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The dynamic characteristics of the flow around the pile directly determine the distribution
law of the force of the flow on the pile, which is the basis of the calculation of the flow load of
the hydraulic structure. At present, the model test and numerical simulation methods are
mainly used to study the flow characteristics around the pile. There are problems of model
scale effect and test accuracy in the laboratory model test, and inherent problems in the
numerical simulation method, such as the determination of medium parameters, mesh
division, and boundary conditions. Therefore, the research results cannot reflect the actual
situation of the interaction between water flow and pile. This paper developed a field test
system for measuring the hydrodynamic pressures on surface of piles which are the vital
foundations of wharves under superhigh Reynolds number. And the analysis methods of
in-situ data, which can realize the multifunction including calibration and transformation for
test data, frequency and time-domain statistical analysis process, were put forward
according to the theory of stationary random process and mathematical statistics
method. A representative frame wharf located in the upper reaches of the Yangtze
River was performed as a case study, and the developed system was utilized to
operate the in-situ test on this practice. Application showed that the field test system
and the analysis methods can be applied to obtain themore accurate distribution of the pile
surface hydrodynamic pressure. And the drag coefficient in wharf field ranged from 0.30 to
0.40. These findings in this paper may provide significant technical support for the in-situ
test in similar structures and some reference for drag force calculation of flow around pile in
the engineering design.

Keywords: flow around pile, hydrodynamic pressure, in-situ test system, drag coefficient, hydrodynamic
characteristics

1 INTRODUCTION

The hydrodynamic characteristics of flow around single pile and group of piles directly determine the
distribution of fluid force along piles, which presents the significant foundations for the water flow
load evaluation on frame-type wharf structures. Currently, the physical model experiments and the
numerical simulations are mainly adopted for research on characteristics of the flow around pile.
Yang et al. (2020) studied the flow field distribution around square columns with different pile
length/pile diameter ratios through experiments. Wang et al. (2019) obtained the hydrodynamic
coefficients of each section of the pile under the action of isolated waves through laboratory model
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tests. Tian et al. (2019) studied the influencing factors of
hydrodynamic coefficient of jackup platform in wave flume.
Han et al. (2018) studied the hydrodynamic characteristics of
an inclined slender flexible cylinder under vortex-induced
vibration by using a towing tank experiment. Lin K et al.
(2020) obtained the dynamic response and hydrodynamic
coefficient of the transverse flow oscillation cylinder with
upstream wake interference by using the forced vibration test.
Yang et al. (2021) used PIV technology to conduct experiments
on the flow field around a multi-cylinder pile group and obtained
the isoline map of the time-averaged velocity component,
turbulence intensity, and Reynolds shear stress in the
clearance area between piles. Ning et al. (2016) studied the
hydrodynamic performance of the pile constrained WEC type
floating breakwater and found that the parameters such as wave
period, wave height, system size, and excitation current had
significant influences on the hydrodynamic performance of the
system. Wang et al. (2018) proposed a three-dimensional
incompressible smooth particle hydrodynamic (ISPH) erosion
model to simulate the scouring process around a large vertical
cylinder and used high-speed cameras to monitor fluid
movement around the pile in real time. In fact, the flow
regime of the river is extremely complex. There are some
problems about model scale effect and test accuracy in
laboratory model tests. Kazemi et al. (2017) established a
numerical model based on smooth particle hydrodynamics
method to simulate open channel turbulence at limited depth
in hydraulic rough bed and obtain hydrodynamic law. Lin J et al.
(2020), based on the centralized mass point method and mesh
clustering technology, studied the hydrodynamic characteristics
of the mesh of pile-post Seine unit under the action of water flow
through computer simulation. Liu et al. (2020) used a three-
dimensional numerical model to study the distribution of pore
water pressure and effective stress on seabed depth under the
action of a single pile under wave load. Wu and Yang. (2020), on
the basis of the secondary development of ANSYS software,
established a numerical calculation model considering fluid-
solid interaction under the combined action of earthquake,
wave, and water flow, and explored the influence of pile group
on the hydrodynamic force of large sea-crossing bridge piles.
Wang et al. (2020) studied the vortex-induced vibration response
of a cylinder with two degrees of freedom when Re = 150 through
numerical simulation, and analyzed the oscillation characteristics
and hydrodynamic characteristics. Zhu et al. (2020) used the
direct numerical simulation (DNS) method to study the
hydrodynamic characteristics and wake structure of cylinder at
low and medium Reynolds numbers. Wen et al. (2022) used
numerical simulation method to study the hydrodynamic
characteristics of coastal bridge deck under the combined
action of wave and shore wind. Ramnarayan et al. (2021)
compared the hydrodynamic characteristics of two kinds of
concave pile breakwaters (GS-PSB and CPS-PSB) through
numerical simulation. Deng et al. (2019) studied the influence
of wave load on pile caps and found that pile caps are affected by
the free surface fluctuation of wave force on pile, and the negative
wave force on piles near the leading edge of pile caps is obviously
greater than the positive wave force. However, due to the inherent

