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Abstract: Long-term monitoring of constructed anti-slide piles can help in understanding the pro-
cesses by which anti-slide piles are subjected to the thrust of landslides. This paper examined the
landslide control project of Badong No. 3 High School. The internal force of an anti-slide pile sub-
jected to long-term action of landslide thrust was studied by Distributed Optical Fiber Sensing (DOFS)
technology. The BP neural network was used for model training on the monitored strain values and
the calculated bending moment values. The results show the following: (1) The monitoring results of
the sensor fibers reflect the actual situation more accurately than steel rebar meters do and can locate
the position of the sliding zone more accurately. (2) The bending moments distributed along the
anti-slide pile have staged characteristics under the long-term action of landslide thrust. Three stages
can be summarized according to the development trend of the bending moment values. These three
stages can be divided into two change periods of landslide thrust. (3) The model produced by the BP
neural network training can predict the bending moment values. In this paper, the sensing fibers
monitoring over a long time interval provides a basis for long-term performance analysis of anti-slide
piles and stability evaluation of landslides. Using the BP neural network for training relevant data
can provide directions for future engineering monitoring. More novel methods can be devised and
utilized that will be both accurate and convenient.

Keywords: anti-slide pile; distributed optical fiber sensing technology (DOFS); BP neural network;
calculation of bending moment

1. Introduction

Landslides are a geological hazard that is also a worldwide issue. Each year the
economic losses caused by landslides reach hundreds of billions of dollars [1]. It is thus
essential that landslides be effectively monitored and controlled. Anti-slide piles are a
key element in landslide control and monitoring, the subject of increasing numbers of
instruments and theories [2–4]. Anti-slide piles can transfer the thrust and shear force
behind them from the sliding body to a stable layer such as bedrock, stabilizing a landslide.
Many researchers [5–7] have installed sensors on anti-slide piles to collect dynamic data
and study the long-term performance of anti-slide piles under the action of landslide
thrust. Some studies [8,9] have used deformation monitoring to show landslides’ long-term
and seasonal impact. It has also been shown that anti-slide piles can weaken the role of
the sliding body behind them. Other researchers [10–13] have described the processes
involved in stress variations of anti-slide piles through physical model tests and have
explained the evolutionary process of the displacement and deformation of landslides.
When used as a primary treatment measure, anti-slide piles make costs easy to control,
and their effectiveness in controlling landslides is widely recognized by many experts.
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Accordingly, anti-slide piles or schemes are often combined with other methods of landslide
engineering [14–17].

Analyzing the mechanical properties of anti-slide piles through data monitoring can
provide a basis for evaluating landslide stability. At present, the main methods used in
landslide monitoring [18,19] are total station, inclinometer, steel rebar meter, and level
instrument—all of which are easy to use and understand. However, all are also point-based
monitoring methods, posing a certain risk of detection failure. For this reason, it is im-
possible to accurately monitor the data changes associated with the required parts. Most
monitoring sensors must be buried in anti-slide piles or the surrounding soil. Concrete,
groundwater, and soil can disturb or corrode sensors, degrading their long-term moni-
toring performance. Moreover, the data collected by most point monitoring sensors are
incomplete in their depth or time span. As a result, certain difficulties arise in analyzing
anti-slide piles’ internal force and bending performance. Some researchers [20–23] have
deployed monitoring sensors on anti-slide piles, including point-type and quasi-distributed
ones. Through data collection and analysis, they have discovered that quasi-distributed
monitoring results are more reliable and of more practical significance, allowing moni-
toring of and warning regarding landslides. However, quasi-distributed and point-based
monitoring methods provide incomplete data acquisition and cannot reflect the actual force
of anti-slide piles. DOFS technology has become one of the most promising monitoring
technologies owing to its fully distributed system, small size, corrosion resistance, and
anti-electromagnetic interference [24–27]. It can collect information such as strain and
temperature at all points along the optical fiber in a structure. The development and
application of DOFS has produced many research findings globally, with its application
range expanding to many fields [28–30]. The optical fiber is arranged in anti-slide piles so
that the collected optical fiber data reflect the force of the anti-slide pile as much as possible.
Internal force analysis of anti-slide piles using optical fiber monitoring data has verified
the long-term effectiveness of anti-slide pile management and the superiority of DOFS.

In recent years, the study of machine learning has intensified. This artificial intelligence-
based approach uses a series of data for self-learning and training, producing a model that
describes the data series. It provides a training model for continuous learning [31,32]. In
the field of machine learning, the artificial neural network is a statistical training model
inspired by the biological neural network [33,34]. It is of practical significance to combine
the machine learning method with monitoring and predicting landslide anti-slide piles.
In this paper, the strain and temperature data collected by the distributed sensing fibers
and the steel rebar meters in the anti-slide pile are analyzed. The bending moment values
distributed along the depth of the anti-slide pile are calculated and analyzed. The strain
change values of the distributed sensing fibers and the calculated bending moment values
are then taken, respectively, as the sample’s input and output values for model training.
The BP neural network model obtained through data training can predict internal force
and shed light on the long-term performance and stability of the anti-slide pile.

2. Case Study
2.1. Engineering Situation

Badong County is located in southwest Hubei Province, China. Badong No. 3 Senior
High School is located in Xiqiuwan Township, on the bank of the Xiaoxigou River, a
tributary of Dongrang River, itself a first-level tributary of the north bank of the Yangtze
River, as shown in Figure 1. The high school is situated on a landslide body (hereinafter
referred to as the Sanzhong landslide). It developed on the early debris flow accumulation
body and belongs to the Quaternary accumulation landslide. The landslide is intermittently
active, with an occurrence in April 2002. The trailing edge of the sliding body is located in
the playground at an elevation of 707 m. The front edge extends to the side of the Xiaoxigou
River at an elevation of about 660 m. The main sliding direction is southwestward with
150 m long. The landslide resembles an inverted bowl, with an area of about 2.26 × 104 m2

and a volume of about 30 × 104 m3. The landslide area within this range is classified as
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landslide area #1. In July and August 2012, the sliding deformation area of the landslide
increased, with more cracks appearing at the back edge of the original landslide, to an
elevation of 730 m, due to rainfall and the traction of the landslide. According to the survey
results, the landslide deformation was still developing, which seriously threatened the
school’s main buildings. Since this activity, the area of the landslide is about 3.15 × 104 m2

and the volume about 60 × 104 m3. The newly expanded landslide area is divided into
landslide area #2. The plane morphologies of landslide areas #1 and #2 are shown in
Figure 2.
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Figure 1. Geographical location of Badong No. 3 Senior High School. Figure 1. Geographical location of Badong No. 3 Senior High School.

