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Abstract: Due to the large scale of navigation ships, the fast speed of entering the lock, and the
irregular mooring and the complicated flow conditions in the lock chamber, it is common for the
floating bollards of the lock to suffer structural damage or even failure due to the overloaded mooring
force. However, the traditional cable load measurement method cannot offer real-time feedback
on force characteristics of floating bollards, making it difficult to accurately judge its service status.
To this end, according to the floating bollard structure type and load condition of a representative
ship lock project in China, this paper determines the theoretical model parameters of a floating
bollard load response based on three-dimensional finite element numerical simulation test data
and constructs a modified load response model of floating bollards. On this basis, an intelligent
floating bollard monitoring system based on big data, internet, and cloud services is developed to
intelligently perceive real-time floating bollard force characteristics and monitor the long-term service
status. Relying on a representative ship lock in China, a field test of the floating bollard intelligent
monitoring system is carried out. The relative error between the calculated values via the model (i.e.,
system exhibition results) based on the numerical results and the field-measured values is within
15%. This result verified the accuracy and effect of the monitoring system. This research supports
the establishment of the digital perception monitoring platform for ship lock facilities and improves
the automation level of ship lock operation and management as well as overall risk prevention and
control capabilities.

Keywords: ship lock; floating bollard; force characteristics; intelligent monitoring; system development

1. Introduction

With continuous improvements in navigation conditions on global waterways, the
total freight volume on ships is increasing, and waterway transportation is gradually
promoting the rapid integration and development of global and regional economic activ-
ity [1-3]. As key components of waterway transportation, safe and efficiently operated
ship locks are important prerequisites for ensuring unimpeded waterways. According to
statistics, there are a total of 1041 ship locks under construction or completed in China [4],
which are generally running stably. However, there are a series of problems related to
the operation and maintenance of ship locks such as risk management, the investigation,
monitoring, and early warning of dangers, and emergency disposal [5]. Floating bollards
are important tools used to ensure the safe mooring of ships during the rising and falling
water process in a lock chamber, and their safety is an important factor when ensuring
efficient lock operation [6,7]. However, due to the significant trends of large-scale ships
in recent years, the excessive speed of ships entering the lock, the irregular moorings, the
complex flow conditions in the lock chambers, and the blockage of the chute by floating
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foreign matter, etc., a series of damages and even damage phenomena such as column
breakage, guide channel deformation, and pulley blockage occur under the overloaded
mooring force, resulting in the pulling/slinging of the ship into the water and causing
major safety accidents such as hull damage and casualties [8-10]. Therefore, the intelligent
monitoring of floating bollards in complex environments has become a major technical
issue that urgently needs to be studied and addressed in the modern-day operation and
maintenance management of ship locks.

At present, the traditional force measurement method of monitoring mooring line
tension through the use of a force sensor installed on ship mooring lines is ineffective in ob-
taining the force characteristics of floating bollard structures, and it is impossible to consider
the damage threshold of a floating bollard under different service conditions [11-14]. This
has no supervisory initiative for the lock operation management unit. It is difficult to moni-
tor the real-time mooring status of all ships passing through the lock and it is unattainable
to achieve early warning or subsequent accountability for navigation lock safety accidents.
To address this problem, a small number of domestic and overseas scholars have carried
out relevant research on the force characteristics of floating bollard structures (including
fixed mooring bollards on a wharf and floating mooring bollards in a ship lock). Numerical
simulation was used to determine the optimal layout position of the strain monitoring point
in a floating bollard structure. Wang et al. [15] established a theoretical model between a
floating bollard and the mooring force of a ship. A standard mooring force inversion model
for floating bollards based on the standard mooring force was established by Wu et al. [16],
and a stress safety monitoring method for the floating bollard structure based on multipoint
strain fusion was proposed. The feasibility and accuracy of the method were verified by
analyzing the measured ship mooring force in the field test and the inverted mooring force
under standard conditions. By studying the problems related to ship mooring force in
the filling and emptying process of a lock chamber, a method was proposed by Mulder
et al. [17] to evaluate ship mooring safety based on the permissible value for the mooring
force of floating bollards. According to the mechanical characteristics of a floating bollard
structure in the No. 1 ship lock of Gezhouba, the sensitive areas of the floating bollard load
response were determined by Liu et al. [18-20] using the method of numerical simulations.
On this basis, a mechanical model of floating bollard load response was educed if the
vertical mooring angle  was considered as a positive value, and the precision of the model
was proved based on the in situ experimental data in a certain ship lock in China. Wu
et al. [21] proposed a dynamic inversion model for the mooring force of floating bollards
based on the mathematical and mechanical basic theories. This model can convert the
strain signal into mooring force information in real-time, and the precision of the model
was proved through physical model tests. Furthermore, Qi et al. [22] proposed an optimal
control scheme of a lock water delivery system based on the loading monitoring method of
a floating bollard in a ship lock.

