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Abstract: Horizontal deformation is a key parameter in the structural assessment of concrete piles,
especially in landslide cases. However, the existing deformation-monitoring methods cannot satisfy
the demands of long-term monitoring. Therefore, a new method based on distributed optical-fibre
sensing technology is proposed for the long-term monitoring of the horizontal deformation of concrete
piles. First, a distributed long-gauge optical-fibre sensor is embedded into a fibre-reinforced polymer
(FRP) for the excellent distributed strain measurement of the concrete piles in damage cases, such as
concrete cracking and reinforcement yielding. Second, based on the typical Winkler beam model,
a calculation theory can be constructed for the horizontal deformation of the concrete piles with
the input of the strain measurement. Lastly, the proposed method is verified via finite element
simulation and static experiments in a laboratory, and the results show good accuracy. Before the
case of reinforcement yielding, the largest measurement error of deformation is about 1 mm. It can be
up to several millimetres after reinforcement yielding due to the large gap between the calculation
model and the actual structure, while the relative measurement error is only about 10%. Due to
the distributed strain measurement, the inside horizontal deformation distribution of the concrete
piles can be monitored online with the proposed method to implement a detailed assessment of the
pile health. Additionally, considering the excellent long-term performance of FRPs and optical-fibre
sensors, the proposed method can be applied for the long-term deformation monitoring of concrete
piles.

Keywords: concrete pile; horizontal deformation monitoring; FRP-packaged distributed optical-fibre
sensor; distributed strain measurement; landslide

1. Introduction

Concrete piles are often used to resist earth pressure and to stabilise the soil in slope
engineering. However, due to some factors, such as raining and overloading, the initial
stable state of a soil slope may change, even leading to soil sliding within the slope. During
a mechanical state change, a concrete pile will often undergo horizontal deformation,
which will endanger the concrete pile. Moreover, the degradation of the concrete pile
will compromise the safety of the soil slope. Therefore, a reliable, effective long-term
deformation-monitoring method is needed to ensure the safety of horizontally loaded
piles [1,2].

Linear-variable differential transformers (LVDTs) [3], inclinometers [4–6], and
vibrating-wire strain gauges (VWSGs) are usually used in the deformation monitoring of
concrete piles [7,8]. The horizontal deformation at the pile top can be directly measured
with an LVDT with high accuracy [3]. However, LVDTs are not suitable for long-term
monitoring because support is needed to install the instruments. Moreover, the horizontal
deformation distribution along the pile in the soil cannot be obtained with LVDTs. An incli-
nometer is often applied to measure the inclination of a pile [4,6]. Horizontal deformation
can be assessed using the inclination distribution results, but its accuracy should still be
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improved to satisfy the monitoring demands. Compared with resistance strain gauges,
VWSGs exhibit better strain measurement accuracy and stability. They are commonly used
for the strain monitoring of piles [7]. However, due to the limitation in the number of strain
measurement points, the accuracy of horizontal deformation measurement should also be
further enhanced. The use of many VWSGs will considerably increase costs. In conclusion,
there is some difficulty in measuring the horizontal deformation distribution along a pile
with the traditional methods if some detailed health of the pile needs to be assessed.

Meanwhile, substantial progress has been obtained in distributed optical-fibre sensing
technology, such as Brillouin optical time-domain analysis (BOTDA) [9,10] and Brillouin
optical frequency-domain analysis (BOFDA) [11]. Since it was proposed for engineering
measurements in 1989, BOTDA has been applied to monitor various geotechnical structures,
such as piles, slopes, retaining walls, and excavations, with high strain measurement
accuracy and spatial resolution [12–16]. In these applications, the strain distribution can
be obtained with an accuracy of about several µε to more than 20 µε, which should be
improved when it is applied to identify some small structure changes, such as the early
stage of concrete cracking, or a small loading change. Luckily, the measurement of the strain
distribution provides a whole detailed understanding of the monitored structure. However,
due to limitations in its spatial resolution (about 10 cm to 50 cm), a nonuniform distribution
of the strain within the spatial resolution greatly decreases the strain measurement accuracy
of BOTDA. Therefore, a new BOTDA-based long-gauge sensor was proposed, which was
first proposed for making distributed long-gauge fibre Bragg grating (FBG) sensors [17]; it
was packaged with a fibre-reinforced polymer (FRP) [18], and the gauge length reached
30 cm. The strain distribution within the gauge length was uniform, so strain measurement
accuracy was guaranteed. Some research about FBG-FRPs was also implemented to verify
the advantage of FRP-packaged optical-fibre sensors, such as embedding FBG-FRPs inside
the cable to monitor the distributed cable force [19] and identifying the thermomechanical
strain of carbon FRPs (CFRPs) with embedded FBG sensors [20]. The above research has
proven that FRP-packaged distributed optical-fibre sensors can implement an accurate
strain distribution measurement inside a concrete structure. However, there is little research
on deformation assessment with sensing technology.