After investigation and study, an anti-slide pile protection measure was proposed to
control the Sanzhong landslide. Before beginning the project, the researchers designed
a monitoring scheme featuring distributed sensing fibers and steel rebar meters. Then
the long-term anti-sliding performance of the anti-slide pile and the superiority of DOFS
were evaluated using the collected data. According to the study, the sensing fibers were
arranged in the anti-slide pile with a pile length of 31.5 m, as shown in Figure 3, with
the loaded section 15.5 m and the embedded section 16 m. The plane dimension of the
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anti-slide pile was 2.0 × 3.5 m, and C30 concrete was used for on-site pouring. The anti-
slide pile construction includes the following processes: construction preparation, pile hole
excavation, groundwater treatment, wall protection, reinforcement cage production and
installation, concrete perfusion, concrete maintenance, etc. The sensing fibers were bound
along the tensioned side (rear edge) of the anti-slide pile’s main steel bars, passed through
the bottom of the pile, and finally came out from the compressed side (front edge) of the
anti-slide pile’s main steel bars in a U shape, as illustrated in Figure 3B. Considering that
three rows of tensile steel bars with different lengths were arranged inside the anti-slide
pile under differing stress conditions, a total of 8 sensing optical fiber loops were laid in the
anti-slide pile schematically, as illustrated in Figure 3. The DOFS system featured 6 strain
optical fiber loops (MS1, MS2, MS3, MS4, MS5, and MS6) and 2 temperature fiber loops
(MS-T1 and MS-T2). It is worth noting that MS1, MS4, and MS-T2 were damaged in the
concrete pouring process, but this does not affect the calculation and analysis of optical
fiber data in the follow-up work and will not substantially affect the research results.
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Figure 2. Plane diagram of landslides.

The steel rebar meters were arranged on the tension side of the anti-slide pile and tied
to the same reinforcement bar with MS2 and MS-T2, as shown in Figure 3. The steel rebar
meters were welded to the reinforcement bar. A total of 16 steel rebar meters were laid with
2 m vertical spacing. The steel rebar meters were numbered from the pile bottom to the pile
top. Steel rebar meter #1 was 0.5 m from the pile bottom, and steel rebar meter #16 was 1 m
from the pile top. The field layout of the optical fiber and point sensor is shown in Figure 4.

The anti-slide pile was completed on 16 November 2015, with initial data gathering
of the sensor fibers and steel rebar meters following on 21 November 2015. Data were
collected 11 times for sensor optical fibers and steel rebar meters between November 2015
and March 2016. In September, October, and November of 2019, it was found that the steel
rebar meters could no longer capture data, although the sensing fibers could still be used to
collect data. Accordingly, the data of MS2, MS3, MS5, MS6, and MS-T1 are mainly analyzed,
with the data from steel rebar meters compared with the corresponding fiber data.
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Figure 4. Site construction picture of the anti-slide pile.

2.2. Brillouin Fiber Technology and BP Neural Network
2.2.1. Principles of BOTDA Monitoring

This paper used Pulse-PrePump Brillouin Optical Time Domain Analysis (PP-BOTDA)
to collect and analyze data from sensing fibers. The spatial resolution of PPP-BOTDA can
reach 5 cm, with a strain accuracy and range of 7.5 µε and −30,000 µε to +40,000 µε, respec-
tively. The data collected by this technology are the strain and temperature information
reflected by the sensing fiber under the influence of external factors. According to the basic
principle of stimulated Brillouin [35], the fiber’s frequency has a good linear relationship
with the strain and temperature information in the region,

νB(ε, T) =
2n
λ

√
(1 − µ)E

(1 + µ)(1 − 2µ)ρ
(1)

where νB(ε, T) is the central frequency of the fiber affected by strain and temperature; n the
refractive index of the fiber; λ the wavelength of the incident light; E Young’s modulus; µ
Poisson’s ratio; and ρ fiber density, with n, E, µ, and ρ changing with changes in ε and T.

Equation (1) is expanded according to Taylor’s formula when ε and T are 0, respectively,
in which high-order terms with extremely small magnitudes are ignored so that

νB(ε, T) = νB(0, T)
(

1 +
(

∂n
∂ε

n−1 +
1
2

∂E
∂ε

E−1 − 1
2

∂µ

∂ε
µ(µ − 2)

(
1 − µ2

)−1
(1 − 2µ)−1 − 1

2
∂ρ

∂ε
ρ−1

)
∆ε

)
(2)

νB(ε, T) = νB(ε, 0)
(

1 +
(

∂n
∂T

n−1 +
1
2

∂E
∂T

E−1 − 1
2

∂µ

∂T
µ(µ − 2)

(
1 − µ2

)−1
(1 − 2µ)−1 − 1

2
∂ρ

∂T
ρ−1

)
∆T
)

(3)

where ∂n
∂ε n−1 + 1

2
∂E
∂ε E−1 − 1

2
∂µ
∂ε µ(µ − 2)

(
1 − µ2)−1

(1 − 2µ)−1 − 1
2

∂ρ
∂ε ρ−1 and ∂n

∂T n−1

+ 1
2

∂E
∂T E−1 − 1

2
∂µ
∂T µ(µ − 2)

(
1 − µ2)−1

(1 − 2µ)−1 − 1
2

∂ρ
∂T ρ−1 are constant terms about ε and T,

respectively, when ε and T represent zero strain and zero temperature. They are abbreviated
as ∂ν(ε,T)

∂ε and ∂ν(ε,T)
∂T . Combining them with Equations (2) and (3) produces

νB(ε, T) = νB(ε0, T0) +
∂ν(ε, T)

