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Abstract: Sea locks that connect inland canals and rivers to the open sea are crucial links that ensure
the efficient navigation of ships. Floating bollards (FBs) are significant components of sea locks,
and they are affected by factors such as large ships, speed of entry, and irregular mooring lines
coupled with corrosion by chloride salts from seawater intrusion from the environment. These factors
aggravate damage to metal structures, which seriously threatens the safety of FBs. Overloading of
FBs by mooring forces caused by the illegal use of FBs for the braking of large ships that enter locks
at excessive speed is the main cause of structural damage and overload failure for FBs. Controlling
the dynamic mooring force acting on the FB is an important prerequisite to ensure the safe passage
of a ship through a lock. It is impossible to perform real-time monitoring of the magnitude and
direction of the mooring force on an FB by installing load-measuring equipment on the mooring line.
Therefore, in this study, the structure of an FB in a sea lock project was taken as an example, and the
mathematical relationships between the strain in the load-sensitive area of the FB and the mooring
force and the mooring angle were quantified. A dynamic inversion model of the ship mooring
force on an FB was proposed. This model used real-time feedback from the strain signal in the
load-sensitive region of the FB structure to obtain information about the mooring force. The accuracy
of the model was verified by conducting tests with a physical model of the topside structure of the
FB and comparing the predicted results with the test data. The research results can lay a theoretical
foundation for real-time monitoring of the structural response of an FB under the action of mooring
forces and promote the development of intelligent methods for the operation and maintenance of a
sea lock, which have important scientific significance and engineering value.

Keywords: sea lock; floating bollards; bollard load calculation; mooring forces; dynamic mooring
analysis; model test

1. Introduction

Problems with mooring safety in sea locks connecting inland canals and the open
sea [1,2] are usually related to structural overload and damage to bollards directly caused
by the mooring force or deterioration of the material properties of metal indirectly caused
by corrosion related to environmental factors such as seawater intrusion [3–8]. Mooring
systems are of vital importance for offshore floating facilities [9–12], and bollards are a
key part of mooring systems at the sea lock, which are anchor points for mooring lines
used to secure a vessel or ship [13]. They can generally be classified as fixed bollards and
floating bollards (FBs) [14]. The former is often installed in the upper part of the harbor
for ship mooring [15,16], and the latter is used in the lock to ensure the safe berthing of
the ship during changes in the water level in the lock chamber [14]. The Miraflores locks
that have been built on the Panama Canal [17,18] (see Figure 1a), the Qingnian lock of the
Pinglu Canal under construction in China [19] (see Figure 1b), and other types of locks in
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estuaries are important navigable structures connecting inland canals and the open sea,
and they are crucial links that ensure the efficient navigation of ships from rivers to the sea.
As a significant component of a sea lock, the normal service of an FB is key to ensuring the
safe operation and efficient navigation of a lock. However, large ships, excessive speeds
of entry, irregular mooring, and other factors, including corrosion caused by chloride
salts from the environment as a result of seawater intrusion, aggravate the damaging and
destruction of metal structures and seriously threaten the service safety of FBs [20–25]. In
addition, damage to the main structure of an FB induces deformation of the guide trough
and blockage of the pulley, which leads to accidents such as pulling the ship into the water,
damaging the hull, and causing casualties, resulting in very large economic losses and
negative impacts on society.
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Figure 1. Typical sea locks: (a) the Miraflores ship lock of the Panama Canal [17,18]; (b) the 
Qingnian ship lock of the Pinglu Canal in China [19]. 

Information such as the magnitude and direction of the mooring force can directly 
reflect the operating state of the bollard (regardless of whether it is a fixed bollard or a 
floating bollard) and can serve as an important basis for the evaluation of safe mooring 
conditions for navigable ships [26–28]. Therefore, scholars at home and abroad have 
conducted relevant research on how to obtain the mooring force acting on a bollard 

Figure 1. Typical sea locks: (a) the Miraflores ship lock of the Panama Canal [17,18]; (b) the Qingnian
ship lock of the Pinglu Canal in China [19].

