Geomechanics and Engineering, Vol. 24, No. 4 (2021) 337-348
DOI: https://doi.org/10.12989/gae.2021.24.4.337

Performance monitoring of offshore PHC pipe pile using BOFDA-based
distributed fiber optic sensing system

Xing Zheng', Bin Shi*l, Hong-Hu Zhu**!, Cheng-Cheng Zhang'?, Xing Wang?® and Meng-Ya Sun'

School of Earth Sciences and Engineering, Nanjing University, 163 Xianlin Ave, Nanjing, China
2Yuxiu Postdoctoral Institute, Nanjing University, 163 Xianlin Ave, Nanjing, China
3Nanjing University High-Tech Institute at Suzhou, 150 Renai Rd, Suzhou, China

(Received July 21, 2020, Revised January 24, 2021, Accepted January 29, 2021)

Abstract.  Brillouin Optical Frequency Domain Analysis (BOFDA) is a distributed fiber optic sensing (DFOS) technique that
has unique advantages for performance monitoring of piles. However, the complicated production process and harsh operating
environment of offshore PHC pipe piles make it difficult to apply this method to pile load testing. In this study, sensing cables
were successfully pre-installed into an offshore PHC pipe pile directly for the first time and the BOFDA technique was used for
in-situ monitoring of the pile under axial load. High-resolution strain and internal force distributions along the pile were obtained
by the BOFDA sensing system. A finite element analysis incorporating the Degradation and Hardening Hyperbolic Model
(DHHM) was carried out to evaluate and predict the performance of the pile, which provides an improved insight into the
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offshore pile-soil interaction mechanism.
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1. Introduction

With the rapid development of marine economy and
offshore engineering, prestressed high-strength concrete
(PHC) pipe piles have been widely used in ports, docks,
offshore platforms, and other offshore projects because of
their unique advantages. The quality and deformation of
PHC pipe piles are directly related to the stability and safety
of the project. Therefore, it’s very important to study the
bearing behavior and the interaction between the pile and
soil (API 2002, Baldwin et al. 2001, Feng et al. 2015, Xu et
al. 2019).

The instrumented pile load test is the most reliable way
to scientifically evaluate the bearing capacity of piles and
master the law of pile-soil interaction (Chong 2019, Lehane
and Jardine 1994, Seo et al. 2013). However, the research
on the field test of offshore PHC pipe pile is very limited,
because there are some difficulties in the applications of
traditional point-type sensors (such as resistance strain
gauges and vibrating wire sensors) and monitoring methods
(Fellenius et al. 2004, Huang et al. 2008, Seo ef al. 2013) of
offshore instrumented load tests. Firstly, offshore PHC pipe
piles need to penetrate into strata through the depth of
seawater, so they are generally long and a lot of sensors and
signal transmission lines are required, which will affect the
integrity of the piles and increase the test cost. Secondly, it
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is a challenge for resistance sensors or vibrating wire
sensors to survive the complicated production process and
harsh operating environment of piles. Thirdly, because of
the corrosive environment of the ocean, the durability of
electrical or metal sensors is often difficult to meet the test
requirements.

Distributed fiber optic sensing (DFOS) technique has
unique advantages such as distributed, long-distance
measurement, anti-corrosion, high precision and simple
installation, providing a better solution for full-scale
monitoring of piles (Bourne-Webb et al. 2009, Zhu et al.
2012, Mohamad et al. 2014, Moffat et al. 2015, Hong et al.
2016, Pelecanos et al. 2017 and 2018a, Shi et al. 2019,
Wolfgang et al. 2011). Here, DFOS systems based on
Brillouin backscattered principle are mostly used for
strain/temperature measurement of piles (Gao et al. 2015
and 2019, Liu et al. 2017). Among them, Brillouin Optical
Frequency Domain Analysis (BOFDA) technique has been
continuously improved in last decade and demonstrated
higher spatial resolution and accuracy, which is more
suitable for performance monitoring of piles (Bao and Chen
2012, Gao et al. 2015, Nils et al. 2005 and 2019). However,
BOFDA-based sensing system needs to measure from both
ends of fiber optic (FO) cable. Once the FO cable breaks,
it’s difficult to repair, resulting in a great loss of material
and manpower caused by the failure of the load test.
Therefore, the installation and protection of FO cable for
piles is an important issue.