As a pile is buried in the soil, the long-term monitoring of the deformation distribution
along the pile is important in assessing the structural condition of the pile. However, the
traditional method presents some difficulty due to technological or economic problems.
Therefore, a new method based on distributed optical-fibre sensing technology is pro-
posed for the long-term monitoring of the horizontal deformation of concrete piles with
FRP-packaged distributed optical-fibre sensors. In the proposed method, the deformation
distribution along the pile can have its novelty assessed using the distributed strain mea-
surement. Considering the excellent long-term performance and low cost of FRP-packaged
sensors, the proposed method solves these problems for piles as suggested. To implement
this method, the theory of strain deformation conversion is constructed based on the basic
beam theory. Then, it is verified via some static experiments of the pile model through a
finite element (FE) analysis with a pile specimen in a laboratory.

2. Introduction to FRP-Packaged Distributed Optical-Fibre Sensors
2.1. Strain-Sensing Principle

As shown in Figure 1, a pulse laser (pump laser) and a continuous laser source (probe
laser) are introduced into the optical fibre from both ends. When the frequency difference
between the two lasers is equal to the Brillouin frequency shift, Brillouin amplification
(stimulated Brillouin scattering) occurs in which the two lasers transfer energy [21]. Bril-
louin scattering is then collected and analysed by a receiver. The central frequency of
Brillouin scattering presents a linear relationship with the strain change. Moreover, Bril-
louin scattering can happen theoretically at each position along the optical fibre. Therefore,
distributed strain sensing can be implemented along the optical fibre.
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Figure 1. Strain-sensing principle of BOTDA.

In BOTDA, the spatial resolution (often about 10 cm) is a key parameter influencing
the application effects of the strain distribution measurement. A nonuniform distribution of
the strain within the spatial resolution greatly decreases the strain measurement accuracy
of BOTDA as shown in Figure 2a. Therefore, improvement is needed to increase strain
measurement accuracy, especially around concrete cracks.
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In actual applications, optical-fibre sensors are often installed via fixed-point bond-
ing [22] as shown in Figure 2b. The strain is distributed uniformly along the optical fibre
between the two fixed points, even when the strain of the structure is distributed nonuni-
formly due to concrete cracks. Thus, the strain measurement accuracy of optical-fibre
sensors based on BOTDA can be increased for concrete structures, even in cases with cracks
developing. The type of sensor is called a long-gauge optical-fibre sensor. The long-gauge
style might slightly decrease sensitivity in cases with small local strain changes, but it is
important to ensure basic strain measurement accuracy.

2.2. FRP-Packaged Distributed Optical-Fibre Sensors

Optical fibres are made of glass, so they may be easily broken when used without any
special protection in civil engineering. Due to its excellent durability, high strength, and
easy manufacture, an FRP is selected in this study as a protective material for optical-fibre
sensors. Moreover, an FRP is a typical linear elastic material; it resists residual deformation
and prevents a deformation lag upon the sensors. As shown in Figure 3, a distributed
optical-fibre sensor is embedded into an FRP bar, forming the proposed long-gauge sensor.