With the flourishing development of global computer networks and automation con-
trol technology, the automatic monitoring and early warning technology of lock navigation
safety has gradually become a trending research topic [23]. Li et al. [24] proposed an
online monitoring method for bollard structure force characteristics based on real-time
data acquisition and transmission technology and constructed an overall framework for
a bollard structure monitoring system. Li et al. [25], using the miter gate of the No. 2
lock of the Gezhouba Dam, Wuhan, China, as an example, enacted an online monitoring
system to obtain the actual stress and crack signals of the gate, which was combined with
an analysis of numerical simulation test data to evaluate the operational status of the
actual gate. Zhang et al. [26] designed a condition monitoring system for the opposite
arc valves of lock gates to monitor the operating condition of reverse arc valves. Tang
et al. [27] designed a multichannel water level monitoring and SMS interaction system for
lock chambers based on a high-performance W77E58 microcontroller. Misovic et al. [28]
proposed a vessel detection algorithm used in an online laser monitoring system for ship
locks, which significantly improved the detection accuracy of the monitoring system. Liu
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et al. [29] proposed a ship navigation state and formation state perception method based
on millimeter-wave radar and ship—coast interactions and established a ship cooperative
formation monitoring system for ships in lock channels. The effectiveness of the system
and method was verified by field tests. Hao et al. [30] designed a new type of ship bottom
visual monitoring system to realize the rapid and accurate monitoring of explosives at the
bottom of a ship, the damage to the bottom of the ship, and the fouling of the ship. Hu
et al. [31] proposed a design scheme of an RFID-based ship management system for inland
river crossing locks to realize the visualization and digital management of ships passing
through locks.

In summary, the related research on the operation status testing of floating bollards in
ship locks is still in the initial stage. Currently, a set of systematic, completely automated and
intelligent monitoring methods and technologies has not been developed, making it difficult
for management units at navigation hubs to perform the real-time and proactive supervision
of ship mooring status and safety conditions of floating bollards within lock chambers.
Therefore, there is an urgent need to develop an online long-term intelligent monitoring
system that can reflect the force characteristics of floating bollards. To address the above
problems, this paper determines the theoretical model parameters of the load response of a
floating bollard by carrying out a three-dimensional finite element numerical simulation test
of the main floating bollard structure to construct a modified load response floating bollard
model. Following this model, an online long-term sequence active monitoring method for
the service status of floating bollards in ship locks based on modernized technologies such
as wireless transmission, cross-domain collaboration, and information fusion is proposed,
and an intelligent monitoring system for floating bollard force characteristics in ship locks
based on big data, internet, and cloud services is integrated. The testing accuracy of
the monitoring system is verified through a field test at a representative ship lock in
China, resulting in a comprehensive improvement in the level of intelligent operation and
maintenance of critical ship lock equipment, which is of great scientific and practical value.

2. Theoretical Model of the Load Response of Floating Bollards

When a ship is moored inside a lock chamber, a horizontal angle « between the moor-
ing line and the lock wall line and a vertical angle  between the mooring line and the
horizontal plane are formed in the horizontal and vertical projection planes, respectively
(see Figure 1). When the height of the ship’s freeboard exceeds that of the floating bollard,
it will be subjected to upward mooring force, and at this time, the vertical angle § > 0 (see
Figure 1a). Conversely, the floating bollard will be subjected to downward mooring force,
ie., B < 0; see Figure 1b [21]. According to the specifications [32] and field measure-
ments [33], B can be taken as 15° and —15° in the above two cases.