For PHC pipe piles, the predecessors mostly used the
method of slotting, embedding and then sealing by glue to
install FO cables or FBG sensors on the pile surface (Kou et
al. 2016a, b, Li et al. 2014, Lu et al. 2012). But this method
is generally applicable to the detection of land foundation
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piles. For offshore PHC pipe piles, this method is difficult
to ensure that the FO cables will not be destroyed during the
transportation, hoisting of the foundation piles. The FO
cables installed on the surface are also easily destroyed by
sand and gravel in the hard stratums. In addition, this
method is time-consuming and affects potentially the
integrity of piles. Therefore, the installation and protection
of FO cable for offshore PHC npiles is still a challenge,
which needs more attempts and practices to solve.

Combining a dock project of East Island in Zhanjiang
City, China, this paper presents a case study of an in-situ
experiment of an offshore PHC pipe pile. The FO cables
were pre-installed into the PHC pipe pile during pile
production process successfully to solve the difficulties of
installation, which greatly improved the survival rate and
test quality of the FO cables. Then, along with the offshore
static load test, full-scale measurement of pile strain was
conducted by BOFDA-based sensing system and the
bearing behavior of piles are well analyzed based on field
data. Finally, combined with DFOS data, a finite element
analysis with Degradation and Hardening Hyperbolic
Model (DHHM) was conducted for further understanding of
the bearing behavior and pile-soil interaction. This research
has important significance for the promotion of DFOS in
the performance monitoring of offshore PHC pipe piles.

2. Measurement principle of pile stress and force
based on BOFDA

2.1 Basic principle of BOFDA

Fig. 1 shows the basic principle of BOFDA. Similar to
BOTDR and BOTDA, BOFDA also wuses Brillouin
backscattered light to detect the temperature or strain
change of the optical fiber. A pump light and a probe light
are injected into both ends of the sensing fiber, and when
the two light waves meet, they will interact and excite
acoustic wave. Acoustic wave acts as a medium to transfer
energy from pump light to probe light. When the frequency
difference Af between the pump light and the probe light is
equal to the fiber’s local Brillouin frequency shift, the
energy transmitted is the largest. A scan over Af can search
for the Brillouin frequency shift at every point of the fiber.
Based on the linear relationship between the central
frequency shift of the Brillouin backscattered light and the
temperature or strain change of the optical fiber (Eq. (1)),
the strain or temperature distribution along the fiber can be
obtained (Agrawal 2001, Nikles and Thevenaz 1997).

v.(e, T)=Vv, (g, T,)+C(e-g,)+C,(T-T) €))

where v (&,,T,) denotes the initial center frequency;
and g, denote the strain change in the optical fiber and the
initial strain, respectively; T, and T denote temperature
before and after straining or thermal change, respectively;
C, denotes the strain coefficient, which is 0.05 MHz/ue; and
C, denotes the temperature coefficient and is 1.2 MHz/°C.

Compared to BOTDA and BOTDR, BOFDA has a
unique baseband transfer function and deconvolution
process, resulting in its higher spatial resolution and
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Fig. 1 Basic principle of BOFDA

accuracy (Bernini et al. 2011, Kechavarzi et al. 2016,
Zhang and Wu 2008). More details about the principle of
BOFDA can refer to these papers (Bernini et al. 2011,
Garcus and Gogolla 1997). An fTB-2505 BOFDA
demodulator manufactured by fibrisTerre System GmbH
was used in this research, and it can achieve +2 pe strain
accuracy and 20 cm spatial resolution, which satisfies the
requirements for pile testing.

2.1 Calculation of pile stress and force

Geotechnical performance of the pile is usually
evaluated based on its axial force, shaft friction and tip
resistance. The test pile can be divided into a series
monitoring elements because of small sampling intervals of
BOFDA-based sensing system. As long as the pile is
installed with sensing cables correctly, the strain
distribution of pile can be calculated using Eq. (1) based on
the measured Brillouin frequency shifts. Then the axial
force, shaft friction, and tip resistance of the pile can be
calculated using the following equations (JGJ106-2014,
Kechavarzi et al. 2019, Liu et al. 2017):

F=EAs )
F.-F
AT ®
R
R = " “4)

where F; donates the axial force of the section of the pile;
g, donates the average strain of the section Sj; E and 4
donate the Young’s modulus and cross-sectional area of the

pile, respectively; R; and /; donates the shaft friction and
length between section i and section i+1, respectively; u
donates the outer perimeter; R}, donates the tip resistance.