Here, a basalt FRP (BFRP) is applied due to some advantages, especially its sensing
purpose. The ultimate strain of a BFRP is much larger than that of a CFRP, which helps the
sensor monitor a large strain in some special conditions, like seriously damaged structures.
The thermal expansion coefficient of a BFRP is much closer to concrete than that of a CFRP,
decreasing the stress caused by a temperature change [23]. It is also found that a BFRP has
a higher compressive strength, Young’s modulus, and flexural strength than those of an
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E-glass FRP. When compared with S-glass and carbon fibres, the basalt fibre shows lower
mechanical properties. However, S-glass and carbon fibres are much more expensive than
the basalt fibre, which makes the basalt fibre more applicable. Moreover, the resistance of
a BFRP to the alkali environment inside concrete structures is not as excellent as that of a
CFRP, but it is still good enough to keep the optical fibres inside the BFRP stable [24,25].
The fatigue performance may also be a problem for a BFRP when it is compared with a
CFRP. Luckily, the static loading state is the main loading mode when a BFRP-packaged
optical-fibre sensor is applied to monitoring a pile.
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Figure 3. FRP-packaged distributed optical-fibre sensor.

The diameter of a BFRP bar applied to packaged optical-fibre sensors is usually from
6 mm to 10 mm. The size of a BFRP bar cannot be too large to decrease the cost of the
sensor package and to avoid the strain-transferring problem. Moreover, the size cannot be
too small to keep the bar strong enough to survive the concrete pile construction process.
From the previous research, the size of a BFRP bar, as mentioned above, shows no obvious
influence on the strain-sensing performance [23]. Considering the environment of the
construction field, a diameter of 10 mm is suggested and selected for the BFRP bar in
this paper.

An optical-fibre sensor is bonded with an FRP bar via two bonding zones that are
each about 5 cm long. Meanwhile, the optical fibre is not bonded with the FRP within the
long-gauge zone, thus making the strain distribute uniformly along the optical fibre. The
length of the long-gauge zone is often set as 25 cm to ensure that the optical fibre is long
enough to sense the average strain of the gauge length considering a spatial resolution of
10 cm for BOTDA. Therefore, the total gauge length is about 30 cm. If the gauge length
is too large, the average strain will not easily reflect the local damage. Moreover, some
prestrain is applied to the optical fibre, especially for measuring the compressive strain.

The strain-sensing performance of the proposed FRP-packaged distributed
optical-fibre sensor is investigated via static tensile tests, and the typical results are shown
in Figure 4. Detailed information about the tests and other results can be found in a pre-
vious paper [18]. In Figure 4a, a platform is found in the middle of the data curve which
contains five strain measurement points. Considering that the sampling interval is 5 cm,
the length of the platform is equal to the long-gauge zone length. Meanwhile, the strain at
the two ends of one sensing gauge cannot be measured with satisfactory accuracy due to
the complicated strain distribution along the bonding zone. Therefore, strain averaging
is implemented on the strain results of the platform. A good strain-sensing performance,
specifically excellent sensing linearity, good repeatability, and high accuracy, is observed
in Figure 4b.
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3. Distributed Deformation Monitoring of Concrete Piles under Horizontal Loads
Based on Distributed Strain Sensing

Concrete piles are often buried deeply enough to stop landslides as shown in Figure 5a.
However, due to some unexpected factors, such as flooding, slide deformation may happen
inside a slope before its collapse. In this case, the pile encounters horizontal loads from
the soil. The pile structure can be simplified as a typical Winkler beam model as shown
in Figure 5b. In this model, the bottom end of the beam (node N0) is considered to be a
fixed support, which means that there is no horizontal deformation. This assumption is
reasonable, as sliding often happens at the upper part of the pile.
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Figure 5. Pile structure in a slope and its calculation model: (a) pile structure, (b) simplified model of
pile, and (c) conjugate model.

In Figure 5b, the pile model is divided into n elements, namely, E1 to En. Each element
has the same length, which is set to be the same as the sensing gauge length of the proposed
FRP-packaged distributed optical-fibre sensors when applied to the distributed strain
monitoring of piles. At each node, Ni (from N1 to Nn), except N0, spring support is applied,
which means that some horizontal deformation may occur at the node. In the figure, F is
the horizontal load from the soil, which is usually difficult to measure.

