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Featured Application: This paper present the method of monitoring the deformation of bored
cast-in-place pile by BOTDR, and the most ideal data processing method is given. It is helpful
for the popularization and application of BOTDR technology in the field of pile foundation
monitoring.

Abstract: In order to study the deformation of bored pile, it is necessary to monitor the strain of the pile.
The distributed optical fiber sensing technology realizes the integration of sensing and transmission,
which is incomparable with traditional point monitoring method. In this paper, the Brillouin optical
time domain reflectometer (BOTDR) distributed optical fiber sensing technology is used to monitor
the deformation of the bored pile. The raw data monitored by BOTDR is processed by the wavelet
basis function, that can perform noise removal processing. Three different methods of noise removal
are chosen. Through the processing, the db5 wavelet is used to decompose the deformation data of
bored pile monitored by BOTDR into two layers. The decomposed high-frequency signal is denoised
by the Stein-based unbiased risk threshold, rigrsure. The decomposed data is smoothed by the
translational mean method, and the final data after denoising and smoothing processing is real and
reliable. The results of this study will provide data support for the deformation characteristics of
bored pile, and also show the advantages of distributed optical fiber sensing technology.
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1. Introduction

The bored pile is formed at the project site using a pile hole in the soil by means of mechanical
drilling, placing a steel cage and pouring concrete therein. It uses the bottom of the pile to cross
the soil layer, the upper load from the top of pile is carried by the soil or rock body. In recent
years, due to the advantages of relatively simple and mature construction, high bearing capacity,
small deformation, stable performance and relatively low cost, bored piles have been widely used in
the fields of transportation, high-rise buildings, water conservancy and hydropower [1].

In order to study the deformation characteristics of bored piles, it is necessary to monitor the
strain of bored piles.

The traditional strain sensors such as strain gauges were placed at different sections of the pile in
order to monitor the internal force and deformation of the bored pile. However, with the development
of research, the traditional strain sensors are more and more difficult to meet the monitoring needs.
During the construction of bored piles, there are some problems such as neck shrinkage, mud-sludge
and hole wall collapse, which affects the accurate acquisition of pile strain information. At the same
time, due to the characteristics of the traditional point sensor, it is difficult to obtain comprehensive and
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accurate pile strain information [2]. The traditional sensors are prone to rust damage, insufficient data
representation, severe electromagnetic interference, and are easily destroyed in complex geotechnical
environments. It is difficult to realize real-time multi-point automatic monitoring. Therefore, a higher
requirement is put forward for the development of monitoring technology [3].

The distributed fiber optic sensing technology is a new type of sensing and monitoring technology
that can be used to monitor the strain of pile foundation in real time and efficiently. The optical
fiber used is small in size, light in weight, and good in flexibility, so it is easy to carry, install,
and not easy to damage [4]. In addition, the optical fiber is developed from quartz glass and has the
characteristics of flame resistance, explosion protection and electromagnetic interference resistance;
thus, it is more vulnerable to electromagnetic interference and damage than the traditional strain gauge
sensor. The advantages of optical fiber are superior, and it is more suitable for pile strain monitoring in
complex environments [5]. The Brillouin optical time domain reflectometer (BOTDR) as one of the
distributed optical fiber sensing technologies is used in the bored pile monitoring field experiment,
the strain of pile is obtained, and the different way of processing the noise and smooth implementation
of data are used to make the strain information more reasonable and reliable.

2. Principle of BOTDR

BOTDR is the distributed optical fiber sensing technology which based on Brillouin optical time
domain reflectometry [6,7]. The technology uses back Brillouin scattering frequency to react quickly to
the temperature and strain received by the optical fiber; there is a linear relationship between the two
to perform real-time distributed monitoring of the object. Its working principle is: the pulsed light of a
certain frequency is injected into the optical fiber medium, and the pulse light entering the inside of
the optical fiber interacts with the elastic acoustic wave therein to generate back Brillouin scattering,
which causes Brillouin scattering due to the temperature and the stress received. Brillouin scattering
occurs in the optical fiber, and the brillouin backlight generates a frequency shift. By measuring the
frequency shift, the relationship of the frequency shift with the temperature and strain of the optical
fiber can be used to obtain the external information of the optical fiber [8]. When one end of the optical
fiber receives the pulsed light of the specified frequency, the pulsed light interacts with the elastic
acoustic wave in the optical fiber to form Brillouin scattering, then the back Brillouin scattered light
returns through the original path of the optical fiber and enters the BOTDR light receiving part and
the signal processing unit. The conversion of the optical signal and electrical signal is completed in
the receiving part, the electrical signal is transmitted to the receiver through the broadband amplifier.
The digital signal processor is used to perform the average processing, the specific distribution of
Brillouin scattering light power in each sampling point of the fiber is obtained.