Information such as the magnitude and direction of the mooring force can directly
reflect the operating state of the bollard (regardless of whether it is a fixed bollard or a
floating bollard) and can serve as an important basis for the evaluation of safe mooring
conditions for navigable ships [26–28]. Therefore, scholars at home and abroad have
conducted relevant research on how to obtain the mooring force acting on a bollard [29–31].
A simplified linear static methodology for estimating the maximum tension of mooring
lines and the compression of fenders for a ship berthed at a bollard on the structure of
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a port was proposed by De Carvalho et al. [29]. For fixed bollards, a real-time inversion
method and a method of monitoring the standard mooring force based on multi-point
strain information fusion was proposed by Wu et al. [32], which can satisfy the need for
monitoring the mechanical safety of bollard structures under complex mooring conditions.
Cho et al. [33] showed that the ultimate bearing capacity of a bollard under a mooring
force could not be significantly improved by strengthening the bollard, and they suggested
that the structural resistance of the bollard could be improved by enhancing the material
properties and improving the casting process of the structure.

For a floating bollard, an overloaded mooring force caused by the illegal use of an FB
for braking a large ship that enters a lock at excessive speed is the main cause of structural
damage and overload failure for FBs [34,35]. The responses of the floating structure in
different water depths and sea states were studied to clarify safe conditions for a float-over
installation in shallow water [36]. Dynamic control of the mooring force acting on the
FB is an important prerequisite to ensure the safe passage of the ship. The influence of
the change in water level within the lock on the mooring force was studied, the relevant
definitions and test methods used in the design criteria of the lock mooring facilities were
discussed, and the traditional mooring force calculation criteria were revised [37]. The
effect of the density difference on the force of the moored ship under density flow was
investigated [38], and the research showed that, due to the difference in water flow density
and the asymmetric arrangement of moored ships in the lock chamber, the mooring force
of navigable ships exceeded the allowable mooring force of the FB. The mooring force of a
ship is measured by cutting the mooring line and installing a tension sensor at the break;
the allowable value of the mooring force on the FB can be used to evaluate the safety of
the ship mooring, as proposed by [39]. Most of the mooring forces measured by previous
researchers referred to the total tension in only one direction (longitudinal or transverse),
and it was impossible to deeply analyze or study the nature of the force; thus, a new
method for evaluation of the mooring condition was developed [40]. A new saddle-type
tension sensor was designed to measure the tension of an FB [41], and dynamic monitoring
of the safe operating state of the FB was realized. Qiao et al. [42] investigated the motion
responses of the mooring lines of floating structures in a slack–taut process, the slack–taut
alternating transformations were simulated, and the variation law of dynamic tension in
mooring lines was analyzed. A new stress–strain constitutive model was proposed by
Huang et al. [43] based on Schapery’s theory and Owen’s rheological theory, which can fully
take into account the loading history and the time-dependent property of synthetic fiber
ropes under cyclic loading. On this basis, an experimental system that can approximately
simulate the practical working condition of mooring ropes was developed [44].

However, the mechanical characteristics of an FB cannot be reflected effectively by
installing tension sensors and other load-measuring equipment on the mooring line. There
is no supervision initiative for the navigable hub management unit, which cannot track
and completely monitor the mooring state of all navigable ships in the lock chamber in real
time for safety. A series of studies have been carried out on the mechanical characteristics
of FB structures. Liu Mingwei et al., relying on the cylindrical FB structure in the lock of
the Gezhouba Project in China, conducted a structural force analysis of FBs under different
mooring forces and mooring angles based on the finite element numerical simulation
method [45]. On this basis, a mechanical model for the load response of the FB was derived
when the vertical mooring angle was positive [46], and the reliability of the model was
verified by field test data for an FB in a lock in China [47].

In summary, as far as the FB of a sea lock is concerned, the conventional means of
installing load-measuring equipment on the mooring line of a ship cannot obtain important
data such as the mooring force and mooring angle of the FB in real time. Moreover, this
passive measurement method heavily relies on the active cooperation of the passing ship,
which makes it difficult for the navigation hub management unit to actively perceive
the operational state of the FB. Thus, there is an urgent need to develop a method for
determining the mooring force with the FB itself. In view of the above problems, in
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this study, an FB structure in a sea lock project was taken as an example. Based on the
basic theory of mechanics, the mathematical relationships between the strain in the load-
sensitive area of the FB and the mooring force and the mooring angle were quantified,
and a dynamic inversion model of the force of a moored ship on an FB is proposed. The
accuracy and reliability of the model were verified by data from tests with a physical
model of the topside structure of an FB. The results of this research will help to promote the
development of intelligent technologies for monitoring and providing early warnings based
on the operational state of the FB of a lock, which have important scientific significance
and value in how FBs are applied.