Based on the structural type and characteristics of the floating bollard, a structural
system composed of a hollow cylindrical body and upper and lower stainless plates is
generalized as a hyperstatic linear elastic overhanging beam model with an equal section
restrained by fixed bearings. The upper and lower stainless plates are considered fixed
hinge supports and fixed supports, respectively (see Figure 2) [21]. There are two test
points T and K for structural strain confirmed on the surface of the hollow cylinder column
for the floating bollard, as shown in Figure 1d, and the structural strains at the two points
of T and K are respectively set as e7 and ex. Based on previous research results from this
research team [21], the fundamental theory of mathematical mechanics is used, combined
with the generalized geometrical model in Figure 2b,c, the mathematical and mechanical
relationships between the strain ¢ and the mooring force F, as well as the horizontal angle
«, are quantified, and the theoretical model of floating bollard load response under the
mooring force is proposed as follows:
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Figure 1. Mooring angle of floating bollard and location of measurement points under the ship moor-
ing force: (a) B >0 (B =15°); (b) B <0 (B = —15°); (c) horizontal angle «; (d) strain measuring point.
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Figure 2. The floating bollard in a ship lock: (a) floating bollard; (b) generalized overhanging beam
model (B > 0); (c) generalized overhanging beam model (8 < 0) [21].
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where m = 0.483(2Ly — 3 h)Ly /Ly, n = 0.518R/m, x = eT (t)cosy — ek (t), and y = e7 (H)sin7y; Aq
is the section area of the hollow cylinder of the floating bollard; L, is the length between
the fixed hinge support and the fixed support of the hollow cylinder; L, is the length of the
cantilevered section of the hollow cylinder; / is the length from the strain measurement
point to the fixed hinge support; I; is the moment of inertia of the circle of the cross-section
of the hollow cylinder; E; is the elastic modulus of the hollow cylinder; and R is the axial
cross-section of the circle of the floating bollard radius.
If the mooring angle B <0, § = —15°:
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where m’ = 2.898hL311, n’' = —0.518A,L3R/m, x' = e7(t)siny, and v’ = ex’(t)—e7' (t)cosy; L3
is the length of the steel plate for the superstructure of the floating bollard; and A, denotes
the section area of the steel plate for the superstructure of the floating bollard.

Based on Equations (1) and (2), the horizontal angle, i.e., &, and the mooring force,
i.e., F, can be calculated according to the strain of the floating bollard. On the basis of
reference [16], the generalized physical model test method for the superstructure of the
floating bollard (the hollow cylinder body and the structural system composed of the
upper and lower steel plates) with a model scale of 1:1 is used to verify the accuracy of the
theoretical model for the floating bollard load response (Equations (1) and (2)). However,
there are still some differences between the generalized physical model and actual floating
bollard structure. In order to further testify the precision of the above theoretical model in a
real floating bollard, in-depth related research is carried out based on the three-dimensional
numerical simulation test method.

3. Model Parameter Calibration via Numerical Simulation Experiments
3.1. Three-Dimensional Finite Element Model of a Floating Bollard

According to the floating bollard of a representative ship lock in China (see Figure 3a),
a three-dimensional numerical simulation model (3D NSM) of its main structure is estab-
lished (see Figure 3b). The materials of each component in the model are Q235 steel, and
the parameters are shown in Table 1. Considering the symmetry of the main structure of
the floating bollard, the four longitudinal and transverse rollers are generalized as three-
dimensional prisms, and the top cap of the floating bollard is simplified as a circular cover.
The section where the strain monitoring point of the hollow cylinder body of the floating
bollard is located is 170 mm above the bottom of the column body, and / = 20 mm, ¢ = 10°,
and ¢ = 80° in Figures 1 and 2, as shown in Figure 3c.

Table 1. Material parameters of the floating bollard’s topside structure.

Elasticity
Modulus (Pa)

Steel (Q235B) 2.00 x 1011 0.30 7850 2.50 x 108 4.60 x 108

Material Poisson’s Ratio Density (kg/m®) Yield Strength (Pa)  Tensile Strength (Pa)
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Figure 3. The floating bollard in a ship lock: (a) floating bollard; (b) 3D numerical simulation model;
(c) locations of strain measuring points.

3.2. Numerical Simulation Test Conditions

To simulate the different mooring situations of ships passing through the lock, the
loads on the main structure of the floating bollard are considered in the three-dimensional
numerical simulation tests as follows:

@ Structure weight, G = 3.621 kN, with the direction vertically downward.