By using the frequency shift of Brillouin scattered light in a linear relationship with the temperature
and strain received, the temperature and strain of the object can be monitored by BOTDR technology.
Equation (1) is the relationship of Brillouin frequency shift with temperature and strain [9–13]:

∆υB(∆T, ∆ε) = υB(ε, T) − υB(0, T0) = CT · (T− T0) + Cε · (ε− ε0) (1)

Among them:

1. ∆υB(∆T, ∆ε)—the amount of change in Brillouin frequency shift.
2. υB(T, ε)—the Brillouin frequency shift corresponding to the ambient temperature T and the

strain ε.
3. υB(0, T0)—the Brillouin frequency shift corresponding to the initial temperature T0 and the strain

is 0.
4. CT—the temperature coefficient, CT =

∂υB(T)
∂T

.

5. Cε—the strain coefficient, Cε =
∂υB(ε)
∂ε .

6. T0—the initial temperature.
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7. ε—the actual amount strain of the optical fiber.
8. ε0—the initial strain of the optical fiber.

It is seen from the formula (1) that there is a linear relationship of the frequency shift with the
temperature and strain [14–16]. When the temperature change is less than 5 ◦C, the influence of
temperature on the Brillouin frequency drift can be neglected, then the formula (1) can be changed
to [17,18]:

υB(ε) = υB(0) + Cε · ∆ε (2)

where:

1. υB(ε)—frequency shift of fiber when the strain is ε;
2. υB(0)—the ambient temperature around the optical fiber under the same condition,

the corresponding Brillouin frequency shift amount when the optical fiber strain is 0.

It can be seen that the temperature and strain change of measured object can be obtained by the
distributed real-time monitoring method based on BOTDR [19–21].

3. Bored Pile Field Test

3.1. Engineering and Geological Conditions

This paper is based on the project of business office building in Suzhou City, Jiangsu Province, on
the alluvial and lake plains on the southern margin of the Yangtze River Delta. According to the regional
geological data, the crustal movement since the Quaternary has been mainly sedimentary, accepting
accumulation and forming a broad accumulation of plain landforms. The maximum exploration depth
under the natural ground of the site is 60 m. Except for surface filling, the rest are lake facies-shallow
marine facies sediment, mainly composed of cohesive soil and silt. The physical and mechanical
properties of soil are shown in Table 1.

Table 1. Physical and mechanical properties of soil.

Soil Layer
Numbering Soil Name Thickness

(m)
Density
ρ (g/cm3)

Elastic Modulus
E (MPa)

Cohesion
C (kPa)

Internal Friction Angle
ϕ (◦)

(1) Plain fill 3.55 1.90 18.5 30.9 24.6
(2) Clay 2.58 1.97 38.5 46.6 16.6
(3) Silty clay 2.89 1.89 29.5 31.1 21.6
(4) Silt 3.45 1.88 41.0 6.2 26.8
(5) Silty sand 4.91 1.93 43.0 3.8 29.4
(6) Silty clay 6.44 1.89 23.0 30.9 20.4

(7)-1 Silty clay 3.08 1.88 21.5 30 19.7

(7)-2
Silty clay
and silt
interbed

3.55 1.91 41.0 3.9 28.2

(8) Silty sand — 1.93 42.0 3.8 29.4

3.2. Monitoring the Deformation of Pile

The following is the process of monitoring the bored pile deformation using the distributed optical
fiber technology:

1. Optical fiber selection. There are two kinds of optical fiber to choose from: single-mode optical
fiber and GFRP optical fiber. Although the single-mode optical fiber has the best coordination
effect with the measured object’s deformation, it is easy to be wound and broken. The GFRP
optical fiber is not only good in coordination with deformation of the measured object, but also
not easy to damage and easy to layout. It can be seen that the single-mode optical fiber is
relatively fragile, with poor internal protection effect and easy to damage. Since it is difficult to
arrange it into the measured object, it is not suitable for field application practice. It can only be
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used for scientific research and surface monitoring of some simple structures without too many
protective measures. Designated paste can be well bonded GFRP fiber by reinforcing cage in piles
in the main steel profiles, through the prestress can well reflect the deformation of the pile body;
its reinforcement structure can have a very good protection effect on the fiber core, and it can
greatly improve the optical fiber tensile, bending, bending capacity. The fiber at the joint of bored
piles and pile head is not easily damaged, and the convenience of fiber has great applicability in
engineering practice. Therefore, GFRP fiber was used for monitoring in this test.