∂ε
∆ε +

∂ν(ε, T)
∂T

∆T (4)

The Brillouin frequency changes when the fiber is subjected to force and temperature,
which all cause strain variation at the corresponding position. These processes are all
reflected by Equation (4). Before data acquisition, the appropriate parameters are set, and
the corresponding microstrain and temperature values can be obtained through signal
transmission and calculation of the instrument.
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2.2.2. BP Neural Network Algorithm

The BP neural network is a branch of machine learning that uses activation functions,
weight values, network hierarchy structures, and many nodes to simulate the neurons
and synapses of the biological brain [36]. It builds a corresponding model after training
on sample data sets to predict output values. The BP neural network framework can be
described as

ŷj = f (XW) (5)

X = [x1, x2, x3, . . . . . . , xn] (6)

W = [wi1, wi2, wi3, . . . . . . , win]
T (7)

where ŷj represents the output value; f the activation function; X the row vector of input
values containing x1, x2, x3, . . . . . . , xn; and W the column vector of weight values containing
wi1, wi2, wi3, . . . . . . , win.

The output value is compared with the target value when an output value is obtained.
If the error was greater than the set value, the algorithm would use error backpropagation
to update the weight value [37]. The updated weight value will then be used to update the
output value through the activation function again, obtaining the new output value,

δj =
∣∣ŷj − yj

∣∣ (8)

Wx
updated =

[
w(x1)i + ηδ1xi

d fi
dyj

, w(x2)i + ηδ2xi
d fi
dyj

, w(x3)i + ηδ3xi
d fi
dyj

, . . . . . . , w(xn)i + ηδjxi
d fi
dyj

]T

(9)

Wy
updated =

[
wi1 + ηδ1yj

d fi
dyj

, wi2 + ηδ2yj
d fi
dyj

, wi3 + ηδ3yj
d fi
dyj

, . . . . . . , win + ηδjyj
d fi
dyj

]T

(10)

ŷupdated
j = f

(
netj

)
= f

(
XWupdated

)
(11)

where δj represents the absolute error between the output value and the target value; yj the
target value; Wx

updated the weight accompanying the update of the input layer; Wy
updated the

weight accompanying the update of the hidden layer; η the learning rate; d fi
dyj

the descending

gradient; ŷupdated
j the updated output value; and netj the neural network framework.

The BP neural network algorithm continuously updates the weight value, with new
output values obtained as the weight values are updated. Finally, the BP neural network
algorithm model can be output when the output mean square error and performance are at
their minimum, and the required accuracy is achieved.

2.3. Analysis of Monitoring Data
2.3.1. Analysis of Strain and Temperature Data for BOTDA Technology

The strain and temperature of the anti-slide pile were monitored using DOFS-BOTDA
technology. The sensing fibers used to collect strain and temperature comprise steel
strands and sheaths of different strengths. Thus, the so-called strain data in this paper are
simultaneously affected by deformation and temperature changes of the anti-slide pile,
whereas the temperature data are affected only by temperature changes.

The forces’ forms, magnitudes, and acting processes on the tensile side and the com-
pressed side differ when anti-slide piles play their roles. Affected by these, two different
regions can be clearly observed in the strain curves, as shown in Figure 5. It can be clearly
distinguished that part A~B is the tension side (rear edge) of the anti-slide pile, and part
C~D is the compression side (front edge) of the anti-slide pile.
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Figure 5. Strain curves diagrams of MS2, MS3, MS5, and MS6 for different periods. (A) Strain curves
diagram of MS2; (B) Strain curves diagram of MS3; (C) Strain curves diagram of MS5; (D) Strain
curves diagram of MS6. (In this figure, a represents optical data of the boundary between earth-yellow
clay with gravel and purplish-red gravel with clay. Because the boundary between the loaded section
and embedded section of the anti-slide pile is close to the boundary between strong and weak rock
formations, b represents these two boundaries optical data and their adjacent optical data. The blue
A and B represent the top and bottom of the rear edge of anti-slide pile, respectively; the blue C and
D represent the bottom and top of the front edge of anti-slide pile, respectively).

According to Figure 3, different rock formations are boundaries in the area where the
anti-slide pile sits. Different rock formations have different properties. When a landslide
occurs, there will be some relative sliding between the different rock formations. We can
distinguish the boundaries of different rock formations and the sliding zone from the
data curves. The areas near 9 m and 57 m represent the boundary between earth-yellow
clay with gravel and purplish-red gravel with clay on the tensile side (rear edge) of the
anti-slide pile and compression side (front edge) of the anti-slide pile, respectively. Because
the boundary between the loaded section and embedded section of the anti-slide pile is
close to the boundary between strong and weak rock formations, the range of 16–18 m
and 50–51 m is the optical data from the sliding zone to the boundary between strong and
weak rock formations. They have stage differences, with the two regions fluctuating within
their respective strain ranges. Because the pile plane size is much smaller than the pile
length and the sensing fibers have several corners at the bottom of the pile, the strain data
have abrupt changes at the bottom of the pile, as seen in the middle of the strain curves.
Moreover, under the shear action of the sliding body, the strain value at the junction of the
anti-slide pile and the sliding zone is in an abnormal state, which is reflected in the shadow
strips in Figure 5, the strain value of this part is obviously different from that of other parts.

Thus, according to field records and data collected for sensing fibers, the corresponding
tension side, pile bottom, and compression side of the anti-slide pile and the sliding zone
can be identified in the four curve graphs of sensing fiber strain. Subsequent stress analysis
can be aided by clearly identifying the corresponding positions of sensing fibers on the
anti-slide pile.

