the linear relationship between the load and the maximum strain, we can get a 
strain coefficient under a load of 1.631 με/kN. The maximum stress was 295.8 MPa, which did not 
exceed the yield stress of Q345 steel. The stress ratio of 0.86 indicates that the pile was still in the 
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elastic stage, and this pile-bearing capacity can reach 900 kN, which satisfies the standard of 
horizontal load capacity of offshore wind turbines. Secondly, the distributed displacement values of 
the test pile are calculated by the strain values. The maximum displacement generated under the 900 
kN load was 0.79 m. Finally, in order to verify the true reliability, the calculated displacement data 
were compared with the measured displacement data by dial indicators. The MAPE value was only 
0.03548. 

Compared with traditional electrical strain sensing systems, the transmission signal of 
distributed optical fiber sensing technology is a light wavelength signal, which is resistant to 
corrosion and lightning and subsequently is not subject to meteorological conditions or geographical 
locations. For the similar wind turbines and different types of piles, such as steel pipe piles, reinforced 
concrete piles, and steel-concrete piles, due to the similar force characteristics in the soil, this method 
is also applicable to the test of their bearing capacity. However, the DPP-BOTDA technology needs 
an optical circuit, and the optical fiber may be damaged during the piling process. So, the protection 
and survival rate of optical fiber deserves attention. We believe that the proposed DPP-BOTDA can 
provide accurate distributed measurements for many offshore wind turbine pile foundations. 
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