problems of the numerical simulation method, such as medium
parameter determination, meshing, and boundary condition
determination, the research results cannot reflect the actual
situation of the interaction between the water flow and the
pile. The existing flow load calculation standard British
standard BS (1994) and the Port Engineering Load Code,
(2010) assume ideal conditions, which cannot well reflect the
flow load of a piled wharf in a mountainous river with large pile
diameter and multi-layer transverse and longitudinal supports.
To sum up, in-situ test is a means of high reliability and accurate
measurement results.

In this paper, a new field test system of pile
hydrodynamic pressure was designed to detect the
hydrodynamic characteristics of flow around the pile
based on the in-situ test. The new designed test system
was installed at the site of the Phase II Project of Guoyuan
in Chongqing Port to collect the in-situ data. A set of
feasible methods for analyzing the hydrodynamic water
pressure, including calibration and transformation of test
data, outlier adjustment, frequency domain analysis,
digital filtering, time-domain statistical analysis, and
hydrodynamic pressure calculation, was put forward.
Distribution laws of hydrodynamic pressure on piles’
surface and drag coefficient of flow around piles under
the field condition were obtained.

2 HYDRODYNAMIC PRESSURE FIELD
TEST SYSTEM

In-situ tests have complicated and random hydrological
conditions. And it takes a long time to carry out field
experiments, which easily causes damages to the test system.
So, there are high requirements for the test system as follows:

1) The system must accurately test the distribution of
hydrodynamic pressure on component’s different surfaces,

2) The system must be suitable for the various complex flow
conditions,

3) The test system should be reliable,
4) It should be easy for the system to conduct site installation and

removal.

2.1 Signal Acquisition Module
The signal acquisition module was designed to measure the
dynamic water pressure on the surface of the component and
transmit the measured signal to the signal analysis system. It is
composed of a miniature dynamic pressure sensor, a miniature
dynamic pressure transmitter, a positioning device, and a
DH5922 signal acquisition instrument.

Miniature dynamic pressure sensor: The precision of the
miniature dynamic pressure sensor is 0.5, the range is
0–200 kPa, and the power supply is ±15/DC. When the sensor
probe is placed in a sufficiently small hole, the pressure of the
sensor probe is consistent in all directions. Therefore, the
hydrodynamic pressure at a certain point on the surface of the
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component can be directly measured by micro dynamic pressure
sensor and converted into electrical signals.

Miniature dynamic pressure transmitter: The miniature
dynamic pressure transmitter converts the corresponding
signal measured by the pressure sensor into standard analog
signal or digital signal and transmits it to the dynamic signal
analysis module through the wire.

Positioning device: In order to install the sensor on the surface
of the component easily and quickly on the premise of not
damaging the existing structure components, the positioning
device is designed, as shown in Figure 1A. The micro-sensor
is installed in the slot of the positioning part made of PP sheet in
advance, and then the positioning part is placed on the surface of
the component, as shown in Figure 1B. The diameter of the pile
was 2 m and the thickness of the positioning part (1 cm) can be
ignored. The pore pressure measured by the sensor is the
instantaneous hydrodynamic pressure on the pile surface.