2. Theoretical Derivation
2.1. Basic Assumptions

According to the loading characteristics of the topside structure of an FB, a simplified
model was proposed using a statically indeterminate cantilever beam model with a constant
cross section considering the linear elastic stage of the structure and material. Moreover,
the bottom of the beam model was fixed, and no translation or rotation was allowed at this
node. In addition, the boundary constraint of the beam model was hinged at position L1
from the bottom height to constrain the translational displacement of the node in the X and
Y directions and allow it to rotate around the OY-axis, as shown in Figure 2.
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Figure 2. The floating bollard (FB) of a ship lock: (a) an FB; (b) the simplified model of the topside
structure of the FB.

For a ship docked in a lock chamber, the mooring angles α (in the horizontal direction)
and β (in the vertical direction) are defined according to the projection of the mooring
line of the FB on the horizontal plane and the vertical plane, respectively, as shown in
Figures 3 and 4. When the freeboard height of the ship is higher than the top of the FB, the
ship produces an upward mooring force on the bollard, and β > 0, as shown in Figure 4a.
In addition, when the freeboard height is lower than the top of the FB, the ship exerts a
downward mooring force on the bollard, i.e., β < 0, as shown in Figure 4b.
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2.2. Mathematical Relationships between the Structural Strain of the FB and Ship Mooring Factors
(Force and Angles)

For any load-sensitive point P on the external surface of the FB topside structure, the
strain mainly includes the tensile/compressive strain caused by the axial component Fz
and the bending strain caused by the horizontal component Fxy, as shown in Figure 5.
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2.2.1. When the mooring angle β > 0

• Tensile strain of the FB topside structure.

When the FB is subjected to the axial component force Fz of the ship mooring force,
the axial tensile strain generated by any section at any load-sensitive point P on the topside
structure is {

Fz = σ1 A1
σ1 = E1ε1

(1)

It can be deduced that
ε1 =

Fz

E1 A1
(2)
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where Fz is the axial component of the ship mooring force; ε1 is the tensile strain at any load-
sensitive point P on the surface of the FB topside structure; and σ1 is the tensile stress at any
load-sensitive point P on the surface of the FB topside structure. A1 is the cross-sectional
area of the FB topside structure and E1 is the elastic modulus of the FB material.

• Bending strain of the FB topside structure.

The section bending moment of the FB topside structure includes Mxy and Mz, which
are generated by the horizontal component of mooring force (Fxy) and the axial component
of mooring force (Fz) on any section of the topside structure, respectively.

The Mxy generated by the horizontal component Fxy on any section of the topside
structure can be expressed as

Mxy = Fxy · (2L1 − 3h) · L2/2L1 (3)

where Fxy is the horizontal component of the ship mooring force; L1 is the length between
the fixed support at the bottom of the FB topside structure and the hinged support; L2
is the length of the cantilever section of the FB topside structure; and h is the distance
between any load-sensitive point of the bollard body and the hinge supports of the FB
topside structure. See Figure 5 for the geometric relationship above.

For the Mz generated by the axial component force Fz on any section of the topside
structure, the ship mooring force acts on the topside structure in the form of surface force,
and thus

Mz =
∫ πR

0

Fz

πR
R sin ωdl =

∫ π

0

Fz

π
R sin ωdω = Fz · (2R/π) (4)

where R is the ring radius of the axial section of the FB topside structure and ω is the
included angle between any point of the stress surface of the FB topside structure and the
connection between the center of the circle and the neutral axis, as shown in Figure 6a.
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The bending strain at point P on the surface of the FB topside structure can be
further deduced:

ε2 =
Mxy

E1 I1
d +

Mz

E1 I1
d (5)

where ε2 is the bending strain at point P on the surface of the FB topside structure; I1 is the
moment of inertia of the ring of the topside structure section; and d is the vertical distance
between point P on the surface of the topside structure and the neutral axis, as shown
in Figure 6b.

By linear superposition of the axial tensile strain ε1 and the bending strain ε2, combined
with Equations (2)–(5), the actual strain at point P on the surface of the FB topside structure
can be derived as follows:

ε = ε1 + ε2 =
Fz

E1 A1
+

Fxy(2L1 − 3h)L2/2L1

E1 I1
d +

Fz(2R/π)

E1 I1
d (6)
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2.2.2. When the Mooring Angle β < 0

• Compressive strain of the FB topside structure.