For horizontal deformation monitoring, the traditional method, namely, the conjugate
beam method [26], is applied to the distributed strain measurement in this paper. In
the conjugate beam method, the absolute value of the deformation distribution vertical
to the length of the original beam is equal to the absolute value of the moment in the
conjugated beam. The conjugated model of the pile structure is shown in Figure 5c. The
additional moment, mi, at the ith node is applied to reflect the landslide-induced possibility
of horizontal deformation at the spring support in the original pile model. In the conjugated
model, the horizontal load is applied to the conjugated model, whose absolute value is
equal to the absolute value of the curvature of the original model. Considering the average
strain-sensing style of the proposed optical-fibre sensor, the uniform load, fi, is applied
to each element of the conjugated model as shown in Figure 5c. Meanwhile, the uniform
load, fi, can be expressed by Equation (1) in which εi is the average strain of the ith element
and yi is the average distance from the sensor to the neutral axis position. Moreover,
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the element length is set to be the same as the gauge length of the applied distributed
optical-fibre sensor.

fi =
εi
yi

(1)

In Figure 5c, the bending moment, mi, at each node can be calculated using Equation
(2), where l is the element length, which is often set as the same value for all the elements.

mi =
i

∑
j=1

f jl(i− j +
1
2
)l =

i

∑
j=1

(i− j +
1
2
) f jl2 (2)

Then, Equation (3) can be obtained by plugging Equation (1) into Equation (2).

mi =
i

∑
j=1

(i− j +
1
2
)

ε jl2

yj
(3)

Due to the principle of the conjugate beam method, the deformation, di, of the original
beam vertical to the beam length at each node is equal to the bending moment of the
conjugate beam at the same position as shown in Equation (4).

di = mi =
i

∑
j=1

(i− j +
1
2
)

ε jl2

yj
(4)

The above equations show that the average strain of each element, εi, and the average
distance from the sensor to the neutral axis position, yi, are important parameters in the
deformation monitoring of concrete piles. The former is measured with the proposed
distributed optical-fibre sensor, while the latter is not easily obtained accurately, especially
in cases of concrete cracking. Therefore, another calculation model, namely, a fibre model,
is applied to determine the neutral axis position as shown in Figure 6.
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In the fibre model, the following assumptions are made: (1) All the parameters used
are the average values of the monitored elements along the element length. (2) The plane-
section assumption is still right in this model. (3) The stress–strain relationship of the
concrete and steel rebar is defined by the Chinese code GB50010-2010 [27]. (4) The stress–
strain relationship of the FRP bar is linear. (5) The bond slip between the reinforcement
(the steel rebar and FRP bar) and concrete is disregarded.

Horizontal loads are the only loads applied to pile structures during landslides. Here,
the self-gravity force is neglected. Therefore, the inner forces vertical to the cross-section of
the pile balance; that is, the sum of these inner forces is zero as shown in Equation (5).

Asσs + A f σf + A′sσ′s +
n

∑
j=1

Acσcj = 0 (5)
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With the plane-section assumption, the relationship between the strains can be ex-
pressed as Equation (6). For the ith monitored element of the pile, yi = hn − hf, and
εi = εf. Then, Equation (6) can be expressed as Equation (7). As the strain, εi, can be obtained
by the proposed optical-fibre sensor, there is only one unknown parameter, namely, yi.
The stressors σf, σs, σ′s, and σcj are obtained by taking the strains εf, εs, ε′s, and εcj in the
stress–strain relationship of the FRP, steel bar, and concrete. Lastly, yi is calculated by
plugging these stressors into Equation (5).

εs =
hn − hs

hn − h f
ε f , ε′s =

hn − h′s
hn − h f

ε f , εcj =
hn − hcj

hn − h f
ε f (6)

εs =
yi + h f − hs

yi
εi, ε′s =

yi + h f − h′s
yi

εi, εcj =
yi + h f − hcj

yi
εi (7)

In Figure 6 and Equations (5) and (6), h is the section height; hf, hs, h′s, hcj, and hn
are the distances from the centre of the embedded optical-fibre sensor, tension steel bar,
compression steel bar, jth concrete fibre element, and neutral axis to the beam bottom,
respectively. εf, εs, ε′s, and εcj are the strains of the packaged optical-fibre sensor, tension
steel bar, compression steel bar, and jth concrete fibre element, whereas σf, σs, σ′s, and σcj
are the stressors of these parts, respectively. Af, As, A′s, and Acj are the cross-sectional
areas of the packaged optical-fibre sensor, tension steel bar, compression steel bar, and jth
concrete fibre element, respectively. In both the stress and strain, the tension is positive,
and the pressure is negative. After the parameter yi is obtained, the deformation can be
calculated using Equation (4).

