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SIMULATION OF A FLOATING BOLLARD
OF A SHIP LOCK BY THE FINITE ELEMENT METHOD

On Ycan, 11 Cuoopenxo, I.B. Ilpokonosuu, IOnuvcroans UYxcan, C.B. Boponenxo. MojaejJ0BaHHSI ILIaBY40ro G6oJL1apay
CYAHOBOTO LLTIO3y METO/I0M KiHIEeBHX esieMeHTiB. OJIHMM 3 OCHOBHHX €IE€MEHTIB IIIBAPTOBOr0o 00JIaHAHHS 1ILTI03Y € TUIaBy4Hii Gomtap.
Buxia 3 nagy JaHOrO eneMeHTa LIBapTOBOTO OONaJHAHHS 3aBXKAM IPU3BOAMTH IO BEIHKHX CKJIAJHOLIB B OpraHisamil CyZompormycka B
IUTI031, B YACTHHI PO3MILICHHS CYAIB B KaMmepi HUTI03y i BUMYIICHOrO BUBOIY LIUIIO3iB 3 POOOTH /Ul MPUBEACHHS IUIABYYHX OOJIapAiB y
pobGounit cran. Tomy, aHani3 npane3aaTHOCTI JAHOTO €IEMEHTa, SIK Ha CTajil IPOSKTYBaHHs, TaK i PH eKCILTyaTalil 3 ypaXyBaHHAM Pi3HUX
BapiaHTIB HOro HAaBaHTAXXEHHS NpH Iii 3MIHHUX 30BHINIHIX yMOB, € AaKTyaJdbHHM 3aBIaHHAM. Y CTaTTi HPEICTaBICHI pe3ylbTaTd
JOCHIUKEHHS OfHi€T 3 KOHCTPYKIiH IIaBydoro Goiuiapiy CyAHOBOTO LITIO3Y, IO 3HAXOAMTHCS B pealbHill ekcruryaramii. JlocmiukeHHs
HPOBEJICHI 3a JJOIOMOTO0 METOJly CKIHYEHHHX EJIEMEHTIB, IIPU SKOMY TpoBefeHo 3D MojenoBaHHs PO3IIITHYTOr0 NPUCTPOIO i aHai3 Horo
Hampy»XeHo Ae()OPMOBAHOIrO CTaHy HPH PI3HMX BapiaHTaX HABAHTAXKCHHS, L0 BPAaXOBYIOTh IWHAMIKY IIBAPTOBHX OMEpauiil i MOromHi
ymoBu. IIpoBe/ieHO TOPiBHAIBHUIT aHANI3 CTBOPEHOI CKIHUEHO-€JIEMEHTHOT MOJIEIT PO3IVITHYTOTO MPHCTPOIO 3 HOro CIPOIIEHOI MOJIEIIIIO Y
BUIISIII NMPYXKHOI OaJKOBOI CHCTEMH 3 OJHODIIHHM IIONMEpevYHHM ImepepizoM. HaBemeno rpacdiuHy iHTepHpeTaliio pe3ysbTaTiB aHai3y
Hampy»KeHO Ie(OpPMOBAHOr0 CTaHy PO3INISIHYTOrO MPHCTPOI0, HPH SIKOMY BHSIBJICHI HAWOUTbII HAaBAHTAaXKCHI ENEMEHTH KOHCTPYKII.
BusiBneHy sokaniro Micllb HaifOiIbII MacIITAOHOrO HANPYXKEHO J1e(h)OPMOBAHOTO CTAHY 3aIPONIOHOBAHO 3aCTOCYBATH SIK TEOPETUYHY OCHOBY
JUIS PO3TOPTaHHS JaTYNKIB CHCTEMH TOIIEPEKEHHS IIPO CTaH HaBaHTA)KEHHS IIaBar04oro OOoIuIap/y CyJAHOBOTO IIIO3Y.