(@ Water buoyancy, equal in size and opposite in direction to the structure weight.

(® Ship mooring force; there are 23 conditions: five groups of mooring force conditions
(F =5 kN, 10 kN, 30 kN, 50 kN, and 100 kN), two groups of vertical angle  conditions
(B =15° and —15°), and the horizontal bollard angle & was set to start from 35° with an
incremental increase of 5°, and was increased up to 145°.

The structure weight and water buoyancy are permanent loads, both of which are
applied as constant loads to the 3D NSM of the main floating bollard structure. Numerical
simulation calculations are carried out by combining each group of working conditions of
the ship’s mooring force and angle with each other, totaling 230 test conditions, as shown
in Table 2.

Table 2. Numerical simulation test conditions.

«(°) F (kN)
5 10 30 50 100
B
+15 35 35 35 35 35
+15 40 40 40 40 40
+15 45 45 45 45 45
+15 50 50 50 50 50
+15 55 55 55 55 55
+15 130 130 130 130 130
+15 135 135 135 135 135
+15 140 140 140 140 140
+15 145 145 145 145 145
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3.3. Test Results and Analysis

The strain results of two monitoring points, i.e., T and K, for the floating bollard are
determined on the basis of the three-dimensional numerical simulation test, as shown in
Figure 4.

- -'-’-F=5kN

a0k —-'—‘-F=10kN
187 - A-[- F=30 kN
1: 1 - - " F=S0kN
g - =~ F=100 kN
=
G
5
N
orizoht ,

Figure 4. Test results for strain.

To verify the adaptability and accuracy of the theoretical model of the floating bollard
load response in the main structure of the actual ship lock, the strain of the T and K measur-
ing points calculated using the numerical simulation test are substituted into the theoretical
model (Equations (1) and (2)). The calculated values of the theoretical model & and F can
be calculated, which are then compared and analyzed with the preset standard values
of horizontal angle #; and mooring force F; in Table 2, as shown in Figure 5. Compared
with the preset standard value of the numerical simulation test, the calculated results
are consistent with the trend. However, due to the difference between the hypothetical
generalized overhanging beam model of the floating bollard assumed in the theoretical
model and the real structure type of the floating bollard, the mooring force, i.e., F, and the
mooring angle, i.e., #, acquired in accordance with the theoretical model have a large error
compared with the true value.

180 T T T va 120 T T
'
° a (>0 8 © F (§>0)
A a' (<0) ,’880 A F'(B<0)
sk T Equality line . ’Sgoe | g —— Equality line
N~ + / gA
S 1409 T15% 8 égg = sof +50% .
S \ \ A82 ; :
£ Vol P : e
S 9}t N: - Ei g
= ¢ 4 \ ] P
= I = -
= £
AL - =20¢ - - .
E §A » _ \ %o E 40 Q % - -
é 45 F = _- —40% e (=] - -40%
z, og - = g
88" 8- V-
W’ - (a) G-~ )
0 t 1 1 1 0 1 1
0 45 90 135 180 0 40 80 120
Standard value, «,(°) Standard value, F,(kN)

Figure 5. Calculated errors: (a) mooring angle «; (b) mooring force F.
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To ensure the calculation accuracy of the load response model of the floating bol-
lard, the preset standard values of a1 and F; in the numerical simulation test are consid-
ered as the ordinate, the calculated values of « and F obtained via the theoretical model
(Equations (1) and (2)) are considered as the abscissa, and the quantitative relationships of
a~nq and F~F; are established as follows: & = a(x1) and F = F(F;), as shown in Figure 6.
The expression is as follows:

B> 0: w1 (t) = 0.842a(t) — 8.395 x 10~ *a2(t) + 3.402 x 10~%a3(t) + 17.475 3)
"\ Fi(t) = 1.5448F(t) — 0.4877

< 0: a'(t) = 1.561a/ (t) — 2.65 x 10734’ (t) + 6.827 x 10~°a’(t) — 30.475 )
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Figure 6. Parameter calibration of load response model on floating bollard: (a) horizontal angle «;
(b) mooring force F.