It is worth noting that the temperature information described in the paper refers
to the strain changes of the sensing fibers affected only by temperature, which can help
eliminate the influence of temperature changes in the strain data. As Figure 6 illustrates,
it is the temperature changes of the anti-slide pile in all periods. The temperature curves
are symmetrical from about 0 m to 66 m, and the two symmetrical regions fluctuate in the
same range. On the whole, the temperature of the anti-slide pile bottom is lower than that
of the anti-slide pile body. Based on the curves and the actual situation, the temperature
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variations from 2015 to 2019 can be divided into three stages. In the initial stage, the
temperature differences between the anti-pile body and bottom are distinct. In the middle
stage, the temperature decreases as a whole, and the anti-pile bottom’s temperature curves
become gentle. In the later stage, the anti-pile body and bottom data form a relatively stable
curve, indicating that the temperature has stabilized. The data anomalies at the junction of
the anti-slide pile and the sliding zone can be revealed by observing the temperature data
curves. The abnormal temperature around the sliding zone indicates that the temperature
at the junction of the anti-slide pile and the sliding zone will also be affected when the
anti-slide pile is subjected to a large shear force.
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The sensing fibers data monitored by BOTDA technology can observe the strain and
temperature changes of different parts of the anti-slide pile. The strain information and
temperature information can be used to locate any part of the anti-slide pile along the
fibers, judging the force condition and safety of the anti-slide pile. The internal force
characteristics and bending moment distribution of anti-slide piles can be analyzed using
strain and temperature data in combination with other methods. Studying the anti-sliding
effect of the anti-slide pile under the long-term action of landslides can help to understand
the mechanism of action of anti-slide piles and the development trend of landslides.

2.3.2. Data Comparison of Sensor Fiber and Steel Rebar Meters

Data from MS2 sensing fiber and steel rebar meters laid on the same reinforcement
rebar were also analyzed. Taking the MS2 sensing optical fiber data on 21 November 2015
as the reference value, the differences between the 10 groups of data collected from
23 November 2015 to 17 March 2016 and the reference value are calculated. The strain
variations caused by external factors are only considered. The strain variations caused by
the anti-slide pile temperature do not need to be considered in internal force analysis. In
view of this situation, each group of data needs to eliminate the influence of the temperature
changes of the anti-slide pile described in Section 2.3.1. Thus, the strain changes described
hereafter are caused simply by the anti-slide pile being pushed by the landslide. The steel
rebar meter data use the same processing method. As Figure 7 shows, they are the strain
curves obtained by sensing optical fiber and steel rebar meters, respectively. Among them,
those with marks are the data curves monitored by steel rebar meters, while the others are
the data curves of optical fiber.
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The data show stress concentration at the bottom of the anti-slide pile, for the sensing
fibers had several corners near the bottom. This phenomenon corresponds to the “stress
bulges” near the 30 m depth in strain curves of the sensing fiber shown in Figure 7.
What’s more, there are “bulges” around the depth of 15–16 m. Taken together with the
actual situation of anti-slide pile embedding, this reveals that the depth of 15–16 m exactly
corresponds to the overlap of sliding zones #1 and #2, shown in Figure 3. In other positions—
that is, at depths of 17–31.5 m—the strain variations of the sensing fiber frequently fluctuate
between −50 µε and 150 µε, which is to say that the strain data of the sensing fiber can
accurately describe the position of the sliding zone and can also reflect the actual force of
the anti-slide pile at any depth. In the strain change graph of steel rebar meters, the depth
of the maximum strain change values does not absolutely correspond to that in the sensing
fiber graph, owing to the lack of 15 m, 19 m, and 29 m depth data.

Nevertheless, the data of the sensing fiber and the steel rebar meter can reflect the
force condition of the anti-slide pile. The steel rebar meter is a point-type data acquisition
instrument, affecting its microstrain recognition ability. We collected the data from each
steel rebar meter, but the variation of data from steel rebar meter to steel rebar meter was
not available. If the steel rebar meter was damaged in some locations, the data losses would
have a greater impact on the ability to identify microstrains, and the data will not reflect the
true force situation. The data of any point on the sensing optical fiber can be obtained due
to the dense sampling interval. On the strain change graphs, the data of the sensing fiber
show more frequent volatility, whereas the data of the steel rebar meters show a smooth
feature. This is because the sampling interval of the steel rebar meters is much larger than
that of the sensing optical fiber. The fitting accuracy of the data between the sampling
points of the steel rebar meters is much lower than that of the sensing optical fiber with
dense sampling intervals.

In summary, the use of DOFS-BOTDA is the equivalent of placing hundreds or even
thousands of monitoring points in the anti-slide pile. The number of measuring points in
the anti-slide pile by steel rebar meters is limited, so monitoring data of steel rebar meters
cannot adequately reflect the situation.
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3. Analysis of Internal Force Characteristics of Anti-Slide Pile
3.1. Calculation Model of Anti-Slide Pile Internal Force

Because DOFS-BOTDA technology has the advantages of full distribution and high
precision and does not interfere with temperature and strain measurement, the application
of this technology to anti-slide pile deformation monitoring is highly significant. In this
paper, the force condition of the anti-slide pile is analyzed and the bending moment
distribution along the depth of the anti-slide pile is calculated and compared with the design
value. The deformation characteristics of the anti-slide pile are assessed by evaluating
whether the anti-slide pile works under normal stress conditions—a finding that is of
practical significance to the study of anti-slide piles and landslides.

After obtaining the axial strain data of the anti-slide pile at different depths and times
using the sensing optical fibers, mechanical equations are established according to the
relationship between the strain and the force of longitudinal reinforcement in the anti-
slide pile. The internal force of the anti-slide pile is also analyzed quantitatively. In this
paper, a rectangular section bending member model is adopted, as shown in Figure 8, to
calculate the internal forces of anti-slide piles. Based on previous research results, relevant
calculations are carried out after the following assumptions for the model:
1© The model satisfies the basic assumptions for calculating the bearing capacity of the

normal section.
2© The influence of the anti-slide pile self-weight stress is negligible.
3© Stress on the reinforcement bars on the compression side is ignored.
4© The stages of stress development of reinforced concrete are ignored.
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Figure 8. Schematic diagram of single reinforced rectangular normal section bending member model.