3. FO cable and installation

3.1 Cable description

FO cable is the essential sensing element and signal
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Fig. 2 Structure of the metal-reinforced FO cable

(c) Protectlon of cable leads
Fig. 3 Pre-installation of FO cables for PHC pipe pile

transmission medium of a DFOS system. Therefore, it is
very important to choose an appropriate FO cable and
installation method to ensure the survival and implantation
quality. Due to the high-speed centrifugation and high-
pressure steam curing processes during production of PHC
pipe piles, common FO cables cannot withstand such a pile-
making environment. In this study, a metal-reinforced strain
sensing FO cable was used. The structure diagram of the
cable is shown in Fig. 2. This sensing cable has high
strength and good coupling with reinforced concrete and
has been widely used in geological and geotechnical
engineering monitoring or testing (Sun et al. 2014, Wang et
al. 2017, Wu et al. 2017, Zhang et al. 2018a, b, 2019,
2021).

3.2 Pre-installation of cable

As mentioned earlier, it’s difficult to meet the test
requirements of offshore super long PHC piles using
previous installation methods such as surface bonding or
embedding in grooves. Therefore, the authors propose to
install FO cables into the PHC pipe pile directly during pile
production. The installation process is shown in Fig. 3,
which is described as follows.

Four main rebars of the steel cage are selected
symmetrically as the layout of FO cables (Fig. 3(a)). FO

(d) Pouring concrete to form pile

cables are pre-tensioned by 500-1000 pe and are fixed
directly on the rebars with steel wires. To avoid the damage
at the pile tip during piling, the FO cables need to be
protected by a flexible PVC pipe in the transition part of the
pile bottom (Fig. 3(b)), and then continue to fix the cable on
the symmetrical steel bar on the other side, thus forming a
U-shaped loop. The redundant FO cables are reserved as
lead wires on the top of the pile. The leads also need to be
protected by PVC pipes and fixed to the outside of the
mould with steel wires (Fig. 3(c)) to prevent damage during
pile production, transportation and driving. Put the steel
cage installed with FO cables into the mould, then pour the
concrete and centrifuge the module at high speed (Fig.
3(d)). Finally, the FO cables become successfully embedded
in the pile.

The pre-installation method of FO cables for PHC pipe
piles is simple and free from the site and environment
limitation. It ensures the survival rate of FO cables and does
not affect the integrity of the pile. It can be applied to
DFOS test of all PHC pipe piles.

4. Field testing

A dock project is proposed to be built in a bay on the
east island of Zhanjiang City, China. It adopts an overlength
PHC pipe pile as the form of foundation pile. To verify the
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Table 1 Main parameters of test pile

Concrete grade Total length (m) Outer radius (m) Wall thickness (m) Young’s modulus (GPa)
C80 52 0.6 0.13 53
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Fig. 4 Test pile and soil stratigraphy
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Fig. 5 Offshore static load test

rationality of the foundation pile design, two test piles were
selected for instrumented load test. FO cables were pre-
installed into the piles in November 2016, and it is the first
time to pre-installed FO cables into PHC pipe pile
successfully. In this paper, only one of the large-diameter
PHC pipe piles is selected as an example for analysis and
discussion.

4.1 Test pile and soil stratigraphy

The PHC pile tested has a length of 52 m, a pile
diameter of 1.2 m, and a wall thickness of 13 cm. The
concrete number was C80 (Fig. 4). Table 1 shows the main
parameters of the test pile. The test pile was driven to 29.5
m beneath the seabed and the local soil stratigraphy (Fig.

4(a)) consists of @Clay, ®Sand (Medium-Coarse-Gravel
sand), (®Clay with sand, ®Sand (Medium-Coarse-Gravel

sand), ®Clay, and @Sand (Medium-Coarse-Gravel sand).
The results of the standard penetration test (SPT) are also
shown in the Fig. 4(a) and the red points represent the test
locations.