Knrouogi cnosa: piukoBuii 1utio3, mwiaBarounii 6omtapn, 3D MOzeTIOBaHHS, HaNpyXeHO-Ae(OPMOBaHUN CTaH, METOX KiHIIEBOTO
CIEMEHTY

Yong Zhang, I. Sydorenko, 1. Prokopovych, Yunxuan Zhang, S. Voronenko. Simulation of a floating bollard of a ship lock by the
finite element method. One of the main elements of the lock’s mooring equipment is the floating bollard. Failure of this element of the
mooring equipment always leads to great difficulties in organizing ship passes in the lock, in terms of the arrangement of vessels in the lock
chamber and the forced withdrawal of locks from work to bring the floating bollards into working condition. Therefore, the analysis of the
performance of this element, both at the design stage and during operation, taking into account various options for its loading under the
action of changing external conditions, is an urgent task. The article presents the results of a study of one of the structures of a floating
bollard of a ship’s lock, which is in real operation. The studies were carried out using the finite element method, in which 3D modeling of the
device under consideration was carried out and its stress-strain state was analyzed under various loading options, taking into account the
dynamics of mooring operations and weather conditions. A comparative analysis of the created finite element model of the device under
consideration with its simplified model in the form of an elastic beam system with a uniform cross section is carried out. A graphic
interpretation of the results of the analysis of the stress-strain state of the device under consideration is given, in which the most loaded
structural elements are distinguished. The identified location of the places of the largest stress-strain state is proposed to be used as a
theoretical basis for the deployment of sensors of the system for alerting the state of the loading of the floating bollard of the ship lock.

Keywords: river lock, floating bollard, 3D modeling, stress-strain state, finite element method

Introduction

A modern shipping lock is a highly mechanized hydraulic structure with automatic control of the
process of locking ships. However, to this day, there are several problems in this automated chain of
passages associated with the mooring of the vessel in the chamber. One of these problems is as fol-
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lows. Hard and heavy mooring ropes are used during mooring of large-tonnage vessels. It is practical-
ly impossible to moor a ship with such ropes “tight”. The presence of sagging ropes and their pulling
lead to significant movements of vessels along the lock chamber, which causes inertial jerks. The ki-
netic energy of jerks, not absorbed by the mooring ties, leads to the breakage of the mooring ropes, the
destruction of both the hooks of the floating bollards (floating eyelets) and the floating bollards or ship
bollards themselves.

The very locking of heavy-duty vessels during the design mode of filling (emptying) the lock
chamber often causes a significant excess of the permissible standard hydrodynamic force, which can
create an emergency situation causing the destruction of these elements. In this regard, the analysis of
existing structures of floating bollards and new designed structures under the influence of external
loads is a prerequisite that determines their efficiency and reliability.

Analysis of literary data and problem statement

One of the main elements of the lock’s mooring equipment is a floating bollard (Fig. 1, a). It con-
sists of a float /, structurally identical to the lower (under water) and upper 2 carriages [1]. The upper
bogie has an eye (hook) 3 for attaching a mooring cable. The structure moves along the guide 4 of the
airlock. Failure of this element of mooring equipment always leads to great difficulties in organizing
the passage of ships into the lock, from the point of view of placing ships in the lock chamber and
stopping the lock for operations to bring floating bollards into working condition [2, 3].

Fig. 1. Floating bollard: general view of the bollard (a) destruction of concrete and guides in the bollard shaft (b)
destruction of the bollard structure (¢)

There are two main reasons for the failure of floating bollards, differing in the place of origin
[4, 5]. One of the reasons is the destruction of the entire system of floating bollards, recorded in 20 %
of cases [6, 7]. Such destruction manifests itself in the form of destruction of concrete at the points of
attachment of the guides / and destruction or critical plastic deformation of the guide rollers of the
carriages of the bollards 2, which leads to its jamming in the mine (Fig. 1, ). However, they indicate
that these damages are the result of another reason, namely, the destruction of the bollard structure
itself, namely, the metal structures of the frame / and the attachment points of the rollers 2 (Fig. 1, ¢).
Such destruction of the floating bollard is 80 % of the recorded cases [8, 9].