2. Optical fiber layout. Figure 1 is the schematic diagram of optical fiber and field test. Glass fiber
reinforced plastic (GFRP) optical fiber can be seen from Figure 1(a). The layout of optical fiber
is shown in Figure 1(b). The main parameters of the optical time domain strain measuring
instrument are that: Optical fiber type is GFRP, Maximum dynamic range is 15 dB, Strain distance
resolution is 1 m. Strain measurement accuracy is ±50 µε; strain test range is −15,000~+15,000 µε.
The test range is 1 km, and maximum sampling resolution is 0.05 m.

3. For the laying of optical fiber sensor, the symmetrical U-shaped layout is fixed, and the optical
fiber sensor can be laid on the main reinforcement of the steel cage before the optical fiber can be
connected to the bored pile through concrete pouring. The steel cages are lowered and welded
in turn.

4. Loading and monitoring. After 30 days, the top of the pile is subjected to the loading stages, the
loading and unloading conditions are shown in Table 2, including 1094 kN, 1641 kN, 2188 kN,
which are selected as processing objects.

The photos of field test are shown in Figure 2. Figure 2a is the process of fixing the optical fiber,
Figure 2b is the U-shaped layout diagram of the optical fiber, Figure 2c is the field static load diagram,
and Figure 2d is BOTDR instrument.

Table 2. Classification table of pile loading and unloading test.

Level 0 1 2 3 4 5 6 7 8 9

Loading grading (kN) 0 1094 1641 2188 2735 3282 3829 4376 4923 5470
Unloading grading (kN) 4376 3288 2188 1094 0
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4. Results

4.1. Raw Data

The strain monitoring data on the entire optical fiber was obtained during the static load test.
Since the optical fiber on the pile is only a part of the entire fiber, the monitoring data belonging to the
pile body should first be judged and extracted. The monitoring data of the three levels of loading are
taken as an example, and the extraction data is shown in Figure 3.
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Figure 3. Raw data.

It can be seen from Figure 3 that there is a large fluctuation in the original data and it is difficult to
see the specific trend. This is mainly because a large amount of noise signals is present in the original
data, thus it is necessary to deal with certain denoising and smoothing on the original data. It should
be noted that because part of the pile head is exposed to the ground and the shallow depth of the pile
head is highly susceptible to environmental influence. Additionally, the data trend of the first 1~2 m
part of pile head is unreasonable, and attention should be paid to the data analysis.

4.2. Data Denoising

In practical application, when the structure system uses the optical fiber sensor monitoring,
the sensor monitoring instrument due to systematic error, Brillouin signal characteristics, and ambient
environment (e.g., atmosphere, temperature, pressure, etc.) among other factors make the field
monitoring data more or less mixed with noise signals inside the useful signal. The noise signal data
gives a false judgment on the deformation of the monitored structure, and these noise signals should
be analyzed and denoised. In order to eliminate or reduce the impact of noise on the monitoring data,
the monitoring data is generally regarded as a digital signal sequence composed of several different
frequencies, and the original data is denoised by an effective signal processing method. There are
many methods for signal denoising, such as wavelet analysis, fast Fourier transform (FFT) and so
on. The wavelet analysis method is adopted to remove the noise signal, the relatively ideal data
are obtained.

The original signal collected by BOTDR data acquisition instrument was decomposed into two
layers by db5 wavelet function, the different threshold processing methods were used to process
high-frequency signals of all levels, and then the noise signal was eliminated by wavelet reconstruction.
The stein-based unbiased risk threshold rigrsure processing method is used [22]. According to the
characteristics and applicability of soft and hard thresholds, soft thresholds are selected to process
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high-frequency signals at all levels, the processed signals and low-frequency signals are reconstructed
to obtain the denoised signals. The denoised signal is shown in Figure 4.Appl. Sci. 2019, 9, x FOR PEER REVIEW 7 of 11 
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Through analysis, the change rule of signals processed by Stein-based unbiased risk threshold
rigrsure method is the same as the original monitoring signal. While removing most of the noise,
the retaining signal is useful, it achieves the purpose of denoising the monitoring signal.