According to those requirements, the test system was
composed of signal acquisition module, dynamic signal
analysis module, and signal output module.

In order to collect more accurate water pressure signal in the
test system, the pressure sensor is fixed on the pile post with the
positioning device. The positioning part is made of PP material,
which has great toughness and is convenient to be made into a
circular arc. The pressure sensor is placed in the strip-through
hole of the positioning member, the waterproof wire is drawn
along the strip-shaped groove, and the sensor is fixed on the
positioning part with aluminum skin.

DH5922 signal acquisition instrument: Each acquisition
module supports four signal inputs, and Zigbee was used to
transmit digital signals from the signal acquisition instrument. It
has the characteristics of high integration and high portability,
which canmeet the demand of multi-channel, high precision, and
high-speed dynamic signal measurement, and is convenient for
field application.

2.2 Dynamic Signal Transmission Module
Dynamic signal transmission module (Figure 2) was mainly used
to transmit the signals collected by the acquisition instrument.
The acquisition instrument and controller adopt Zigbee wireless
transmission, controller, and cloud server support 4G mode
connection; each controller can control up to 16 acquisition
modules. Digital signal after demodulation of the controller
was sent to the cloud storage database for saving, and the
cloud database can send the digital signal to the signal output
module.

2.3 Signal Output Module
The signal output module (Figure 2) displays the changing
characteristics of the signal on the screen through the analysis
software on the computer. Meanwhile, the analysis software can
be used to process the signal and save the data.

The working process of the system involved the pressure
sensor sensing dynamic water pressure and electrical signal
via wire transfer to the transmitter; the signal was amplified
and then spread to the dynamic signal transmission system,
and dynamic signal transmission module sent signals to
computers through cloud servers. Finally, the analysis
software displays the changing characteristics of the signals
on a computer screen. At the same time, the signal can be
preliminarily analyzed and processed by the analysis software,
and the data can be saved.

3 APPLICATION

3.1 Field Installation
The field test site was located at the upstream of the Yangtze
River. The test system was set on the first four dock shelving.
According to the arrangement principle that dense layout of key
parts and general sparse arrangement of other parts, to layout test
points, the main measuring point fix on the first shelf and the
second column pile as well as the rest are the auxiliary. A total of
84 measuring points were arranged.

FIGURE 1 | Schematic diagram of positioning piece. (A) Positioning
plate (B) Micro-sensor.
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According to the plan, we can install sensors to the
corresponding position of locating pieces, promoting the test
system to the corresponding elevation and confirming the
position of sensors on the pile surface. Then, we can detect
the reliability and stability of pressure sensor system after
installation and make corresponding records. Consequently,

the whole process of installation and testing is completed. The
pore pressure sensors are distributed around the circular pile in a
symmetrical manner, as shown in Figure 3.

FIGURE 2 | In-situ test system of hydrodynamic pressure of pile.

FIGURE 3 | Distribution diagram of pressure sensor on pile (The sensor
is named X-Y, where “X” represents the positioning part number and “Y”
represents the sensor number in the positioning part). (A) The layout of eight
sensors (B) The layout of four sensors.

FIGURE 4 | In-situ test installation. (A) Arrangement of measuring points
of dynamic water pressure (B) install test system in-situ.
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The location of measuring points and the in-situ installation
process are shown in Figure 4.

3.2 In-Situ Data Collection
1) Acquisition time: The gushing period at the field investigation

area is about 15 min. In order to ensure the data integrity, the
sensor data collection time period was set as 30 min and the
long-time track test was set as 60 min. The testing time was
mainly in the daytime, and data collection was carried out for
about 8 h continuously. Continuous testing was selected when
water flow conditions are relatively ideal, so as to achieve the
purpose of long-term observation, large data volume, and
integrity.

2) Acquisition environment: The data accuracy can be affected
by shipping, construction around the wharf, and wharf
platform work conditions, so the collection time is chosen
when there is no sail, construction, or operation.When a set of
sensor tests is completed, the test system needs to be reset and
balanced before testing another group to ensure the stability of
every part in the testing system.