When the FB is subjected to the axial component force Fz of the ship mooring force,
the axial compressive strain generated by any section corresponding to any load-sensitive
point P within the L1 range of the topside structure is{

−Fz = σ3 A1
σ3 = E1ε3

(7)

It can be deduced that
ε3 = − Fz

E1 A1
(8)

where ε3 is the compressive strain at any load-sensitive point P on the surface (the following
are within the L1 range) of the FB topside structure and σ3 is the compressive stress at any
load-sensitive point P on the surface of the FB topside structure.

• Bending strain of the FB topside structure.

(1) The Mxy’ generated by the horizontal component of the mooring force Fxy on
the bollard

When the FB topside structure is subjected to a downward mooring force, the mooring
line is directly attached to the fixed steel plate of the FB topside structure, as shown in
Figure 2a. The steel plate undergoes tensile deformation due to the horizontal component
of the mooring force Fxy (see Figure 7). At this time, the deformation (w) of the fixed steel
plate of the FB topside structure along the XY plane is

w =
FxyL3

E2 A2
(9)

where L3 is the length of the steel plate of the FB topside structure; A2 is the cross-sectional
area of the steel plate of the FB topside structure; and E2 is the elastic modulus of the steel
plate of the FB topside structure.

J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 8 of 20 
 

 

xyF

L3
L3

A2

Ⅲ

Ⅲ - Ⅲ

Ⅲ
 

Figure 7. Axial deformation of the steel plate on the FB topside structure. 

Deformation (w) of the steel plate causes bearing displacement of the hinged sup-
ports in the simplified model of the bollard when the steel plate of the FB topside struc-
ture is deformed in Figure 8. 

D

P

 
Figure 8. Bearing displacement on the hinged supports. 

According to the basic principle of structural mechanics, the reaction force of bear-
ing D can be written as follows: 

3 1
3

2 1

3 xy
D

F L I
R

A L
=  (10) 

The Mxy’ of the bollard section is 

3 1
3

2 1

3 xy
xy D

F L I h
M R h

A L
′ = =  (11) 

The meanings of the symbols in the formula are the same as above. 
(2) The Mz’ generated by the axial component of mooring force Fz on the bollard 
The ship mooring force acts on the F topside structure in the form of surface force, 

and thus 

( )2 /z z zM M F R π′ = − = −  (12) 

The meanings of the symbols in the formula are the same as above. 
The bending strain at point P on the surface of the FB topside structure can be fur-

ther deduced: 
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Deformation (w) of the steel plate causes bearing displacement of the hinged supports
in the simplified model of the bollard when the steel plate of the FB topside structure is
deformed in Figure 8.

According to the basic principle of structural mechanics, the reaction force of bearing
D can be written as follows:

RD =
3FxyL3 I1

A2L3
1

(10)

The Mxy’ of the bollard section is

Mxy
′ = RDh =

3FxyL3 I1h
A2L3

1
(11)
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The meanings of the symbols in the formula are the same as above.
(2) The Mz’ generated by the axial component of mooring force Fz on the bollard
The ship mooring force acts on the F topside structure in the form of surface force,

and thus
Mz
′ = −Mz = −Fz(2R/π) (12)

The meanings of the symbols in the formula are the same as above.
The bending strain at point P on the surface of the FB topside structure can be

further deduced:

ε4 =
Mxy

′

E1 I1
d +

Mz
′

E1 I1
d (13)

where ε4 is the bending strain at point P on the surface of the FB topside structure; the
meanings of symbols in the formula are the same as above.

In combination with Equations (8) and (11)–(13), the strain at any load-sensitive point
P on the surface of the FB topside structure can be derived as follows:

ε′ = ε3 + ε4 = − Fz

E1 A1
+

3FxyL3h
A2L3

1E1
d− Fz(2R/π)

E1 I1
d (14)

2.3. Mooring Force Dynamic Inversion Model of FBs

Two strain measurement points (T and K) were randomly selected on the surface of
the bollard in the L1 range below the steel plate of the FB topside structure, as shown in
Figure 9. The distances between the measuring points T and K and the neutral axis were
dT = Rsinθ and dK = Rsin(θ + γ), respectively. R was the radius of the axial section ring of the
FB; θ was the angle between point T and the centerline and the neutral axis; and γ was the
angle between points T and K and the line connecting the center of the circle, as shown in
Figure 9. Assuming that the angle between the measuring point T and the gate wall line was δ,
the angle (horizontal angle) between the mooring line and the gate wall line was 90◦ + θ − δ.