4.2 Offshore static load test

The anchored pile reaction method was used in the field
test. As shown in Fig. 5(a), the test apparatus mainly
consists of anchored piles, reaction beams, base beam, and
hydraulic jacks. The hydraulic jacks exerted the load on the
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Fig. 7 Strain distribution along the FO cable

pile top through the reaction force provided by reaction
beams and four anchored piles. The settlement of the pile
top was obtained by the dial gauges arranged around the top
pile body. The static load test plan (Fig. 5(b)) referred to the
code (JTS167-4—2012). Each load stage was applied for 2
hours, and the load was from the initial value 1480 kN to a
maximum of 7400 kN with a gradient of 740 kN. The
situation of the test site is shown in the Fig. 6.

4.3 Strain measurement

When the arrangement of test apparatus was completed,
the sensing cables were led out from the hole reserved on
the test pile and connected to the instrument. Then the
initial Brillouin frequency shift along the cable was
measured by the BOFDA analyzer before the static load
test. In this experiment, the spatial resolution of the
instrument was set as 20 cm, and the sampling interval was
6.3 cm. During the static load test, the Brillouin frequency
shift distribution under each load will be measured until the
end of the test. According to Eq. (1), the strain distribution
of the cables under each load can be obtained. In this study,
only the data below 3 m above the sea level were used for
further analysis, and the effect of temperature was relatively
small, so no additional temperature compensation was
made.

5. Test results

5.1 Strain distribution

Fig. 7 shows the strain change distribution along the FO
cable under each load. The strain distribution curves (Fig.

7) indicate that the strain of FO cable increased steadily
with the increase of the load, and decreased with the
increase of the buried depth of the pile body. A section of
strain at the top of Line 3 was almost 0, and a small section
of FO cable had fallen off during the pile production. The
asymmetry of strain curves indicates that eccentric load
appeared in static load test. Therefore, average strain of four
test lines was used as pile strain distribution for further
analysis of pile stress to alleviate the influence of eccentric
load (Kechavarzi et al. 2019, Liu et al. 2017, Lu et al.
2012).

The strain distribution of the pile (Fig. 8) can be divided
into three parts: the pile strain in the soil part decreased
gradually with the depth of the pile due to the effect of the
shaft friction, and the pile strain in the seawater part was
quite uniform. For that above the seawater, a section of the
cable at the top of the pile detached from the pile during the
pile production process, so the obtained strains were
significantly small.

5.2 Bearing behavior

In this case, the Young’s modulus and the cross-
sectional area of the pile body are all fixed values, and the
Young’s modulus E is 53 GPa and the cross-sectional area
A is 0.44 m?. According to Egs. (2)-(4), the curves of axial
force and shaft friction (average value of each soil layer)
under each load is shown in Fig. 9 and the shaft friction and
tip resistance developed with top load are shown in Fig. 10.

Figs. 9 and 10 indicate that the top load was shared by
the shaft friction and tip resistance. However, shaft friction
bore most of the top load and the tip resistance only bore
less than 10% of the top load under the maximum load. This
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Axial Force (kN) Shaft Friction (kPa)
Seafloor 0o 1480 2960 44405920 7400 0 40 80 120 160
: —— .

\

o

N VENNN

Depth (m)
o

20 [ ——1480kN| —m—1480kN
6 —— 2220kN —e—2220kN
—— 2960kN —A—2960kN
3700kN 3700kN
4440kN 4440kN
25 5180kN 5180kN
—— 5920kN —p—5920kN
——6660kN ——6660kN
: | ——7400kN ——7400kN
Pile Tip 30
(a) (b)
Fig. 9 Curves of axial force (a) and shaft friction (b)
160 800
| | —=—Layer1 —@— Layer2 |
—&—Layer3 Layer4
140 —&—Layer5 —4— Layer6 -700
I —»—Layer7 - & - Pile tip g 1
=120 4600
o 1 ©
< 100 1500 &
c I
o @
o 80 1400 8
i 8
.,;_; 60 & 300%
= [
O 40 —4200—
20 <100
i . ‘ . '
0 1480 2960 4440 5920 7400
Load (kN)

Fig. 10 Development of shaft friction and tip resistance of the pile with loads

test pile should be defined as an end-bearing friction pile. load, but it was far smaller than the limit value given by
The tip resistance increased linearly with the increase of the geotechnical investigation report (8000 kPa). Although
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Layer 1 and Layer 2 are both @ Clay, Layer 1 has a lower

density. Moreover, the upper pile body was disturbed by
horizontal loads such as waves, so that the top layer is
relatively loose, and even a gap was formed between the
pile and soil. Moreover, the lubrication effect of the
seawater reduced the shaft friction of Layer 1 (with a peak
of ~11 kPa), which was much lower than that of Layer 2.