There is a natural gap between the calculation model and the actual pile structure,
as the horizontal deformation caused by the shear stress is neglected in this paper, which
creates some error for the deformation calculation. However, the deformation caused by
the bending stress is considered to be the main part of the horizontal deformation of the
pile in a landslide case. Therefore, the error is considered to be only a small error.

Moreover, under some special conditions, the proposed method may present a large
error or fail. If the bottom of the pile loosens during a landslide, there will be some rigid
body movements that will cause additional horizontal deformation. This deformation
cannot be calculated with the proposed method, which can only calculate the deformation
caused by stress. Moreover, if some serious damage causes the pile to undergo plastic hinge
effects or a fracture, the proposed method may present a much large error.

The proposed method is applied to calculate the bending deformation using the
distributed strain. If the bending mode is not the main loading mode for the pile, the
proposed method will present a large error or even fail to implement the deformation
calculation. If the bending mode is still the main loading mode, no matter the load value or
type or the service environment, the proposed method will still be useful. Luckily, in the
case of the landside in this paper, the bending mode is the main loading mode for the pile.

4. FE Model Simulation
4.1. Description of FE Model

The concrete pile model was simulated with the FE software Abaqus 2020 under
landslide conditions to verify the proposed method. In the model, the concrete, steel, and
soil were considered to be elastoplastic materials, while the FRP was considered to be
an elastic material. Detailed information about the materials is shown in Table 1. The
parameters of the concrete, steel, and soil were from the Chinese code GB50010-2010 [27],
while the parameters of the FRP were provided by the manufacturer. The stress–strain
relationship of the concrete and steel was defined by the Chinese code GB50010-2010 [27],
while the Drucker–Prager (DP) yield criterion was applied for the soil.
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Table 1. Mechanical properties of materials.

Material
Elastic

Modulus
(GPa)

Density
(kg/m3)

Poisson’s
Ratio

Compressive
Strength

(MPa)

Tensile
Strength

(MPa)

Cohesive
Force
(kPa)

Internal Friction
Angle

(◦)

Concrete 29.8 2500 0.17 20.1 2.01
Steel 200 7800 0.30 400 400
FRP 60 2000 0.2 500 1000
Soil 0.26 1900 0.42 19 31

A three-dimensional solid element (unit C3D8R) was applied to the concrete and soil in
the model, while a truss element (unit T3D2) was used for the steel bar and FRP-packaged
sensor. The interaction between the concrete and soil was considered to be typical surface–
surface contact. The slip between the concrete and steel bar was neglected in the model.
The slip between the concrete and the FRP-packaged sensor was also neglected, as there
was nearly no obvious debonding happening before the yielding of the steel bar [18]. The
interface between the optical-fibre sensor and FRP was fixed in the FE model, namely, no
debonding, as the length of the bonding zone, 5 cm, was long enough to cause no interface
debonding to happen before the sensing failure.

The piles were positioned in a row along the slope at certain intervals. In this paper, the
spacing was 3.2 m, which was obtained from an actual slope. Therefore, in the simulation
model, the depth of the model was set as 3.2 m, and one pile was set in the middle. Figure 7a
presents the details of the geometric model. For the pile, the length was 18.5 m, and its
section was a square with a side length of 0.8 m. The FRP-packaged sensor was installed
along the steel bar to obtain the strain distribution, as shown in Figure 7b, for which the
gauge length was 30 cm. Moreover, the BFRP was applied here.

For the simulation, the FE model was constructed as shown in Figure 7c. In the model,
the mesh size was 100 mm for the reinforcement, while it was 40 mm for the concrete. In
the model, the strength reduction method was applied to simulate the landslide [28]; the
cohesion and internal friction angle of the soil were reduced through a specific reduction
formula, and the model was recalculated until the instability case happened according to
the Mohr–Coulomb criterion. The strain distribution along the FRP-packaged sensor was
extracted from the model for each case. Then, the results were plugged into the proposed
equations, which are presented in the above chapter, to calculate the horizontal deformation
distribution of the pile. For comparison, the horizontal deformation along the pile was also
extracted from the model.

4.2. FE Simulation Results

Figure 8 presents the typical results of the FE simulation from which the landslide
surface can be easily identified. The greatest damage to a pile occurs near the slide surface.
The applicability of the proposed method was verified by extracting the results of the
loading cases to implement the analysis, namely, Case 1 (concrete before cracking), Case 2
(concrete after cracking (reinforcing steel bar before yielding)), and Case 3 (reinforcing steel
bar after yielding) as shown in Figure 9.