The modified floating bollard load response model can be obtained from the coupling of
Equations (1)~(4), which are shown in Equations (5) and (6). Based on Equations (5) and (6),
the real-time true values of the horizontal angles and mooring forces (i.e., a1, F1; a1’, F1”)
can be obtained for the floating bollard structure under different vertical angles . In this
paper, this model (Equations (5) and (6)) is used as the core component to develop an
intelligent monitoring system for the force characteristics of floating bollards in ship locks.

B>0:
aq () = 0.842a(t) — 8.395 x 10~ 4[w(t)]* + 3.402 x 10~ 6[a(t)]* + 17.475
Fi(t) = 1.5448F(t) — 0.4877
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4. Research and Development of the System
4.1. System Overview

The intelligent monitoring system of a floating bollard in a ship lock is mainly com-
posed of a real-time data acquisition and transmission system, a cloud computing platform,
and a terminal management system, as illustrated in Figure 7. The system can perform the
following three levels of functions:

Cloud Computing Platform

3 Monitoring Center

|
: I
|
!
(D ¥
I i
1
| N
- : : Security Assessment Data Conditioning
1
!

User Access
kData Interpretation& Controy

Historical Data E 4,

O e

St S
atyg p, fOnnatmn M Q g Q
Data Storage Module

Mooring Force l

b

Module Module
Data Processing-Analysis -Storage

\\ Raw Data ZigBee | l Forwarded

Wireless Transmission Module

- Data
Processed Data Exchange
Acquisition Control Information Base
Instrument Instrument Station

Data Acquisition-Transmission- Aggregation- Processing

|

|

|

|

| i
- o 1 ; ‘ . — ‘/ i
|

|

|

|

|

Real-time data acquisition and Transmission System

Figure 7. Topology of the system.

(1) The “perceptible” floating bollard under the normal service state, meaning that the
system cloud can receive and feed important information back on the force characteristics
(mooring force, angle, etc.) and operation status (whether the ship is moored, moored with
several cables, etc.) of the floating bollard in real-time.

(2) The “early warning” for the floating bollard is under an extreme operating state,
meaning that when the load on the floating bollard is close to a different percentage
of its threshold, the system sends an early warning signal in real-time through a pre-
set early warning mechanism to the lock management department so they can craft an
emergency response.

(3) The “traceability” of the responsibility after the accident of the floating bollard is
that after the safety accident on the floating bollard, the historical data stored in the cloud
server of the system can be retrieved, and the accident ship can be pursued after reasonable
research and judgment.

The real-time data acquisition and transmission system can collect the strain data
information generated by the action of the ship’s mooring force at the specified position of
the hollow cylinder body of the floating bollard in real-time, and upload the collected strain
data information to the cloud computing platform in real-time through the 4G network for
storage and processing.

After receiving the strain data information uploaded by the real-time data acquisition
and transmission system, the original strain data information is stored in the database, and
then the original strain data information is extracted and substituted into the mechanical
optimization model of the load response of the floating bollard. The mooring force of the
hollow cylinder of the floating bollard corresponding to the strain data signal is calculated



J. Mar. Sci. Eng. 2023, 11, 1948

10 0of 18

and stored, and then the operation safety of the floating bollard is evaluated by compar-
ing the preset threshold. Finally, the calculated ship mooring force and safety warning
information are transmitted to the terminal management system for real-time display.
After receiving the ship mooring force information and the safety warning information
of the operation state of the floating bollard, the terminal management system displays the
load condition, operation state, and early warning information of the floating bollard in
real-time through the web page, and allows users to query and download historical data.

4.2. Real-Time Data Acquisition and Transmission System

The data acquisition component includes strain sensors to measure appropriate data
under varying environmental conditions, but also a wireless transmission module for the
transmission of the data measured to a server in real-time. This module involves the choice,
the number, and the placement of sensing modules on the structure.

4.2.1. Strain Sensor

A DH1101 welding strain gauge was selected as the monitoring sensor for the surface
strain of the hollow cylinder of the floating bollard, as seen in Figure 8. The sensor has
a measuring range of —3000~3000 pe and an accuracy of 1 pe. The sensor improves on
the disadvantages of traditional pasted strain gauges, such as creep and the long curing
time of strain glue. The sensitive grid was sealed in the front-end stainless steel pipe, and
the stainless steel was used as the base for spot welding installation without a protective
coating. The gauge can adapt to the precise long-term strain measurements of metal
components in the complex environment of a lock chamber.