To sum up, the ideal hydrological conditions are chosen
according to the conditions which were mentioned above.
These include conducting the field flow load test on the
condition of high velocity and flood peak, and setting the
sampling frequency as 100 Hz. Instantaneous voltage signal at
different times can be measured at different bents, different
piles, different layers, and different flow angles in the
wharf area.

3.3 Data Analysis Process
In ocean engineering, the waves are often regarded as
superposition of multiple cosine waves. If the value of the
wave height is zero, the waves satisfy stability requirement. It
is called stationary stochastic theory. For the hydrodynamic
pressure studied in this article, the average of the
hydrodynamic pressure measured by the pressure sensor can
be seen as zero. The fluctuation around zero of hydrodynamic
pressure can be regarded as multiple waves’ superposition and
considered as satisfying the requirement of stability. Therefore, a
single sample is representative, and a long enough period of time
can be selected from any one sample for statistical analysis, as
shown in Figure 5.

3.3.1 The Calibration and Transformation of the In-Situ
Data
The data collected on the dock are electrical signals, and the
conversion formula between input electrical signals and output
pressure signals is established through laboratory tests.

The in-situ data collected from wharf field is electrical signals.
The calibration and conversion formula acquired by laboratory
tests have established a relationship between the input signals and
output pressure signals (Eq. 1), which will convert the data
collected in the field into pressure signals. Three Times
Standard Deviation Method is used to adjust outliers. The
outlier is adjusted by using the Spline Interpolation Methods
or replaced with the interpolation of two adjacent right signals for
the value within the range between the two normal signals.

Y � 289.0081X − 12067.95 (1)
Where, Y is voltage signal, V; X is hydrodynamic pressure, kPa.

3.3.2 Establish Random Particle Fluctuation Pressure
Spectra
The mechanism of fluctuating pressure formation in a turbulent
region is complicated. At present, the value of fluctuating
pressure and the study about hydrodynamic characteristics of
structures under fluid-solid coupled interaction mainly depend
on the indoor and prototype tests to complete. But their
conditions are ideal. And field test results can show the real
situation. Based on the theory of stationary random, by taking the
average value as zero, the actual fluctuating pressure signal can be
obtained from the instantaneous pressure signal, as shown in
Figure 6.

FIGURE 5 | Data acquisition and processing flow of field test system.

FIGURE 6 | Pulsation pressure signal.
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3.3.3 Energy Frequency Analysis
Turbulent flow is made up of many different sizes of eddymotion,
fracture, and stretch of vortex happening during flow motion.
Pressure field with characteristics of pulsation was caused by
relative movement of vortex form fluctuation pressure. As the
energy and frequency of the vortex are different, the pulsation
pressure is also different. To determine the energy weight
distribution of different pulsating pressures, fast Fourier
transform (DFT) was used for energy frequency analysis, as
shown in Figure 7. DFT operation formula was:

X(k) � ∑
N−1

n�0
x(n)Wnk

N (2)

where, x(n) is N sequences of finite length; WN � e−j2πN has
symmetry, periodicity, and reducibility. Furthermore,

Wn(N−k)
N � Wk(N−n)

N � W−nk, Wk+N/2
N � −Wk

N. The inverse
transform (IDFT) is

x(n) � 1
N

∑
N−1

n�0
X(k)W−nk

N (3)

where, x(n),X(k), andW−nk
N are complex numbers andX(k) has

N points (k = 0,1..., n-1), so the entire DFT operation requires a
total of N2 complex multiplications and N(N-1) complex
additions.

3.3.4 Filtering Analysis
Field data is mingled with certain noise and other useless signals.
In order to eliminate or weaken the interference noise and retain
the useful signals, the specific frequency band waves need to be
filtered out in Figure 8. N-order low-pass filter Butterworth is
chosen, whose characteristic function is as follow:

|Hs(Ω)|2 � 1/[1 + (Ω/Ωc)2N] (4)
where, N is the order of the filter and Ωc is passband width or
3dB passband width. When the order increases, the

characteristic is closer to |Hs(Ω)|2, which has an ideal
rectangular frequency amplitude characteristic. The above
equation can be rewritten as:

H(s) � ( − 1)N

Π
N

k�1
( s
spk

− 1)
� Ω2

c

Π
N

k�1
(s − spk)

(5)

where,H(s) is rectangular frequency side characteristic function;
spk is the pole, and only when the extreme point is located in the
left half plane can the system be stable.