The axial strain of the FRP-packaged sensor at the tensile side was extracted as the
strain-monitoring value as shown in Figure 9. From the strain distribution, the damage
zone can be identified. In Case 1, there are not too many differences along the strain
distributes of the pile among which the largest strain is about 100 µε, meaning no concrete
cracking. In Case 2, the strain increases greatly, especially along the length from 6 m to
10 m, where the largest strain is more than 1000 µε, indicating that some large concrete has
developed. In Case 3, the large strain zone expands from 5.5 m to 11.5 m, and the largest
strain is up to 2000 µε, indicating the occurrence of reinforcement yielding. From the results
of the strain distribution, it can also be found that the distributed strain measurement can
identify where the damage happens, as the damage lies locally.



Buildings 2023, 13, 2454 9 of 16
Buildings 2023, 13, x FOR PEER REVIEW 9 of 17 
 

 
(a) (b) 

 
(c) 

Figure 7. Detailed information of the model: (a) geometric model, (b) pile section, and (c) FE model 
(unit: mm). 

4.2. FE Simulation Results 
Figure 8 presents the typical results of the FE simulation from which the landslide 

surface can be easily identified. The greatest damage to a pile occurs near the slide surface. 
The applicability of the proposed method was verified by extracting the results of the 
loading cases to implement the analysis, namely, Case 1 (concrete before cracking), Case 
2 (concrete after cracking (reinforcing steel bar before yielding)), and Case 3 (reinforcing 
steel bar after yielding) as shown in Figure 9. 

The axial strain of the FRP-packaged sensor at the tensile side was extracted as the 
strain-monitoring value as shown in Figure 9. From the strain distribution, the damage 
zone can be identified. In Case 1, there are not too many differences along the strain dis-
tributes of the pile among which the largest strain is about 100 µε, meaning no concrete 
cracking. In Case 2, the strain increases greatly, especially along the length from 6 m to 10 
m, where the largest strain is more than 1000 µε, indicating that some large concrete has 
developed. In Case 3, the large strain zone expands from 5.5 m to 11.5 m, and the largest 
strain is up to 2000 µε, indicating the occurrence of reinforcement yielding. From the re-
sults of the strain distribution, it can also be found that the distributed strain measurement 
can identify where the damage happens, as the damage lies locally. 

Figure 7. Detailed information of the model: (a) geometric model, (b) pile section, and (c) FE model
(unit: mm).

Buildings 2023, 13, x FOR PEER REVIEW 10 of 17 
 

 
Figure 8. Typical results of x-direction deformation of FE simulation. 

 
Figure 9. Results of strain. 

4.3. Verification of Deformation Calculation 
The strain results were inputted into the proposed method to calculate the horizontal 

deformation distribution of the pile. The results of the horizontal deformation distribution 
of the pile can be directly extracted from the FE model, which is considered to be the true 
value. The deformation results are presented in Figure 10a. The horizontal deformation is 
largest at the top of the pile, and it decreases greatly along the depth until reaching the 
slide surface. The horizontal deformation of the parts of the pile below the slide surface is 
small and changes only slightly with the loading case. The results also indicate that the 
calculated deformation is close to the true value, even after the steel bar yields. However, 
an evident error develops with the loading case. As shown by the results in Figure 10b, 
the error increases with the deformation, and it is largest at the top of the pile. Nonethe-
less, the relative value of the larger error is still about only 10%, which can be accepted in 
civil engineering. A partial reason for this error is the difference between the calculation 
model and the actual structure. In addition, the great damage may have changed the de-
formation type. For Case 3, due to the great damage from the steel bar yielding, some rigid 
body movements may have caused the calculation error to increase greatly for the pile 
parts above the damage zone. Therefore, the proposed method should be further im-
proved to consider such great damage to increase the calculation accuracy. 

Figure 8. Typical results of x-direction deformation of FE simulation.