The pure strain values of the bending member are obtained by subtracting the values
of the temperature fibers from the values collected by the strain fibers. The stress σ at each
point on the tensile side depth of the anti-slide pile can be calculated using the pure strain
value ε and the elastic modulus E of the sensing fibers:

ε = εstrain − ϕεtem (12)

σ = E ∗ ε (13)

According to the theory of reinforced concrete structure and the principle of force
balance, it can be seen that

F = σAsn (14)

Combining Equations (13) and (14) produces

F = EεAsn (15)

and
F = α1 fcbx (16)

According to the torque balance condition,

M = F(h0 − x) (17)
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Substituting the F in Equation (15) and the x obtained from Equation (16) into
Equation (17) produces

M = EεAsn
(

h − EεAsn
α1 fcb

)
(18)

where ϕ is the correction coefficient of strain, F the total tension of tensile reinforcement, α1
the equivalent rectangular stress coefficient of the concrete compression zone, fc the axial
compressive strength of concrete, b the section width, x the height of the compression zone
of the equivalent rectangular stress force, h0 the effective height of the section, and M the
bending moment of the bending member. The data described in the foregoing formulas
have distributed characteristics because of the distributed nature of DOFS-BOTDA. Thus,
the bending moment distribution at any point on the tensile side depth of the anti-slide
pile can be obtained.

3.2. Internal Force Calculation of Anti-Slide Pile Based on DOFS
3.2.1. Bending Moment Distribution

Based on the preceding analysis, the bending moment distribution of the anti-slide
pile in different periods can be calculated using the strain data obtained from the actual
monitoring of the Sanzhong landslide, as shown in Figures 9–11. The bending moments of
the anti-slide pile can be divided into three stages, from 2015 to 2019. In the first stage, after
the anti-slide pile casting is completed, the bending moment distribution along the depth
is relatively gentle, during which only a large bending moment occurs at the lower part of
the pile, as shown in Figure 9. At this stage, the maximum bending moment value does
not exceed 1700 kN·m. According to the trend analysis, the bending moment value will
continue to increase, indicating that the anti-slide pile has begun to play a role in the early
stage of construction.
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In the second stage, shown in Figure 10, the anti-slide pile continues to function. There
is an obvious curve uplift in the figure. The maximum bending moment generated in this
stage did not exceed 4200 kN·m, significantly more than in the first stage. At this stage,
the maximum bending moment is located at the cross-section 20–24 m from the pile top.
According to inspection records at the site, no new cracks, collapses, or deformations had
been seen, indicating that the anti-slide pile had a strongly beneficial effect around 2016.

In 2019, data collection was carried out of sensing fibers in what can be classified as
the third stage, as shown in Figure 11. During this stage, the bending moments distributed
along the tensile side of the anti-slide pile still bulged. On the whole, the bending moment
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values in this stage were smaller than in the second stage but larger than in the first stage.
The maximum bending moment along the pile body did not exceed 3100 kN·m, and the
maximum values were also located at the cross-section 20–24 m from the pile top.
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The foregoing three stages are trend analyses of the bending moment development
of the anti-slide pile. All the monitoring time here is not the beginning or end time of
each stage but included in the process of each stage. In other words, 14 monitoring
periods between 2015 and 2019 identified these three stages but not the boundaries of the
three stages.

3.2.2. Fitting of Bending Moment

Reflecting relevant design requirements and data, the design bending moment dis-
tribution of the tensile side of the anti-slide pile is shown in Figure 12. The anti-slide pile
force calculation adopts the K method, and the thrust distribution adopts the triangular
model. It can be seen that the maximum bending moment value appears about 20 m from
the top of the anti-slide pile in the designed bending moment distribution curve. The data
sets with the larger bending moment distributed along the pile body in each stage were
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selected for curve fitting, as shown in Figure 13, based on analysis of the three stages of
the anti-slide pile bending moment. It was found that the trend of fitting bending moment
distribution curves was very close to that of the design bending moment distribution curve,
with the calculated bending moment values far less than designed. In the three groups of
bending moment fitting curve diagrams, the bending moment values near 0–6 m depth
differ greatly from the designed ones. The bending moment fitting curves indicate that the
positions from 31 m to 32 m belong to the bottom of the anti-slide pile. At the same time, it
can be found that the maximum bending moments all appear in the vicinity of 22–23 m in
the curves of bending moment fitting in the three stages.
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Based on the actual situation, the possible reasons are as follows:
1© Positions of 0–6 m are close to the top of the anti-slide pile, and all sensing fibers were

pulled from this spot for monitoring. The closer they were to the anti-slide pile top,
the more their data were affected by external factors. The calculated bending moment
values were affected accordingly, producing incomplete and inaccurate fitting results.
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2© The lengths of the three rows of tensile reinforcement bars on the anti-slide pile
differed, with tensile reinforcement bars spaced at 20 cm. When optical fibers crossed
the two adjacent rows of reinforcement bars, they were usually wired diagonally
downward, complicating the correspondence between the monitoring data and the
depth of the anti-slide pile.

3© In the construction process, it was found that the actual sliding zone depth was 0.5–1
m deeper than the design. Thus, the actual 31.5 m length of the anti-slide pile was
changed from 30 m in the original design, which impacted the actual bending moment
distribution of the anti-slide pile.

In short, the bending moments of the anti-slide pile were still within the acceptable
design range. This also shows that the landslide after control has been relatively stable. The
strain and temperature data obtained by the DOFS-BOTDA system can accurately reflect
the action process of the landslide thrust against the anti-slide pile within a certain range
after processing and related mechanical calculations. It is essential to accurately determine
the internal force distribution of the anti-slide pile and to judge its working state, which
plays an important role in safety monitoring and early warning after landslide treatment.

3.3. Internal Force Training Model of the Anti-Slide Pile Based on Machine Learning

As Figure 14 shows, the BP neural network used in machine learning consists of
input layers, hidden layers, and output layers, which enable the trained model to obtain
the output values closest to the target values when given the input values. Based on the
calculation process of the bending moment, depths of 10–33 m and the corresponding pure
strain variations of the MS2, MS3, and MS5 sensing fibers are selected as input values, with
the bending moment values used as the target values for data training. The pure strain
values on 21 November 2015, are taken as initial values, with 13 sets of corresponding
strain changes through 21 November 2019. This paper selects the first 80% of 13 data sets
as the training set and the remaining 20% as the test set. The corresponding parameters of
the neural network algorithm are set as follows: the maximum number of iterations 1000,
target accuracy 0.001, learning rate 0.01, and 9 hidden layer nodes. After several pieces
of training, the correlation coefficient graph of the training set in Figure 15 is shown. The
correlation coefficient calculated from the training set’s output and target values is 0.9442.
Most of the data in the training set are distributed along a 45◦ diagonal, indicating that the
BP neural network model used for training had a good effect.
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The test results of bending moment values are compared with the original data, as
shown in Figures 16–18. In the three groups of comparison charts, the test data and
prediction data maintain the same trend and are highly consistent. Using the determination
coefficient formula,
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ŷ2

i −
(

n
∑

i=1
ŷi

)2
)(

n
n
∑
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y2

i −
(

n
∑

i=1
yi

)2
) (19)

where n is the number of test sets; ŷi the output value; yi the target value; and i = 1,
2, 3, . . . . . . , n.