4.3. Data Smoothing

4.3.1. Smoothing

It can be seen from the curve in Figure 4, the fluctuation range of the signal after denoising is still
obvious, thus it is necessary to smooth and trim the real curve (denoising signal) in order to make a
correct judgment on the deformation law of the pile. The translational mean method, Savitzky-Goiay
method and percentile-filter method are used to smooth and trim the signal denoised by Stein’s
unbiased risk threshold rigrsure processing method. The lines in Figures 5–7 are the smoothed results.
Because of the large amount of field monitoring data, it should ensure that the trend of the smoothed
curve is consistent with the original signal. The number of items taken by the translation mean method
is the average of the values corresponding to each 40 points before and after the data of the intermediate
point is obtained; while the Savitzky-Goiay method is a polynomial curve fitting method, which is also
a commonly used data fitting method, the formula coefficients are generally quadratic.

4.3.2. Comparison of Smoothing Methods

Through the comparative analysis of Figures 5–7, it is found that the general change trend of the
curves after denoised and smoothing, the trend of processing signals is basically the same original
signals. Compared with the denoised signals without smoothing treatment, the fluctuation amplitude of
the curves is reduced to a large extent, making the curves smoother and better reflecting the deformation
trend of bored pile. In treatment effect, the Percentile-filter method is relatively unsatisfactory in
smoothing effect, and there are some uneven places. At the same time, it compared with the translation
mean method and binomial curve fitting method, the curve smoothed by percentile-filter method
deviates more from the original signal, and it cannot reflect the change trend of the deformation of
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bored pile well in large fluctuations. The Savitzky-Goiay method smooths the signal after denoising
this time. During processing, the signal still appears to be slightly tortuous after smoothing of the signal,
and the overall smoothing effect is worse than the translational mean method while the smoothing of
the curve by the translational mean method is smoother; as it is gentler at the node, the treatment effect
is relatively better, and it can effectively reflect the deformation trend of the pile.Appl. Sci. 2019, 9, x FOR PEER REVIEW 8 of 11 
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4.4. Data Processing Results

The ideal data processing method is as follows: the pile strain data is decomposed into two
layers by using db5 wavelet function. The high frequency coefficients at all levels are processed by
stein-based unbiased risk threshold rigrsure method and reconstructed with the second-order low
frequency signal, it achieves the effect of denoising for the original signal. The denoised signal is
smoothed by the translation mean value method, and the strain variation trend of the pile can reflect
the vertical load. The strain of pile under vertical load of 1094 kN, 1641 kN and 2188 kN are obtained
by BOTDR distributed optical fiber sensing technology. As a typical example, the db5 wavelet basis
function for the noise data is used, the rigrsure Stein’s unbiased risk threshold method based on two
layers of the quantized treatment is applied, and the high frequency signal at all levels is decomposed.
Thus, the results by secondary low frequency signal reconstruction and translation mean method are
obtained. The final strain curves are shown in Figure 8.
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According to the analysis of Figures 4–8, the main trend of strain for bored pile is gradually
decreasing from top to bottom, the data is fluctuation due to the interference in the range of 1~2 m of
the head of pile. There are three peaks at the pile length of 13 m, 27 m, and 32 m which may be caused
by many factors such as pile defects, soft soil, and water. The data process method used in this paper
can reduce this peak effect.

5. Conclusions

In this paper, a series of work on the deformation characteristics of bored pile is carried out by
using BOTDR distributed optical fiber sensing technology. The following conclusions are obtained:

(1). The field loading test is carried out. The BOTDR distributed optical fiber sensing technology is
used to monitor the deformation of pile, and the strain of the pile is obtained to provide a basis
of data for studying the deformation characteristics of bored pile. It shows the advantages of
distributed optical fiber sensing technology in the deformation of pile monitoring.

(2). The wavelet function is chosen to decompose the strain monitoring data of the pile. The Stein
based unbiased risk threshold rigrsure processing method is used to process the signal and obtain
the denoised signal. The ideal result is obtained.

(3). Using the translation mean method, the Savitzky-Goiay method, percentile-filter method and
Stein’s unbiased risk threshold Rigrsure processing method, the optical fiber data is processed.
By comparing the smoothing results, the percentile-filter method cannot well reflect the change
trend of the deformation of bored pile in large fluctuations, the overall smoothing effect of the
Savitzky-Goiay method is worse than that of the translation average method, and the smoothing
degree of the curve after smoothing by the translation average method is higher, which can
effectively reflect the deformation change trend of the bored pile.
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