4.3. Verification of Deformation Calculation

The strain results were inputted into the proposed method to calculate the horizontal
deformation distribution of the pile. The results of the horizontal deformation distribution
of the pile can be directly extracted from the FE model, which is considered to be the true
value. The deformation results are presented in Figure 10a. The horizontal deformation
is largest at the top of the pile, and it decreases greatly along the depth until reaching the
slide surface. The horizontal deformation of the parts of the pile below the slide surface is
small and changes only slightly with the loading case. The results also indicate that the
calculated deformation is close to the true value, even after the steel bar yields. However,
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an evident error develops with the loading case. As shown by the results in Figure 10b, the
error increases with the deformation, and it is largest at the top of the pile. Nonetheless,
the relative value of the larger error is still about only 10%, which can be accepted in civil
engineering. A partial reason for this error is the difference between the calculation model
and the actual structure. In addition, the great damage may have changed the deformation
type. For Case 3, due to the great damage from the steel bar yielding, some rigid body
movements may have caused the calculation error to increase greatly for the pile parts
above the damage zone. Therefore, the proposed method should be further improved to
consider such great damage to increase the calculation accuracy.
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5. Static Experiments of Concrete Pile Specimen
5.1. Description of Experiments

In this paper, a concrete pile was subjected to static loads as shown in Figure 11a. Due
to the limitations imposed by the laboratory conditions, the landslide could not be easily
simulated. Therefore, some horizontal loads were applied to a scale model of the concrete
pile to verify the sensing performance and assessment accuracy of the proposed method.

In the tests, the concrete pile specimen was affixed to a steel bucket filled with soil to
simulate an actual soil foundation. According to the tests, the average compressive strength
of the concrete was 43.21 MPa, while the elastic modulus was 32.5 GPa. The pile model
had a length of 1.8 m and had a square section. The length of each side of the section was
0.2 m. There was one steel bar with a diameter of 12 mm at each corner of the section.

One FRP-packaged sensor was installed in the middle of the sideline of the section,
while another sensor was installed at the same position at the opposite sideline. During the
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tests, the largest tension and compressive strain occurred at the two sidelines. The diameter
of the sensor was about 10 mm, and the gauge length was 300 mm. In total, there were
five sensing gauges as shown in Figure 11b. Accordingly, the pile was divided into five
elements for monitoring, namely, Element 1 to Element 5; one element (Element 0) was
set for loading as shown in Figure 11a. For comparison, one traditional strain gauge was
bonded at the surface of the FRP-packaged sensor in the middle of each sensing gauge.
Meanwhile, some deformation metres were installed at the surface of the pile at some
nodes (Node 1, Node 2, and Node 3) to measure the horizontal deformation as shown in
Figure 11a.

During the loading tests, the data of the optical-fibre sensor were collected by the
distributed optical-fibre sensing system (Figure 11c) NBX-6050 (Neubrex Co, Ltd, Tokyo,
Japan). The strain measurement accuracy of the system could reach 7.5 µε, while the
largest sensing length could be up to 20 km. In the tests, loading was applied to the step
of the referenced horizontal deformation. The deformation measured by metre #1 is the
referenced deformation. The test was terminated after the steel bar yielded.
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5.2. Experimental Results and Analysis
5.2.1. Strain Measurement Results

The strain measurements obtained by the optical-fibre sensor are presented in Figure 12.
According to the results, the largest strain happened at Element 4 of the pile model due
to the confines of the surrounding soil. Therefore, concrete cracking and reinforcement
yielding occurred easily within Element 4. Another discovery is that the strain at the
compressive side is much smaller than that at the tensile side, especially in the large-load
case. One reason is that the concrete cracks at the tensile side made the neutral axis move
toward the compressive side, which made the strain increase at the compressive side less
than at the tensile side. Furthermore, the prestrain loss within the optical-fibre sensor may
have made the sensor fail to further measure the compressive strain, as was the case for
Element 2 and Element 3. Therefore, the strain measurements obtained by the optical-fibre
sensor at the tensile side are much more reliable that those at the compressive side. The
strain measurement results at the tensile side were also used in the deformation calculation
in this paper.
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Figure 12. The strain measurement results (a) at the compression side and (b) at the tension side
obtained by optical-fibre sensors.