The determination coefficients of the three groups of predicted data can be calculated
as 0.8506, 0.8734, and 0.8449, respectively, reflecting the strong correlation between the
predicted data and the test data. The relative errors between the predicted and test values
are calculated, and the error distribution curves are shown in Figures 16–18. The minimum
error fields in the relative error curves of each group are distributed in the range of 15–27 m,
and the relative errors fluctuate within 10%. This range happens to be the relatively large
range of bending moment values, showing that the BP neural network model designed in
this paper can predict the bending moment of the anti-slide pile with good effect.
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4. Results and Discussions

The steel rebar meter is a point-type data acquisition instrument, and its data reflect the
strain and temperature information of the position for the steel rebar meter. The variations
of data between each steel rebar meter can only be obtained by fitting. Its data graph
is noticeably smooth, reflecting data distortion. It has the disadvantage of missing data
for some important positions at this paper’s 2 m sampling interval, and the data curve is
incomplete. It cannot reflect the actual strain and temperature information if the steel rebar
meter is damaged at some locations.

The DOFS-BOTDA monitoring data can reflect the microstrain and temperature
changes along the sensing fibers for the 0.2 m sampling interval in this paper. The data
curves of sensing fibers have certain fluctuations, which reflect the actual strain and temper-
ature information for any depth of the anti-slide pile. Due to the distributed characteristics,
there is no risk of failing detection in the sensing fiber data. Compared with the data
from the steel rebar meters, the sensing fibers can better reflect the force condition of the
anti-slide pile while locating the sliding zone accurately. Thus, analysis of internal force
characteristics of the anti-slide pile is more in line with the actual situation when using
the sensing fiber data, which has more practical engineering significance for judging the
stability of the anti-slide pile under the long-term effect of the landslide thrust.

During the three stages in which the anti-slide pile plays its role, the external force
acting on the anti-slide pile gives rise to two processes, growth period and relative stability
period, that are influenced by the soil behind the tension side of the anti-slide pile, among
other factors. In view of the trend of the three stages of the anti-slide pile bending moment,
it can be conjectured that the growth period is a change period of landslide force from
a small level to a large level, which includes the first two stages of the bending moment
development of the anti-slide pile described herein. The external force at the relative
stability period is obviously less than that at the growth period. However, some other
forces, such as the self-weight stress of soil, are inevitable, so the anti-slide pile is also
subject to certain external forces during the relative stability period. The anti-slide piles
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can play a long-term anti-sliding role in landslides and can effectively control landslides
to a great extent. However, it should be noted that if the strain that was in the relative
stability period is found to have changed greatly in the later monitoring, corresponding
investigations should be immediately carried out to determine whether the landslide enters
a new growth period.

The unstable data segments are abandoned, and the data sets at 10–33 m, which are
more in line with the actual situation, are selected for the BP neural network model training.
The correlation coefficient, determination coefficient, and relative error between the values
predicted by the training model and the actual values are calculated. According to the
calculation results, the model has a good effect and is relatively stable. To some extent, it
can predict the bending moment at any point of the anti-slide pile.

5. Conclusions

From the foregoing studies, we can draw the following conclusions:

(1) The effect of the anti-slide pile in landslide control has been verified. It can exert a
long-term anti-sliding role by analyzing monitoring data, as seen in recent years. If
other measures are combined in engineering practice, landslide control may reach
its apex.

(2) DOFS technology based on BOTDA gives full rein to advantages of full distribution,
high precision, and long distance in monitoring landslide anti-slide piles. This tech-
nology can collect strain and temperature data at any point along the optical fiber in a
structure at a given time. The collected data can be processed twice to extend it in the
needed direction.

(3) The bending moment calculation model of the anti-slide pile is established by the
monitoring data from sensing fibers in the anti-slide pile. Using this model, the
bending moment distribution along the anti-slide pile and its distribution form can be
obtained. The internal force state of the anti-slide pile is analyzed qualitatively and
evaluated quantitatively based on monitoring data obtained from the sensing fibers.
The design values and calculation values of the internal force of the anti-slide pile are
compared and analyzed, and the working state of the anti-slide pile is evaluated. At
present, the landslide is in a stable state, and the anti-slide pile still plays a good effect
in the anti-sliding function.

(4) The BP neural network used in machine learning can be used to predict the bending
moments of anti-slide piles. After several training iterations, a neural network model
that reflects the mapping relationship between input sets and output sets can be
obtained by selecting appropriate input sets and their corresponding output sets.
The BP neural network model can provide a novel data analysis and prediction
method for future engineering monitoring, combining engineering building and
monitoring methods.

This study does have certain limitations, however. Due to the different lengths of the
three rows of tensile reinforcement bars, sensor fibers were not deployed entirely according
to the theoretical design, leading to certain data processing and analysis errors. To prevent
overfitting, 10 training sets and 3 test sets were used to train the BP neural network model.
Still, data underfitting may occur in BP neural network training, as reflected in comparative
analysis between predicted data values and the actual data values in this paper.

Author Contributions: Conceptualization, C.W. and Q.D.; methodology, C.W., Q.D. and Y.Y.; valida-
tion, Y.Y.; formal analysis, C.W.; investigation, C.W., Y.Y., M.Y., K.D.; data curation, C.W.; writing—
original draft preparation, C.W.; writing—review and editing, C.W. and Q.D.; funding acquisition,
Q.D.; chart making and literature search, M.L. All authors have read and agreed to the published
version of the manuscript.