Assuming that the total strains at points T and K were εT and εK, respectively, according
to Equations (6) and (14), we obtained the following:

• When β > 0,

εT =
Fz

E1 A1
+

Fxy(2L1 − 3h)L2/2L1

E1 I1
dT +

Fz(2R/π)

E1 I1
dT (15)

εK =
Fz

E1 A1
+

Fxy(2L1 − 3h)L2/2L1

E1 I1
dK +

Fz(2R/π)

E1 I1
dK (16)
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• When β < 0,

εT
′ = − Fz

E1 A1
+

3FxyL3h
A2L3

1E1
dT −

Fz(2R/π)

E1 I1
dT (17)

εK
′ = − Fz

E1 A1
+

3FxyL3h
A2L3

1E1
dK −

Fz(2R/π)

E1 I1
dK (18)

where Fxy = Fcosβ, Fz = Fsinβ, dT = Rsin(α + δ − 90◦), and dK = Rsin(α + δ + γ − 90◦).
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According to the specification [48] and field measurement statistics [49], the angle
between the mooring line and the horizontal plane was taken as β = ±15◦, as shown in
Figure 4. Therefore, according to Equations (15) and (16) and Equations (17) and (18), when
β > 0 (β = 15◦) and β < 0 (β = −15◦), the angle α between the mooring line and the wall of
the sea lock and the mooring force F acting on the FB topside structure could be obtained.
In addition, due to the real-time changes in mooring force F and mooring angle α with time,
in Equations (15)–(18) above, εT = εT (t), εK = εK (t), εT’ = εT ’(t), and εK’ = εK ’(t), as follows:

• When β > 0 (β = 15◦),

α(t) = arccos
0.259I1[εT(t)− εK(t)]
A1R(m + n)

√
x2 + y2

− δ− arctan
y
x

(19)

F(t) =
E1 I1[εT(t)− εK(t)]

R(m + n)[cos(α + δ)− cos(α + δ + γ)]
(20)

where m = 0.966(2L1 − 3h)L2/2L1, n = 0.259(2R/π), x = cosγεT (t) − εK (t), and y = sinγεT (t).

• When β < 0 (β = −15◦),

α′(t) = arcsin
−0.259A2L3

1 I1[εT
′(t)− εK

′(t)]

A1 · R · (m′ − n′)
√
(x′)2 + (y′)2

− δ− arctan
y′

x′
(21)

F′(t) =
A2L3

1E1 I1[εT
′(t)− εK

′(t)]
R(m′ − n′)[cos(α + δ)− cos(α + δ + γ)]

(22)

where m’ = 2.898hL3I1, n’ = −0.259A2L1
3(2R/π), x’ = sinγεT

′(t), and y’ = εK’(t) − cosγεT’ (t).
In summary, under the condition that the distance h between the position of the

mooring line and the cross section of any load-sensitive point on the surface of the FB and
the vertical angle β were known, the strain data information of any load-sensitive point on
the surface of the FB were measured in real time, and the ship mooring factor acting on the
FB topside structure was obtained by combining the dynamic inversions of Equations (19)
and (20) and Equations (21) and (22), including the mooring force F and mooring angle α.



J. Mar. Sci. Eng. 2023, 11, 1374 10 of 19

3. Model Validation by Tests of a Structural Physical Model

A test was conducted on a physical model of the FB topside structure under the
mooring force, and strain data at two points (T and K) of the FB topside structure under
the different mooring forces and mooring angles were obtained and substituted into
Equations (19)–(22) to obtain the values of the mooring force and mooring angle predicted
by the model. The accuracy of the dynamic inversion model of the mooring force of the FB
was verified by comparing the values of mooring force and mooring angle predicted by the
model with the standard values for experimental loading.

3.1. Physical Model Test of the Floating Bollard Topside Structure
3.1.1. Design of the Physical Model for the Floating Bollard Topside Structure

According to the structural type and simplified model of the FB in Figure 2, considering
the constraints of the top and bottom steel plates under the mooring force, a physical model
of the upper part of the FB topside structure with a model scale of 1:1 was established
(see Figure 10a). Q235B steel was used as the raw material of the FB topside structure.
The boundary conditions of the FB topside structure were simulated by fixing the top and
bottom steel plates with M24 high-strength anchor bolts with a strength grade of C30 on
the concrete dolphin.