Based on the foregoing, it should be recognized that the main element that determines the per-
formance of the presented sluice device is the floating bollard itself [10]. Therefore, one of the priority
tasks, the solution of which makes it possible to judge the operability of this device, is its mathemati-
cal modeling both at the stage of its design and at the stage of operation of the finished device, taking
into account various options for external influences.

The analysis of the existing structures of floating bollards made it possible to establish that they
are welded bar, plate or shell structures [11]. However, most often the bollard design is mixed; rods,
plates and shells can be present in it simultaneously [12, 13].
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One of the effective methods for modeling and studying the stress-strain state of mechanical
structures is the finite element method (FEM) [14, 15, 16].

When using FEM the solution of any engineering problem begins with the preparation of a com-
putational model in the form of a virtual analogue of a real building structure as well as technological
product and mechanism detail, etc. From a geometric point of view, a computational model is a field
of points connected by primitives (straight line segments, triangles, rectangles, etc.). This is how a
kind of mesh structure is formed — the geometry of the original structure is approximated by the mesh
superimposed on it, and further work is carried out not with the original system, but with the resulting
mesh. In addition to geometry, the primitives connecting the model nodes also have known mechani-
cal properties. This means that by linking the stiffnesses of all mesh elements into a single whole
(within the framework of the assumptions made in the model), it is possible to establish the stress-
strain state of the entire system. So, using this method, you can get any factors of interest: longitudinal
and transverse forces, bending and torsional moments, stresses, deformations, etc. Considering that
this method is currently implemented in many CAE systems such as ABAQUS, ANSYS, NASTRAN,
Siemens NX, LS Dyna, which in turn are inextricably linked with CAD systems — the use of the FEM
method is the most preferable.

Purpose and tasks of the research

The aim of the study is to model and analyze the stress-strain state of the superstructure of a ver-
tical floating bollard used in the ship lock #1 of Gechzhouba (China).

The objective of the study is to identify the most loaded structural elements that determine the
operability of the device under consideration, with a variation in the magnitude of external influences
acting on it. The magnitudes of the considered impacts are presented in Table 1.

Table 1

Values of the considered external influences on the floating bollard

External influence

op?ion General terms Special condition on the eyelet of a
bollard
1 Force Estimated pulling force of the ship’s lock when filling it F=150kN
the gravity of | Estimated pulling force of the ship’s lock during its filling
2 the device and dynamic loads associated with jerks due to the pres- F=200kN

G =8.1554 kN | ence of sagging and stretching of the ropes

is compensated | The calculated tractive effort of the ship’s lock during its

by the buoyan- | filling, dynamic loads associated with jerks due to the

3 cy ofthelvx{ater, presence of sagging of the ropes and their stretching, as F=300kN
determining well as loads associated with an increase in the mass of the

zero buoyancy | ship in winter conditions due to its freezing

It should be noted, that the special loading conditions in the winter period are of the greatest in-
terest, since it was during this period that the largest number of damages to floating bollards was rec-
orded.

Materials and methods of research

The upper part of the floating bollard was modeled as the most loaded and determining the oper-
ability of the entire device (Fig. 2, a). In the simulation, the element of the upper part of the floating
bollard was considered as a hollow thin-walled cylinder with an outer diameter of 160 mm, an inner
diameter of 110 mm, and a height of 1200 mm (Fig. 2, b).

Since there is no specific size and shape of the lid located on the top of the bollard, the use of a
round lid with a thickness of 25 mm is considered. The mooring force is applied at point A of the bol-
lard eyelet. In 3D modeling by means of Autodesk Inventor, vertical 1 and horizontal 2 rollers of the
upper structure of a floating bollard, for simplicity, were geometrically generalized into eight three-
dimensional prisms (Fig. 2, ¢).
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Fig. 2. Floating bollard in ship lock #1 of Gezhouba (China): exterior (a); overall dimensions (5); 3D model (c)

When modeling the upper part of a floating bollard, the use of materials of three types is consid-
ered. Flat plates of the bollard structure, parallel to the X0Y plane, are made of stainless steel
08X18HI0T GOST 5582-75 (1Cr18Ni9Ti — China), the body of the hollow cylinder system is made
of Steel 45 GOST 1577-93 (ZG310-570 — China), and the rest of the parts are made of steel St3ps ac-
cording to GOST 380: 2005 (Q235B — China). The corresponding characteristics of the materials used
are shown in Table 2.