Funding: This research work was funded by The National Natural Science Foundation of China
(Grant No. 42077269).



Sensors 2022, 22, 2085 21 of 22

Conflicts of Interest: The authors declared that they have no conflict of interest relating to this work.
We declare that we do not have any commercial or associative interest that represents a conflict of
interest in connection with the work submitted.

References
1. Schimmel, A.; Hübl, J. Automatic detection of debris flows and debris floods based on a combination of infrasound and seismic

signals. Landslides 2016, 13, 1181–1196. [CrossRef]
2. Baum, R.L.; Godt, J.W. Early warning of rainfall-induced shallow landslides and debris flows in the USA. Landslides 2010, 7,

259–272. [CrossRef]
3. Urban, F.; Kadlec, J.; Vlach, R.; Kuchta, R. Design of a Pressure Sensor Based on Optical Fiber Bragg Grating Lateral Deformation.

Sensors 2010, 10, 11212–11225. [CrossRef] [PubMed]
4. Yu, Z.; Dai, H.; Zhang, Q.; Zhang, M.; Liu, L.; Zhang, J.; Jin, X. High-resolution distributed strain sensing system for landslide

monitoring. Optik 2018, 158, 91–96. [CrossRef]
5. Barrias, A.; Casas, J.R.; Villalba, S. A review of distributed optical fiber sensors for civil engineering applications. Sensors 2016,

16, 748. [CrossRef]
6. Nie, W.B.; Zhang, L.J.; Hu, J.Y. Study on designed thrust of anti-slide pile. Chin. J. Rock Mech. Eng. 2004, 23 (Suppl. S2), 5050–5052.

(In Chinese)
7. Yang, M.; Su, H. A study for optical fiber multi-direction strain monitoring technology. Optik 2017, 144, 324–333. [CrossRef]
8. Chen, H.; He, J.; Xue, Y.; Zhang, S. Experimental study on sinkhole collapse monitoring based on distributed Brillouin optical

fiber sensor. Optik 2020, 216, 164825. [CrossRef]
9. Sun, Y.; Li, Q.; Fan, C.; Yang, D.; Li, X.; Sun, A. Fiber-optic monitoring of evaporation-induced axial strain of sandstone under

ambient laboratory conditions. Environ. Earth Sci. 2017, 76, 379. [CrossRef]
10. Li, C.; Wu, J.; Tang, H.; Hu, X.; Liu, X.; Wang, C.; Liu, T.; Zhang, Y. Model testing of the response of stabilizing piles in landslides

with upper hard and lower weak bedrock. Eng. Geol. 2016, 204, 65–76. [CrossRef]
11. Liu, X.; Cai, G.; Liu, L.; Zhou, Z. Investigation of internal force of anti-slide pile on landslides considering the actual distribution

of soil resistance acting on anti-slide piles. Nat. Hazards 2020, 102, 1369–1392. [CrossRef]
12. Sharafi, H.; Sojoudi, Y. Experimental and Numerical Study of Pile-Stabilized Slopes Under Surface Load Conditions. Int. J. Civ.

Eng. 2016, 14, 221–232. [CrossRef]
13. Wang, H.; Wang, P.; Qin, H.; Yue, J.; Zhang, J. Method to Control the Deformation of Anti-Slide Piles in Zhenzilin Landslide. Appl.

Sci. 2020, 10, 2831. [CrossRef]
14. Leung, C.K.Y.; Wan, K.T.; Chen, L. A Novel Optical Fiber Sensor for Steel Corrosion in Concrete Structures. Sensors 2008, 8,

1960–1976. [CrossRef] [PubMed]
15. Song, C.J.; Zhou, D.P.; Xiao, S.G. Calculation of internal force of embedded anti-slide pile in high rock slope. Chin. J. Rock Mech.

Eng. 2005, 24, 105–109. (In Chinese)
16. Sun, A.; Wu, Z.; Huang, H. Development and evaluation of PPP-BOTDA based optical fiber three dimension strain rosette sensor.

Optik 2012, 124, 744–746. [CrossRef]
17. Tang, H.; Hu, X.; Xu, C.; Li, C.; Yong, R.; Wang, L. A novel approach for determining landslide pushing force based on

landslide-pile interactions. Eng. Geol. 2014, 182, 15–24. [CrossRef]
18. Wang, C.T.; Wang, H.; Qin, W.M.; Min, H.; Zhang, Y.F. Model test and numerical simulation study on the mechanical characteristics

of the anchored slide-resistant pile for stabilizing the colluvial landslide. Rock Soil Mech. 2020, 41, 3343–3354.
19. Yan, J.-F.; Shi, B.; Ansari, F.; Zhu, H.-H.; Song, Z.-P.; Nazarian, E. Analysis of the strain process of soil slope model during

infiltration using BOTDA. Bull. Eng. Geol. Environ. 2017, 76, 947–959. [CrossRef]
20. Di, H.; Xin, Y.; Jian, J. Review of optical fiber sensors for deformation measurement. Optik 2018, 168, 703–713. [CrossRef]
21. Ooi, P.S.K.; Ramsey, T.L. Curvature and Bending Moments from Inclinometer Data. Int. J. Géoméch. 2003, 3, 64–74. [CrossRef]
22. Zhang, S.; Xu, C.; Chen, J.; Jiang, J. An experimental evaluation of impact force on a fiber Bragg grating-based device for debris

flow warning. Landslides 2018, 16, 65–73. [CrossRef]
23. Zheng, Y.; Huang, D.; Zhu, Z.-W.; Li, W.-J. Experimental study on a parallel-series connected fiber-optic displacement sensor for

landslide monitoring. Opt. Lasers Eng. 2018, 111, 236–245. [CrossRef]
24. Jia, Z.; Wang, Z.; Sun, W.; Li, Z. Pipeline leakage localization based on distributed FBG hoop strain measurements and support

vector machine. Optik 2019, 176, 1–13. [CrossRef]
25. Pei, H.-F.; Teng, J.; Yin, J.-H.; Chen, R. A review of previous studies on the applications of optical fiber sensors in geotechnical

health monitoring. Measurement 2014, 58, 207–214. [CrossRef]
26. Wei, C.Q.; Deng, Q.L. Research on application of distributed optical fiber monitoring technology for subgrade settlement. J. Eng.