The physical model is shown in Figure 10b.
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Figure 10. Test of the physical model of the topside structure of the floating bollard: (a) model design;
(b) physical model.

3.1.2. Test Program of the Physical Model

• Instruments and equipment.

(1) Loading equipment and device for simulating ship mooring force
The ship mooring force was simulated by the tension on the winch installed on the

gantry crane in this experiment, and the physical model of the FB topside structure was
then loaded. The most appropriate loading mode was realized by moving the winch along
the horizontal direction to the left and right, and the maximum loading capacity was 3 t, as
shown in Figure 11.

To more accurately simulate the change in mooring angle in the test of the physical
model, top and bottom devices were added between the mooring force loading device and
the physical model of the FB topside structure to simulate the two loading modes when the
mooring angle β was±15◦. In addition, the change in the horizontal angle α of the mooring
force of the ship from 35◦ to 145◦ was realized by adding a limit hook on the device. A
schematic figure of the device is shown in Figures 12 and 13a.

(2) Measuring equipment for ship mooring force
The load imposed on the mooring line by the ship mooring force simulation loading

device was measured by a tensiometer installed on the mooring line, as shown in Figure 13b.
(3) Dynamic strain data acquisition equipment for the K and T measuring points of

the FB topside structure
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The dynamic strain data acquisition equipment mainly included a DH1101 welded
strain gauge and a DH2004 wireless distributed monitor. The DH2004 wireless distributed
monitor was composed of a dynamic strain data collector, controller, acquisition software,
signal display screen, and other parts, as shown in Figure 13c.
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Figure 13. Test of the physical model of the FB topside structure.

• Location of the strain measuring points.

According to the geometric size of the physical model of the FB topside structure,
points T and K were 112 mm above the bottom steel plate. The angle between the two
measurement points of T and K and the centerline was γ = 20◦, and the angle between
point T and the line of the lock wall was δ = 80◦, as shown in Figure 14a–c. The DH1101
welded strain gauge was installed at the above T and K points and was waterproof and
moistureproof, as shown in Figure 14d.
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3.2. Results and Discussion

Through the physical model test of the upper part of the FB topside structure, strain
data of the T and K points of the FB topside structure under the different standard values
of mooring force and mooring angle were obtained, and they were substituted into the
dynamic inversion model in Equations (19)–(22) to predict the values for mooring force
and mooring angle. The rationality and reliability of the dynamic inversion model of FB
mooring force were verified by comparing the predictions of the model with standard
mooring force and mooring angle values.

3.2.1. Test Results for Mooring Force

The change in mooring force F with increasing horizontal angle α when β = ±15◦ was
simulated in the test of the physical model, and the measured results are shown in Figure 15.
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3.2.2. Test Results of Strain

According to Figure 15, strain data at the two measuring points T and K of the FB
topside structure were obtained under the loading conditions of different mooring forces
(F) and horizontal angles (α) when β = ±15◦, as shown in Figure 16.

3.2.3. Variation in Strain at Points T and K with Increasing Mooring Force

The changes in strain at points T and K of the FB topside structure with increasing
mooring forces under different horizontal mooring angles (α) are shown in Figure 17. The
standard values of α = 115◦, 90◦, and 60◦ were used as representatives, and the variation of
strain at points T and K on the surface of the FB topside structure was analyzed.

As shown in Figure 17, the strains at points T and K of the FB topside structure showed
a nearly linear trend with increasing mooring force (F), and the trends remained consistent
for different horizontal mooring angles (α) and vertical mooring angles (β). The strains at
the load-sensitive points of the FB topside structure were more affected by mooring angle
α when β > 0. On the surface of the FB topside structure, the strain at measuring point T
reached a maximum at α = 115◦, and the strain at measuring point K reached a maximum
at α = 90◦.
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3.2.4. Verification of Mooring Force from the Dynamic Inversion Model for the FB of the
Sea Lock

To quantitatively estimate the differences between the predictions of the dynamic
inversion model and the results of the test of the physical model, the relative errors
of mooring angle α and mooring force F when β = ±15◦ were calculated, as shown in
Figures 18 and 19. The figures show that the relative errors between the predictions of
the dynamic inversion model proposed in this paper and the measured standard values
for the physical model of the FB topside structure were less than 20%, and the error of
mooring angle α was within the range of ±15%, which verified the accuracy and reliability
of the model.
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4. Discussion and Conclusions