Traditional strain gauges were applied in the tests to assess the strain measurement
performance of the proposed FRP-packaged distributed optical-fibre sensor. Some of
the typical results at the tensile side were extracted and are compared in Figure 13. The
strain measurements from the optical-fibre sensor are generally close to those from the
strain gauge, but the largest measurement difference is 200 µε. One important reason for
this difference is that the strain gauge was installed on the surface of the FRP-packaged
sensor, while the optical-fibre sensor was inside the sensor. Another reason is that local
damage, such as concrete cracks, may have exerted a more noticeable influence on the strain
gauge, as the optical-fibre sensor measured the average strain change along the sensing
gauge length.

5.2.2. Results of Horizontal Deformation

The measured strain results were inputted into the proposed method to calculate the
horizontal deformation distribution of the concrete pile. The calculated deformation results,
as shown in Figure 14, indicate that the horizontal deformation is largest at the top of the
pile model and then decreases greatly toward the bottom. The distribution agrees with the
theoretical distribution, which indicates the validity of the proposed method.
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Figure 13. Typical comparison results of different strain-sensing methods: (a) Element 2 and Element
5 and (b) Element 3 and Element 4.
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5.3. Verification of Deformation Calculation

For further evaluation of the performance of the proposed method, the deformation
results obtained by the optical-fibre sensor were compared with those obtained by the
traditional metre, which were considered the true value of the horizontal deformation.
From the results in Figure 15, it is found that the measured deformation values from the
two types of sensing methods are close to each other, even in the large-deformation case
of steel yielding. The measurement error was calculated and is presented in detail in
Figure 16. The absolute error increases with the deformation as shown in Figure 16a, and
the largest error is about 1.2 mm in the largest-deformation case at Node 1. By contrast,
the absolute value of the relative error decreases with an increase in the deformation as
shown in Figure 16b. The relative error of the horizontal deformation measurement at the
top of the pile model can be limited within 12.5%, especially in the large-deformation case.
The primary reason for such a measurement error is the gap between the theoretical model
and the actual structure. However, the large relative error in the small-deformation case
may have been mostly caused by the low accuracy of the deformation metre in measuring
small deformations and the instability of BOTDA in measuring small strains. Therefore,
the calculation model needs to be further modified to improve the measurement accuracy,
especially for large deformations, which are important in the assessment of pile safety.
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Figure 15. The measurement comparison results of (a) Node 1, (b) Node 3, and (c) Node 5.
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6. Conclusions and Remarks

In this paper, distributed strain-sensing technology is applied along with an FRP-
packaged long-gauge optical-fibre sensor to measure the strain distribution of concrete piles
under horizontal loading. Then, the horizontal deformation distribution can be calculated
with the proposed calculation equations. Lastly, the performance of the proposed method
is verified via some static experiments on an FE pile model with a pile specimen in a
laboratory. The following conclusions are drawn:

(1) The proposed FRP-packaged distributed optical-fibre sensor can be applied to monitor
the distributed strain distribution of concrete pile structures, even in great-damage
cases, such as reinforcement yielding.



Buildings 2023, 13, 2454 15 of 16

(2) Based on the typical Winkler beam model, the horizontal deformation of a concrete
pile can be calculated with the input of the distributed strain measurements, even
when considering the development of structural damage, such as concrete cracking
and reinforcement yielding.

(3) The proposed method is verified to have good accuracy by the results of the FE
simulation and static experiments. Before the case of reinforcement yielding, the
deformation measurement error with the proposed method is about 1 mm. It can be
up to several millimetres after reinforcement yielding due to the large gap between
the calculation model and the actual structure, while the relative measurement error
is still about 10%.

Further work is needed to make the proposed method more applicable to pile mon-
itoring. First, the measurement accuracy and range of the sensor should be improved,
especially for compressive strain monitoring. Second, the gap between the calculation
model and actual pile structures decreases the measurement accuracy of the proposed
method, especially after the development of great structural damage. Therefore, the calcu-
lation model should be modified to enhance the accuracy of the horizontal deformation
assessment of concrete piles in landslide cases.

Considering the excellent long-term monitoring of optical-fibre sensing technology,
the proposed method can be effectively applied to the horizontal deformation monitoring
of concrete piles.
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LVDTs Linear-variable differential transformers
VWSGs Vibrating-wire strain gauges
BOTDA Brillouin optical time-domain analysis
BOFDA Brillouin optical frequency-domain analysis
FBG Fibre Bragg grating
FRP Fibre-reinforced polymer
FE Finite element
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