Geol. 2020, 28, 1091–1098. (In Chinese) [CrossRef]
27. Zhang, D.; Cui, H.; Shi, B. Spatial resolution of DOFS and its calibration methods. Opt. Lasers Eng. 2013, 51, 335–340. [CrossRef]
28. Habel, W.R.; Krebber, K. Fiber-optic sensor applications in civil and geotechnical engineering. Photonic Sens. 2011, 1, 268–280.

[CrossRef]
29. Huang, C.-J.; Chu, C.-R.; Tien, T.-M.; Yin, H.-Y.; Chen, P.-S. Calibration and Deployment of a Fiber-Optic Sensing System for

Monitoring Debris Flows. Sensors 2012, 12, 5835–5849. [CrossRef]

http://doi.org/10.1007/s10346-015-0640-z
http://doi.org/10.1007/s10346-009-0177-0
http://doi.org/10.3390/s101211212
http://www.ncbi.nlm.nih.gov/pubmed/22163521
http://doi.org/10.1016/j.ijleo.2017.12.013
http://doi.org/10.3390/s16050748
http://doi.org/10.1016/j.ijleo.2017.06.069
http://doi.org/10.1016/j.ijleo.2020.164825
http://doi.org/10.1007/s12665-017-6706-6
http://doi.org/10.1016/j.enggeo.2016.02.002
http://doi.org/10.1007/s11069-020-03971-4
http://doi.org/10.1007/s40999-016-0017-2
http://doi.org/10.3390/app10082831
http://doi.org/10.3390/s8031960
http://www.ncbi.nlm.nih.gov/pubmed/27879805
http://doi.org/10.1016/j.ijleo.2012.01.028
http://doi.org/10.1016/j.enggeo.2014.07.024
http://doi.org/10.1007/s10064-016-0916-0
http://doi.org/10.1016/j.ijleo.2018.04.131
http://doi.org/10.1061/(ASCE)1532-3641(2003)3:1(64)
http://doi.org/10.1007/s10346-018-1083-0
http://doi.org/10.1016/j.optlaseng.2018.08.017
http://doi.org/10.1016/j.ijleo.2018.09.048
http://doi.org/10.1016/j.measurement.2014.08.013
http://doi.org/10.13544/j.cnki.jeg.2020-317
http://doi.org/10.1016/j.optlaseng.2012.10.009
http://doi.org/10.1007/s13320-011-0011-x
http://doi.org/10.3390/s120505835


Sensors 2022, 22, 2085 22 of 22

30. Zhang, L.; Shi, B.; Zhu, H.; Yu, X.B.; Han, H.; Fan, X. PSO-SVM-based deep displacement prediction of Majiagou landslide
considering the deformation hysteresis effect. Landslides 2021, 18, 179–193. [CrossRef]

31. Emami, S.N.; Yousefi, S.; Pourghasemi, H.R.; Tavangar, S.; Santosh, M. A comparative study on machine learning modeling for
mass movement susceptibility mapping (a case study of Iran). Bull. Eng. Geol. Environ. 2020, 79, 5291–5308. [CrossRef]

32. Ma, J.W.; Wang, Y.K.; Niu, X.X.; Jiang, S.; Liu, Z.Y. A comparative study of mutual information-based input variable selection
strategies for the displacement prediction of seepage-driven landslides using optimized support vector regression. Stoch. Environ.
Res. Risk Assess. 2022, 1–21. [CrossRef]

33. Deng, D.M.; Liang, Y.; Wang, L.Q.; Wang, C.S.; Sun, Z.H.; Wang, C.; Dong, M.M. Displacement prediction method based on
ensemble empirical mode decomposition and support vector machine regression—A case of landslides in Three Gorges Reservoir
area. Rock Soil Mech. 2017, 12, 1001–1009.

34. Zhou, C.; Yin, K.; Cao, Y.; Ahmed, B. Application of time series analysis and PSO–SVM model in predicting the Bazimen landslide
in the Three Gorges Reservoir, China. Eng. Geol. 2016, 204, 108–120. [CrossRef]

35. Bao, X.; Chen, L. Recent Progress in Brillouin Scattering Based Fiber Sensors. Sensors 2011, 11, 4152–4187. [CrossRef]
36. Pham, B.T.; Jaafari, A.; Prakash, I.; Bui, D.T. A novel hybrid intelligent model of support vector machines and the MultiBoost

ensemble for landslide susceptibility modeling. Bull. Eng. Geol. Environ. 2019, 78, 2865–2886. [CrossRef]
37. Li, C.; Tang, H.; Ge, Y.; Hu, X.; Wang, L. Application of back-propagation neural network on bank destruction forecasting for

accumulative landslides in the three Gorges Reservoir Region, China. Stoch. Environ. Res. Risk Assess. 2014, 28, 1465–1477.
[CrossRef]

http://doi.org/10.1007/s10346-020-01426-2
http://doi.org/10.1007/s10064-020-01915-7
http://doi.org/10.1007/s00477-022-02183-5
http://doi.org/10.1016/j.enggeo.2016.02.009
http://doi.org/10.3390/s110404152
http://doi.org/10.1007/s10064-018-1281-y
http://doi.org/10.1007/s00477-014-0848-9

	Introduction 
	Case Study 
	Engineering Situation 
	Brillouin Fiber Technology and BP Neural Network 
	Principles of BOTDA Monitoring 
	BP Neural Network Algorithm 

	Analysis of Monitoring Data 
	Analysis of Strain and Temperature Data for BOTDA Technology 
	Data Comparison of Sensor Fiber and Steel Rebar Meters 


	Analysis of Internal Force Characteristics of Anti-Slide Pile 
	Calculation Model of Anti-Slide Pile Internal Force 
	Internal Force Calculation of Anti-Slide Pile Based on DOFS 
	Bending Moment Distribution 
	Fitting of Bending Moment 

	Internal Force Training Model of the Anti-Slide Pile Based on Machine Learning 

	Results and Discussions 
	Conclusions 
	References