Layer 3 and Layer 5 are both & Sand (Medium-Coarse-

Gravel sand) with large shaft friction. Layer 4 (&, Clay

with sand) in between them is a weak interlayer, and the
shaft friction was significantly lower. Although the
composition and origin of Layer 3 and Layer 5 are the
same, the shaft friction of Layer 3 was significantly larger
than that of Layer 5, and shaft friction under the maximum
load reaches nearly 160 kPa. The site geology survey data
shows that the SPT number of Layer 3 was N = 25, which
was significantly larger than the N = 17 of Layer 5 (Fig.
4(a)), so this phenomenon is mainly caused by the
difference in soil density. The slope of the shaft friction
curves of Layer 2, 3, 4 gradually slowed down, indicating
that the shaft friction of these soil layers is about to be fully
realized. While the shaft friction of Layer 5, 6, 7 was still
increasing, there is still a certain space from the
recommended values of the geotechnical investigation
report.

5.2 Vertical displacement

The strain distribution of the whole pile was obtained by
BOFDA-based instrument, and the pile-soil relative
displacement distribution curves were obtained according to
Eq. (5), as shown in Fig. 11.

S(y) =s+8,*y, + |, ady 5)

where y donates the depth from the seafloor; s(y)
donates the relative vertical displacement between the pile
and soil at the depth y; s donates the settlement of pile top;

Zi donates the average strain of the pile above the seafloor

(here, the average strain within 10-20m of the pile body in
Fig. 8 was picked); y;donates the distance from the pile top
to the seafloor; £ donates the strain of pile at the depth y.

The test results indicate that: the pile load was mainly
borne by the shaft friction of the upper layers at first. As the
load increased, the compression of the upper pile body
gradually increased, the relative vertical displacement
gradually increased, and the shaft friction gradually
developed completely and softened (like Layer 1). With the
downward transfer of the load, the relative vertical
displacement in the lower layers also increased gradually,
and the shaft friction and the pile tip resistance gradually
developed, but there was still a gap between field FO data
and the limit value obtained from the geotechnical
investigation. The internal force test of the pile and the
analysis of the bearing characteristics show that the design
of the test pile is conservative.

Field test results show that the implantation of FO cable
and field experiments were successful. BOFDA technique
can finely obtain the pile strain and internal force
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distribution, and can accurately obtain the axial force and
shaft friction of the thinner stratum (such as Layer 5, its
thickness is only 1.1 m). This study can provide valuable
reference for PHC pipe pile, especially offshore long PHC

pipe pile.

6. Load transfer analysis with DHHM

Combined with DFOS data for offshore instrumented
pile load test, a simple one-dimensional finite element
model (Fig. 12) was established for better understanding of
bearing behavior and pile-soil interaction. The 29.5 m PHC
pipe pile under the seafloor is divided into hundreds elastic
units with a length AL=0.126 m, which is twice the
sampling interval used in the test. A set of nodes are
arranged on the top and bottom sides of each pile unit, and
the shaft friction and the tip resistance in the calculated
length of the node are concentrated on the node, which is
represented by a nonlinear spring. The nonlinear spring
represents the relationship between the resistance R of the
pile unit and the relative vertical displacement s, which was
defined as load transfer function (Bohn et al. 2016,
Chalmovsky and Mica 2020, Seed and Reese 1957). From
the equilibrium condition of the force, it is not difficult to
draw the Eq. (6):

(K, 1+ [KDLs} ={F} (6)

where [K;] and [K;] donate the global pile and soil stiffness
matrices, respectively; {s} donates the vector of the
displacements and {F} donates the vector of the externally
applied forces. Here, the soil stiffness of each node can be
obtained by comparing the total resistance in the node’s
calculated length with its relative displacement. For
example, Eq. (7) shows the calculation of the soil stiffness
of the pile tip:

7, - A+, ~U-A7L

sb =
Sy

k (7

where K, is the soil stiffness of the pile tip; 7, is the pile tip
resistance; 7y is the pile shaft friction; Sy, is the relative
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Table 2 Parameters of load transfer curves

ki (KN/m?) tm (KN/m?) h d
Layer 1 5433 11.5 1 1.6
Layer 2 15333 96.0 1 1.6
Layer 3 87914 138.0 0.8 1
Layer 4 9292 74.2 1 3
Layer 5 18625 120.0 1 3
Layer 6 15580 212.0 1 1
Layer 7 19498 182.2 1 1
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Fig. 13 Calibration of load transfer function parameters. Symbols represent field data; solid lines represent fitted load

transfer function curves

vertical displacement at the pile tip.