Table 2
Characteristics of the materials used in the manufacture of the upper part of the floating bollard
. Elastic modulus . R . Density Yield point Tensile strength
Material E. GPa Poisson’s ratio p o, kg~m‘3 [o.], MPa tensile [o,], MPa
St3ps (Ct3mc)
GOST 380-2005 200 0.3 7.850 250 460
(Q235B)
Steel 45
GOST 1577-93 200 0.3 7.850 310 570
(ZG310-570)
08X18HI10T
GOST 5582-75 193 0.31 7.750 207 586
(1Cr18Ni9Ti)

To analyze the presented product, the CAE system ANSYS Workbench was used. The discrete
method implemented in the Solid186 (3D20N) block was used to create a 3D mesh of the upper part of
the floating bollard. The unit cell of the grid is a parallelepiped (cube) with a side length of 20 mm.
Several surface constraints have been applied to the surfaces of the prisms corresponding to the eight
horizontal and longitudinal rollers. Constraints for the nodes of each finite element on the surface of
the corresponding prism in the direction of 6 degrees of freedom determined its complete immobility
(displacements and angles of rotation are equal to 0).

To check the correctness of mathematical modeling and analysis of the structure using the FEM,
its simplified calculation was carried out under the action of the working force according to option 1
(see Table 1). When simplifying the model of the upper part of a floating bollard, its real structure is
presented as an elastic beam system with a uniform cross-section (Fig. 3, a). The stainless steel plates
used to fix the bollard are presented as two hinged supports of the beam, limiting the movement along
the 0X axis (Fig. 3, b). The displacement of the beam in two directions relative to the 0Z axis deter-
mines the possibility of its rotation about the 0Y axis.
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Fig. 3. Simplified model for calculating loads and stresses in the considered column with loading case 1:
geometric parameters (a); calculation scheme (b); bending moments (¢); bending stress (d)

For a simplified design model, the distribution of the bending moment of the beam along its main
axis was obtained (Fig. 3, ¢). which made it possible to obtain the distribution of the corresponding
stresses (Fig. 3, d). These calculations were carried out in accordance with the existing regulatory doc-
uments [13]. They indicate that tensile and bending stresses of elements of metal structures can be cal-
culated using the following relationship:

6= =, (1)

where M, is the calculated value of the maximum bending moment acting along the main axis; vy, is the
coefficient of plasticity of the module section; W, — module of net section along the x-axis.

Since the simplified model of the beam is bent only in one main plane, when carrying out the cal-
culation, it was taken for a uniform design section W, = 3.126-10* m’, the corresponding coefficient
of plasticity of the section of the modulus y,=1.0.

Subsequent calculations by the FEM method made it possible to obtain diagrams of stress clouds
in the structure of the upper part of a floating bollard (Fig. 4).
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Fig. 4. Stresses in the model when calculating by the finite element method: design load according
to option 1 (a); design load for option 2 (b); design load for variant 3 (c)
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Stress cloud diagrams show that the stress on the body of the hollow cylindrical column and
stainless steel plates parallel to the X0Y plane is greater than in other parts of the structure, especially
in those places where these plates are close to each other. It should be noted that the stress distribution
is more pronounced in the protruding part of the bollard.

Comparison of the results of calculating stresses for the finite element model (144.9 MPa) and the
simplified design model (139.8 MPa) in the case of loading case 1 (see Table 1) in the same place shows
that they are very close, and the relative error between them is about 3.6 % (see Fig. 3, d and Fig. 4, a).

Such a small error indicates the correct modeling of the node under consideration when calculating
it by the FEM method. With this variant of the calculation, it was found that the value of the stress of the
numerical simulation is 144.9 MPa and does not exceed the permissible value of 240 MPa (see Table 2).