Based on DFT, the distribution of different band frequency
wave energy weight can be obtained. This paper retains the signal
whose energy accounted for 99.9% of total energy of the full
frequency band signal by the first filter. And through the further
filtering of pressure signal, pressure dynamic expectations value
can be obtained, as shown in Figure 9.

3.3.5 Solution of the Hydrodynamic Pressure Sample
for Single Test Point
The existence of the eddy current will cause strong shore erosion
and bed deformation. And it is also the main reason for the
change of the single point pressure. Instantaneous pressure
fluctuates up and down around the fluctuating pressure
dynamic expectation curve in a certain period. The period of
fluctuation is just the eddy current cycle, as the “ac” of curve

FIGURE 7 | Frequency spectra of a group of collected data after fast
Fourier transform.

FIGURE 8 | Comparison of fluctuating pressure values before and after
filtering.

FIGURE 9 | Dynamic expectation curve of fluctuating pressure.
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shown in Figure 10. The absolute value of the difference value
between the maximum (or the minimum) in the first half period
and the minimum (or the max) in the second half of a period is a
hydrodynamic pressure sample value.

3.4 In situ Data Analysis
A total of 84 sensors’ hydrodynamic pressure values are collected
in our study. The distribution of the hydrodynamic pressure on
pile surface is influenced by hydrological conditions, such as flow
velocity, flow direction, and water depth. And it is also affected by
the arrangement of pile foundation and vertical and horizontal
contact brace as shown in Figure 11A. The combined effect of
other piles, braces, and shipping on the main test pile is located in
the first single truss of pile at the upstream is minimum, as shown
in Figure 11B. The NO. 1 locating piece has four sensors, and the
NO. 3 locating piece has eight sensors, which are representative.
So, take the NO. 1 and NO. 3 Figure 11C locating pieces fixed on
the main test pile to carry out application analysis.

The measuring time is 30.44 min, and the wharf field
hydrology conditions are shown in Table 1.

According to the aforementioned data processing method, the
characteristic values of hydrodynamic pressure on the surface of
the pile are shown in Table 2.

The sensor is named X-Y, where “X” refers to the positioning
part number, and “Y” refers to the sensor number in the
positioning part.

The average value is selected as the characteristic value index
of hydrodynamic pressure, because the average value is
representative and can better reflect the distribution
characteristics of hydrodynamic pressure.

3.5 Data Error Analysis
According to the study (Ong et al., 2009; Ouvrard et al., 2008), the
separation angle of the flow around the circular pile is about
108°~114° at superhigh Reynolds number. Combined with the
characteristic values of the hydrodynamic pressure on pile surface
measured by field test, the profile of the hydrodynamic pressure
distribution can be achieved, as shown in Figure 12.

Figure 12 shows that the hydrodynamic pressure in the direction
of incoming flow is maximum. Then the pressure reduces along the
pile perimeter, and negative pressure zone is formed behind the pile.
Affected by the flow direction angle, pile hydrodynamic pressure
distribution is not symmetrical, which conforms to the general law of
hydrodynamic pressure distribution.

Based on the figure of the hydrodynamic pressure distribution
around the pile, the drag force FD of flow around the pile can be
obtained by integral calculation around the pile. According to Eq.
6 in “Port Engineering Load Code”, hydrological condition, and
other known conditions, we can get the drag coefficient CD.
Dynamic water pressure data of sensor No. 3 was selected, the
mean curve of moving water pressure along the pile

FIGURE 10 | Partial amplification of pulsating pressure signal and eddy
current cycle judgment diagram.

FIGURE 11 | Piles layout and locating pieces on the main test pile. (A) Schematic diagram of the wharf structure. (B) The pile arrangement plan units: mm. (C)
Locating pieces of the main test pile units: m.
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circumference was fitted, and the force analysis was carried out to
obtain the resistance around the flow, as shown in Table 3.