Here, the DHHM load transfer function (Pelecanos et al.
2017, 2018a, b, Seo and Pelecanos 2018) was used in finite
element analysis. The model is simple and can well express
the hardening and softening effects of pile-soil interaction
behavior. The model’s expression is shown in Eq. (8):

K,,S

d/(1+(|t(—ms)hd) ®)

where km, tm, h, and d are load transfer parameters. The
physical meaning of these parameters is related to the
hardening and creep properties of the soil, and can be
obtained by fitting the measured results of the field test.

T=

According to the FO data measured by BOFDA
technique, the load transfer function parameters of each soil
layer were obtained by fitting with the Levenberg-
Marquardt algorithm in MATLAB which is shown in Table
2.

For the second and subsequent loading stages, the tip
resistance had an approximately linear relationship with the
relative vertical displacement, which can be expressed by

Eq. (9):
7, =127.35*1000*s,-90.60 9

The fitted load transfer curves are shown in Fig. 13.
After determining the model parameters of each layer,
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Eq. (6) was solved. The calculated relative displacement,
axial force and shaft friction of the pile and the FO data are
shown in Fig. 14.

Fig. 14 indicates that whether it is under low or high
load, the finite element analysis results show good
consistency with the FO cable data. The calculated vertical
displacement differs from the actual measured data by a

maximum of less than 0.2 mm. By back calculating with the
vertical displacement, the axial force and shaft friction of
the pile can be accurately obtained. Only when the load is
large, the finite element analysis results of the shaft friction
of Layer 3 and Layer 5 show a certain deviation, but still at
a relatively low level. It can be obtained that the DHHM
can establish the load transfer function between pile and
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soil reasonably and accurately through the field data, which
makes the numerical calculation results more reliable. The
results can reflect the load transfer of test pile under vertical
load and the law of pile-soil interaction. On the other hand,
these results highlight the effectiveness and importance of
distributed data along the pile in evaluating and predicting
its geotechnical performance with DFOS system.
Nowadays, the design value of the bearing capacity of the
test pile is becoming much higher, and the cost of the static
load test is also getting higher. Therefore, as long as the
accurate load transfer curve parameters are obtained
through the reliable field data, the vertical deformation and
bearing capacity of the pile under higher load grade can be
predicted, which can greatly save the test cost of the PHC

pipe piles.

7. Conclusions

This paper presents a case study of in-situ monitoring of
an offshore PHC pipe pile using a distributed fiber optic
sensing system. During offshore static load test, full-scale
measurement of the pile strain was carried out by the
BOFDA technique, and the load transfer behavior of the
pile under vertical loading was obtained. Based on field FO
data, the finite element method with a novel load transfer
function was used to numerically simulate the behavior of
the test pile, and the following conclusions were drawn:

e The BOFDA technique has higher spatial resolution

and accuracy, providing a distributed, high-precision and
refined approach for performance monitoring of piles.

¢ A pre-installation method was proposed to solve the

difficulties in protection and installation of FO cables on
offshore PHC pipe piles. FO cables were installed into pile
directly for the first time, and it is found that the proposed
method is efficient and reliable.

e The test results indicate that the internal force

distribution of the PHC pipe pile is closely related to the
property of the soil around the pile. In this case, the vertical
load was first taken up by the shaft friction of the upper
layers. As the load increased, the shaft friction of Layer 1
appeared a peak of 11 kPa, and the shaft friction of Layers
2, 3 and 4 tended to slow down, while Layers 5, 6 and 7 and
pile tip resistance still had space to develop, indicating that
the design of the test pile was conservative.

« Based on distributed and high-resolution FO data, the

accuracy of the DHHM load transfer model is improved,
making the finite element analysis results more credible.
The bearing mechanism of piles and the pile-soil interaction
under high load can be predicted and analyzed.

The field study presented in this paper will provide a
valuable reference for performance monitoring of PHC pipe
piles, especially offshore overlength ones.
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