Likewise, using the presented finite element method, a calculation was carried out for loading cases
2 and 3 (see Table 1), which made it possible to obtain the corresponding stress distribution cloud dia-
grams (Fig. 4, b and Fig. 4, c, respectively). At the same time, it was found that the stress values at the
accepted reference point on the upper bollard support (coordinate values: X=715, Y=0, Z=800) for dif-
ferent loading options are ;= 144.9 MPa, 5,=193.2 MPa, 55=289.5 MPa, thereby determining the re-
lationship between the change in load and stress, which is consistent with the real situation.

The discussion of the results

To analyze the stresses arising in the elements of the structure, two of its elements were consid-
ered, namely, the support of the eyelet / and the upper bollard plate 2 (Fig. 5).

The interest in these structural elements is because they

are closest to the point of application of the external load. The

\ values of the arising stresses and their distribution relative to
the adopted trajectory (dashed line in Fig. 5) were analyzed

A
‘7\'\ / under various operating conditions, which were determined by
o7 o .

three calculation options.
~>

2

The graphic interpretation of the results of the calculation
of the eye support (structural element 1) was carried out rela-
1 N tive to the accepted trajectory and parallel to the ¥ and X axes
' 4 (Fig. 6, a and Fig. 6, b). The calculation results indicate that
' AY . under different operating conditions, the stress distribution in
N X / the element under consideration has obvious symmetry, with an

2 ; obvious increase in stress along the edges, and the maximum

. stress value is recorded in the case when Y is determined by

Fig, 5. Numbering of the studied parts values of —250...250 mm (Fig. 6, a). As the X coordipate in-

of the bollard model creases (closer to the eyelet), the stress value gradually increas-

es. In the area of the considered element close to the bollard

eyelet (X>550 mm), the change in stress tends to increase sig-

nificantly (Fig. 6, b). Thus, the changes in stresses in the support of the eyelet near the eyelet itself are
more significant than in the rest of the element.

The graphic interpretation of the results of the calculation of the upper bollard plate (structural ele-
ment 2) is also carried out relative to the accepted trajectory parallel to the Y and X axes (Fig. 6, ¢ and
Fig. 6, d). The calculation results indicate that under different operating conditions, like the structural
element 2 also has obvious symmetry with an obvious increase in stress along the edges, and the maxi-
mum stress value is fixed in the case when Y is determined by the values —250...250 mm (Fig. 6, ¢). As
the X coordinate increases (closer to the eyelet), the magnitude of the stresses first gradually increases,
then decreases, then again gradually increases and, finally, sharply increases. It should be noted that the
area of stress reduction as the X coordinate increases in the range of 480...555 mm corresponds to the
area of overlap of structural elements / and 2 (see Fig. 5), where the stress reduction is associated with a
sharp change in the cross section (Fig. 6, d). In the element under consideration, the nature of the change
in stresses near the eyelet itself is also more significant than in the rest of the element.
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Fig. 6. Distribution of stresses in a structural element / and element 2: element / parallel to the direction

c

ry, —distance between X direction and axis Y

d

of the Y-axis (a); element / parallel to the direction of the X-axis (); element 2 parallel to the direction
of the Y-axis (c); element 2 parallel to the direction of the X-axis (d)

Conclusion

Based on the research carried out, the following conclusions were obtained:
1. Comparative analysis of the results of calculating the stress-strain state at the selected refer-
ence point, obtained in the case of using the created finite element model of the device in question and
its simplified calculation model, indicate their identity with a relative error of 3.6 %, which confirms
the reliability of the results of the numerical simulation.

2. Based on the obtained law of stress distribution over the elements of the considered floating

bollard, the most loaded part of the structure is element / at the point of attachment of the eyelet.

3. It was found that on element / the greatest stresses arise near the eyelet, at the same time, the

stresses in the mating parts of elements / and 2 tend to weaken relative to the axis of the eyelet.

4. The data obtained provide a theoretical basis for the installation of warning sensors about the

force state of the floating bollard of the ship lock at localized locations.
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