FD � CD
ρ

2
V2A (6)

Where FD is flow resistance, kN; CD is coefficient of resistance
around flow; ρ is fluid density, t/m3; V is flow velocity, m/s; A is

the area of the object around the flow in the direction of the
incoming flow, m2.

It is found from the above table that the flow resistance coefficient
calculated from the experimental data fluctuates within a certain
range, which is about 0.32~0.38. The flow resistance coefficient in BS
standard is 0.45~0.47, which is larger than the result of this test due to
the ideal conditions in the standard.

TABLE 1 | The wharf field hydrological conditions.

Number Water level (m) Flow
direction angle (o)

Average velocity (m/s) Re (× 104)

1 174.25 −10~0 1.19 168~340
3 174.25 −10~0 1.19 168~340

TABLE 2 | The eigenvalues of the hydrodynamic pressure.

Sensors Submerged depth
(m)

Number of
samples

The maximum
(kPa)

The minimum
(kPa)

Average (kPa) Standard deviation

1-1 4.25 675 1.0610 0.0023 0.2310 0.2022
1-2 4.25 567 1.6760 0.0014 0.2912 0.2837
1-3 4.25 762 0.6655 0.0006 0.1431 0.1119
1-4 4.25 802 1.0542 0.0013 0.2051 0.1630
3-1 7.25 587 1.0343 0.0007 0.1864 0.1411
3-2 7.25 816 0.8826 0.0036 0.1525 0.1226
3-3 7.25 818 1.0782 0.0015 0.2103 0.1780
3-4 7.25 721 1.3133 0.0034 0.2490 0.2241
3-5 7.25 701 1.4270 0.0034 0.2858 0.2645
3-6 7.25 529 1.3725 0.0015 0.2638 0.2501
3-7 7.25 567 1.5064 0.0035 0.2691 0.2505
3-8 7.25 682 0.2188 0.0027 0.0650 0.1458

FIGURE 12 | Distribution diagram of hydrodynamic pressure along pile circumference.

TABLE 3 | The calculation of drag coefficient in wharf field.

Number of
locating

Water level
(m)

Average velocity
(m/s)

Re (×106) FD (kN) CD

3-1 174.25 1.205 2.36 0.4852 0.3462
3-2 174.90 1.025 2.40 0.5581 0.3851
3-3 168.25 0.983 1.95 0.3450 0.3599
3-4 171.00 0.721 1.14 0.1674 0.3226
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In conclusion, the hydrodynamic pressure distribution on the
surface of the pile can be successfully obtained by using the field
test and analysis method of the dynamic characteristics of the pile
flowing around the pile. By analyzing the dynamic water pressure
distribution on the surface of the pile under different hydrological
conditions, we can further study the dynamic water pressure
distribution and flow resistance on the surface of the pile under
different flow rates, directions, and water depths.

4 CONCLUSION

In this paper, the field test system of the hydrodynamic pressure
around circular pile was developed, which consisted of the fixed
pressure sensing system and dynamic signal test and analysis system.
And the system was installed in the Phase II Guoyuan Project in
Chongqing Port to collect in-situ data. Based on the theory of the
stationary random process and the mathematical statistics method, a
set of methods including the calibration and transformation of test
data, the outlier adjustment, frequency domain analysis, digital filter,
time-domain statistical analysis, and hydrodynamic pressure
calculation were applied. The results indicate that:

1) The results show that the signal of the hydrodynamic pressure
in the Yangtze River water flow is mainly low frequency signal.
The distribution laws of the hydrodynamic pressure around
the pile can be obtained by using the field test system and the
method for analyzing the test data, which can lay the
foundation of the further research on the distribution laws
of the hydrodynamic pressure and drag force for inland

hydraulic structure under different flow velocity, different
flow direction, and different water depth.

2) By calculating the dynamic water pressure around the pile
under different conditions, the resistance coefficient range of
the pile flow at large Reynolds number is about 0.30~0.40.
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