L 28 , 15 - 50 ~ 600 s
| 1) | ] |
[ 1
=k N
\ 9
Sensitive gate region g .
Stainless steel pipe Stainless steel substrate Lead wires Unit : (mm)

Figure 8. DH1101 welding strain gauge.

4.2.2. Wireless Transmission Module

The strain data monitoring instrument of the floating bollard was a DH2004 wireless
distributed monitor, which is mainly composed of a collector, controller, and computer.

At each strain monitoring point, the collector can be distributed to collect real-time
resistance signals from the strain gauge. The strain value is calculated using the sensor
calibration coefficient, and the collected data signal is wirelessly transmitted to the controller
through ZigBee. The controller includes a ZigBee protocol conversion module that can
convert between ZigBee and 4G protocols. The controller sends data to the client through
the 4G network while simultaneously amplifying, filtering, and smoothing the data signal
through interpretative processing. The analog strain signal is converted into a digital strain
signal, enabling the decentralized monitoring of multiple measuring points on the floating
bollards within the ship lock. The system’s anti-interference ability is strengthened using
advanced signal isolation technology. This technology prevents weak strain signals from
being disrupted by various environmental factors during long-distance transmission and
prevents data information disorder or packet loss.

The strain data real-time acquisition and transmission instrument is installed on the
floating bollard, which is consistently exposed to sun and rain. Environmental conditions
such as wind, waves, and water flow in the lock can cause instrument failure. Therefore, the
online monitoring instrument used in the strain data real-time acquisition and transmission
system must have the ability to work in harsh environments for a long time and accurately
upload collected strain data information to the cloud computing platform in real-time
through stable wireless network data transmission technology.
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4.3. Cloud Computing Platform

The cloud computing platform consists of a data conditioning module, a data stor-
age module, and a security assessment module in order to provide an evaluation of the
condition of the structure.

4.3.1. Data Conditioning Module

The data conditioning module is divided into two core processing channels:

(1) Strain-mooring force characteristic relational database: the true value of ship
mooring force can be obtained quickly by matching the strain amplitude spectrum data
information of the floating bollard.

(2) Based on the modified load response model of the floating bollard, the true value
of the mooring force is calculated.

The specific processing process is as follows: the data conditioning module receives
the digital strain signal sent by the wireless transmission module, performs spectrum
analysis after conditioning and conversion, obtains the strain amplitude spectrum, matches
it with the database, and if it matches, directly outputs the ship mooring force value borne
by the floating bollard; if it cannot be matched, the strain data information is substituted
into the modified load response model of the floating bollard to calculate the true value of
the ship mooring force, as shown in Figure 9.

Wireless Transmission Module

Data Conditioning Module

Strain-Mooring force characteristic relational database |<—

Can the strain data
match the database

|

no

=

Modified load response model of the
yes floating bollard

¥

Strain-Mooring force characteristic
relation

—>| Mooring force |<—

Security Assessment Module

Figure 9. Data conditioning module’s operating principle.

4.3.2. Data Storage Module

The data storage module stores key information, such as the strain amplitude spectrum
and mooring force data in the data conditioning module, which can provide users with the
query and download of the operation status and alarm historical data of the floating bollard.
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When F=F(60%~70%) Level IIl (Moderate) the crew to pay close attention to

Note: |
F- Real-time mooring force

F-Mooring force threshold
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4.3.3. Security Assessment Module

Based on the real-time mooring force determined by the modified load response model
of the floating bollard, the designed permissible mooring force for the floating bollard in
the ship lock is used as a quantitative index to evaluate the safety of the structure, and the
threshold is determined via classification. By comparing the real-time mooring force with
the early warning threshold, the dynamic state of the floating bollard structure is judged,
and early warning is realized.

The early warning level of floating bollard safety can be divided into four levels
according to factors such as the degree of harm that may be caused to the structure and the
development trend.

(1) Level I: The measured mooring force exceeds 80% of the mooring force threshold,
indicating that the situation is serious (red alert).

(2) Level II: The measured mooring force is 70~80% of the mooring force threshold,
indicating that the situation is more urgent (orange alert).

(3) Level III: The measured mooring force is 60~70% of the mooring force threshold,
indicating that the situation is generally urgent (yellow alert).