In response to the safety of ship mooring and the safe operation of FBs in sea locks, and
taking the structure of the FB in a sea lock project as an example, research was conducted
on methods to obtain important mooring factors such as the mooring force and mooring
angle of the FB. According to the basic theory of mechanics, the mathematical relationships
between the structural strain at the load-sensitive points of the FB topside structure and the
mooring force and angle were quantified, and a dynamic inversion model of ship mooring
force was established with an FB as the main object. On this basis, the accuracy of the
model was verified by comparing the predictions of the model with data from tests of
a physical model of the FB topside structure. Real-time feedback from the strain signal
of the FB structure to mooring force information can be realized by applying this model,
which is helpful to dynamically perceive the mooring force acting on the FB and avoid the
occurrence of safety accidents in sea locks. The specific research conclusions are as follows:

(1) The FB topside structure was simplified as a model of a statically indeterminate
linearly elastic cantilever beam with a constant cross section, and a dynamic inversion
model was established to reflect the quantitative relationships between the strain at
the load-sensitive measuring points of the FB structure and the mooring factors of
the ship (mooring force, mooring angle). The proposed model could quickly and
efficiently be inverted to obtain important information such as the mooring force and
mooring angle acting on the topside structure of the FB.

(2) A test of a physical model of the FB topside structure was conducted under mooring
force. According to the test data, the measured results for the FB structural strain
under different mooring angles increased gradually with increasing mooring force,
which was consistent with the actual situation.

(3) The maximum relative error between the mooring force and mooring angle calculated
by the dynamic inversion model and the measured results of the physical model test
was only 20%, and the accuracy and reliability of the dynamic inversion model of the
mooring force on the FB of the sea lock were verified.

Traditional monitoring methods cannot effectively reflect the stress characteristics of
the FB structure itself. Tracking and monitoring of the safety state of the mooring in the
lock chamber of the navigation ship cannot be fully covered in real time, and it is difficult
to realize early warning systems and post-accountability for safety accidents in sea locks.
The dynamic inversion model of ship mooring force proposed in this paper with an FB as
the main object can realize real-time feedback from the strain signal of the load-sensitive
area of the FB structure to mooring force information and effectively improve the ability
of the navigation hub management unit to evaluate the safety status of ship mooring and
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the safety of the FB. In the future, a series of studies will be carried out, including research
related to an online long-term active intelligent monitoring method and an intelligent
monitoring system for FBs at sea locks. It is possible to apply the demonstration in actual
sea lock engineering so as to realize the construction of a digital perception and supervision
network for FBs at sea locks, thus guaranteeing the intelligent operation and maintenance
of FBs at sea locks.
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Abbreviations

List of symbols

A1, A2 Cross-sectional area of the bollard and the steel plate R
Ring radius of the axial section of the FB
topside structure

d
Vertical distance from the strain measuring point
to the neutral axis

RD Reaction force of bearing D

dT, dK
Distance of the strain measuring points T and K
from the neutral axis

ε1, ε3
Tensile strain and compressive strain of the FB
topside structure: β > 0, β < 0

E1, E2 Elastic modulus of the bollard and the steel plate ε2, ε4
Bending strain of the FB topside structure:
β > 0, β < 0

F Mooring force ε, ε′
Actual strain of the FB topside structure:
β > 0, β < 0

Fz,Fxy
Axial component and horizontal component of
mooring force

σ1, σ3
Tensile stress and compressive stress of the FB
topside structure: β > 0, β < 0

h
Distance between any load-sensitive point of the
bollard and hinge supports on the FB topside structure

ω

The included angle between any point of the
stress surface of the FB topside structure and
the connection between the center of the circle
and the neutral axis

I1 Inertia moment of a ring of the bollard section θ

The angle between the line connecting the
measuring point T and the center of the circle
and the neutral axis

L1
Length of the FB between the fixed support and
hinged support

γ
The angle between the T and K measuring
points and the center of the circle

L2 Length of the cantilever section of the FB δ
The angle between measuring point T and the
circle center line and the gate wall line

L3 Length of the steel plate w Deformation of the steel plate

Mz, Mxy; Mz’, Mxy’
Axial component and horizontal component of the
section bending moment: β > 0, β < 0

α, β
Mooring angles in the horizontal direction and
vertical direction
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