(4) Level IV: The measured mooring force is lower than 60% of the mooring force thresh-
old, indicating that the floating bollard is in a safe state of operation (green
safety indication).

Early warning information includes the alert level, starting time, occurrence location,
warning matters, and measures to be taken, as shown in Figure 10.

¥

Safety early warning mechanism

TemmmmmRR.

of floating bollard in ship lock

Alert Thresholds Alert level Response action

Long warning, stop the lock
operation, cut off the cable in
case of emergency
» Intermittent alarm, stop lock
operation, troubleshooting
-

Investigate the danger and remind

the development trend

The ship lock operates normally
and the overall structure is safe.
J

Figure 10. Early warning safety mechanism for floating bollards in ship locks.

4.4. Terminal Management System

The terminal management system includes a monitoring center and a user manage-
ment module (see Figure 11). After receiving information on the ship’s mooring force and
the safety warning information of the operating status of the floating bollard, the moni-
toring center displays real-time information on the load condition, operating status, and
warnings of the floating bollard. In the user management module, the user can use internet
service to remotely control the equipment, which can realize the setting and management of
a series of basic attributes, such as the number of locks and the number of floating bollards,
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dynamics, monitoring indicators, and alarm strategies in the system. It can also retrieve,
process, and analyze data anytime and anywhere.

Normal state No.1 ship lock v

Monitoring data
Fa)

......

4 5 15 17 18 9 110
mal
= =l = = a
e [ e [y
) ) ) )

o Mooring Force F
Mooring Angle a

Figure 11. System interface: (a) monitoring center; (b) basic attribute management module.

5. Field Test of the System

Based on a representative ship lock in China, a field test of a floating bollard with a real
ship is carried out to obtain the strain duration data of the surface on the hollow cylinder
body for the main structure of the floating bollard under a real ship mooring. After being
transmitted to the intelligent monitoring system of the floating bollard in a ship lock, the
ship mooring force is determined in real-time based on the modified load response model
of the floating bollard. Combined with the actual values of the ship mooring force obtained
via the field measurement using the tension sensor, the accuracy and operation effect of the
intelligent monitoring system for a floating bollard in a ship lock developed in this paper
are verified.

5.1. Test Procedure

According to the actual use of the floating bollard, a floating bollard with high moor-
ing frequency, large berthing ship tonnage, and monitoring conditions is selected as the
monitoring object. In this experiment, the No. 1 floating bollard on the right bank of
the downstream side in the lock is determined as the measured object. According to the
position of the measuring point, as depicted in Figure 3¢, the strain gauge is fixed and
installed in the monitoring point area, as shown in Figure 12a. To ensure the reliability of
the long-term use of the strain monitoring sensor, a special stainless steel protective shell is
installed outside the strain gauge, as shown in Figure 12b.

Strain gauge

Figure 12. Sensor installation and protection: (a) strain gauge; (b) protective shell.
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A typical inland waterway vessel is selected for the actual ship test. The lockage
information of the vessel is shown in Table 3. After the vessel enters the lock chamber, a
cable is hung on the target floating bollard, and the tension sensor is deployed on the cable
to obtain the cable tension (mooring force) borne by the floating bollard structure during
the whole process of the vessel passing through the lock in real-time, as shown in Figure 13.
At the same time, the intelligent monitoring system of the floating bollard in the ship lock
developed in this paper is used to synchronously measure the real-time strain data signal
on the surface of the hollow cylinder of the floating bollard during the whole process and
convert it into the numerical signal of the ship mooring force.

Table 3. Test vessel lock information.

Gross Tonnage (t) Net Tonnage (t) Quota Tonnage (t)

Overall Length Molded Breadth Molded Depth

(m) (m) (m)
4712 3063 6635 110 17.2 5.6
Full-load Light-load Maximum ship Actual load
Load draught (m) displacement (t) displacement (t) height (m) Actual draught (m) tonnage (t)
49 7934 1224 17.5 3.7 4300

Figure 13. Field test.

5.2. Test Results and Analysis

During the real ship field test, the intelligent monitoring system of the floating bollard
in the ship lock developed in this paper is used to monitor and display the real-time
changing trend of the mooring force, i.e., F, as well as the mooring angle, i.e., &, for an
actual ship; see Figure 14a. (Note: It is only used to show the operation effect.) When there
is no ship load acting on the floating bollard, the system shows that the mooring force
values of the floating bollard tend to be stable as a whole. When a ship load is applied
to the floating bollard, the system detects a significant change in the mooring force. The
maximum value of the mooring force can reflect the limit state of the mooring force and can
intuitively show the force of the cable and the floating bollard in the instantaneous state.

The historical mooring force data of this test are obtained from the background of the
system for statistical analysis. The maximum mooring force during the test is 64.35 kN,
which is lower than the designed allowable mooring force of the floating bollard, which is
94.3 kN [34]. This suggests that the force state of the floating bollard structure is normal.
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(a) Real-time action of mooring force and mooring angle.
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(c) Mooring force: system exhibition results vs. measured values.

Figure 14. Test results: (a) real-time action of mooring force; (b) strain; (c) mooring force: system

exhibition results vs. measured values.

The time domain signal of the surface strain of the hollow cylinder of the floating
bollard collected in the field test is interpreted and processed by means of filtering, noise
reduction, and statistical analysis, and the effective strain duration data of the column
surface of the test ship during the whole process of passing the lock are obtained, as shown
in Figure 14b. (Note: The strain of a representative time period was selected for analysis.)

Based on the strain duration data of the surface of the floating bollard collected by the
field ship test, combined with the modified load response model of the floating bollard
built in the system, the real-time mooring force exerted on the floating bollard under the
action of the real ship can be calculated. The results are compared with the measured
values of the mooring force, and the results are shown in Figure 14c. In the figure, it can be
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seen that the results of the mooring force based on the system display in this paper are in
good agreement with the overall trend of the measured values.

To further quantify the difference between the calculated results of the modified load
response model built into the system in this paper and the field test values, the relative
error between the two is obtained via analysis, as shown in Figure 15. It can be seen in the
figure that the relative error between the mooring force results based on the system and
the measured values in the actual ship test are included in the range of £15%, which fully
verifies the evaluation accuracy of the intelligent monitoring system of floating bollards
developed in this paper.

70 T T T T T P
e

60 | 4 Mooring force L7 rO

—— Equality line L7 P

p /7 P 4
50 s L P 4
4 A -,
+15% P P
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40 {A A . s -
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Figure 15. Relative error analysis: system exhibition results vs. measured values.

6. Discussion and Conclusions

On the basis of a theoretical model for the load response of a floating bollard, the
theoretical model was modified based on a three-dimensional numerical simulation test
of the main structure of the floating bollard, and the modified load response model of the
floating bollard was constructed. With this model as the core, an intelligent monitoring
system of a floating bollard in a ship lock was developed. The accuracy of the model and
the operational effect of the system in this paper were further verified by a real ship field
test. The specific conclusions are as follows:

(1) Numerical simulation experiments were carried out on the main structure of
the floating bollard under multiple working conditions to analyze the error between
the calculated values of the theoretical model of the floating bollard load response and
the preset values of the numerical simulation experiments as influenced by different
ship mooring forces F, vertical mooring angles 8, and horizontal mooring angles «. The
theoretical model was modified based on data from numerical simulation experiments. In
conclusion, a modified load response model of the floating bollard was constructed.

(2) An intelligent monitoring system of a floating bollard in a ship lock utilizing
modern technologies such as big data, internet, and cloud services was developed. The
system was based on the modified load response model of the floating bollard and the
hierarchical management mechanism of the early warning system of the floating bol-
lard, which could effectively sense the load and operation status of the floating bollard
in real-time.

(3) Relying on a representative ship lock in China, a field test of the operation effect
of the intelligent monitoring system of the floating bollard in the ship lock was carried
out. Through comparison and analysis, the relative error between the system calculated
values of the mooring force and the field measurement values was 15%. It was thus
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demonstrated that the monitoring system developed in this paper has the characteristics of
high measurement accuracy and good signal stability, which can be further popularized
and applied.

At present, the common floating bollard structure types in large ship lock engineering
in China include the tripod type and the cylinder type. In this paper, the present study
focuses solely on the research conducted on the tripod floating bollard structure, while
the cylindrical floating bollard structure was not studied in depth. In future research,
we will continue to improve the work of the intelligent monitoring system of the tripod
floating bollard, and further carry out research related to the structure of the cylindrical
floating bollard.
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