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Abstract: Floating cranes are used for the construction and installation work of harbors, various
heavy industries, and offshore structures. In the case of floating cranes that need to move around the
work site, their navigation can be constrained due to marine bridges. In some cases, the clearance
under the bridge between the water surface and the bottom of the marine bridge may be too low,
and floating cranes cannot pass under the marine bridge. In this study, the height of the marine
bridges and the boom height of the floating cranes considering the minimum luffing angle were
investigated. Through minimizing the boom luffing angle of the floating crane by the height of back
tower, a floating crane with improved mobility through marine bridges was developed. A structural
analysis model was produced to check whether the developed crane design satisfies the design criteria
obeying the KR, DNVGL, and ABS rules, including luffing condition as a special consideration. As a
result of the structural analyses, structural safety was validated for the service, stowage, and luffing
conditions in terms of combined stresses, displacements, and buckling.

Keywords: floating crane; safety assessment; safe working load; luffing condition

1. Introduction

“Crane” is a machine that applies repeated motion within a constant work space for
the purpose of hoisting and transportation by using hook or other attachments [1]. These
cranes lift and move relatively heavy objects, so it can be exposed to a number of accidents
during operation. Shepherd et al. [2] investigated more than 500 crane-related accidents
in the United States from 1985 to 1995; then, they grouped related data and analyzed the
patterns. King et al. [3] also investigated 75 crane accidents in North America from 2004 to
2010 and used the survey results to strengthen crane safety programs and improve industry
standards. Recently, Milazzo et al. [4] analyzed hundreds of worldwide crane accident data
records in different industrial fields. According to their investigation and analysis, most
of the accidents are due to impacts between the load and the crane or objects, which are
often caused by a limited or poor visibility of the surrounding workspace from the crane
operator point of view. So, they said that the crane navigation system has a great potential
for safety improvement.

Studies were also conducted to quantify the degree of risk according to the type of risk,
such as the case of a crane falling or a falling object hitting the crane. This quantified risk
assessment was used for the purpose of prioritizing risk reduction measures [5]. Ancione
et al. [6] had been proposed for the integration of dynamic features into the risk assessment
procedure by taking into account the interaction between the plant activity and crane
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operation on offshore installations. They performed a dynamic risk assessment using the
bowtie method, which allowed estimating frequencies of the events and their updating,
by including the effect of safety barriers. In addition, Milazzo et al. [7] insisted that the
changes of working area, including the advanced machine with new technology, might
bring new risks for workers. They proposed a systematic approach that accounts for
the information processing of the human brain. This approach was applied to a smart
safety device supporting crane-related operation. In addition, Lingard et al. [8] identified
77 causal/contributing factors for crane safety accidents in the Australian construction
industry and developed the crane safety incident causation model by carrying out a detailed
qualitative analysis of the factors.

Meanwhile, a floating crane considers a weak point of a ground crane, which cannot
lift objects of high tonnage as the ground cannot hold, and utilizes seawater with higher
specific gravity than general water as the foundation of support to lift the objects of high
tonnage. A floating crane hoists a heavy object by utilizing a principle such that the area
submerged in water (displacement) increases at the moment to lift the heavy object, which
raises the buoyancy again to set a ship afloat. For example, if a floating crane is installed on
a lower hull of 24 m in width and length, and 5 m in depth, it is theoretically possible to lift
up to about 3000 tons. In addition to its structural rigidity, it is possible to lift very heavy
objects with the help of buoyancy, so the frequency of use of floating cranes is steadily
increasing to improve the productivity of shipyards [9].

Research related to floating cranes focuses on the aspect of securing the safety of
work and of efficient use. Previous studies on such safety of floating cranes covered the
dynamic stability theoretically and numerically as a major subject when the cranes hoist
objects in sea [10-13]. There are cases in which two or more cranes are used simultaneously
to lift objects heavier than the rated capacity of one crane. Nam et al. [14] proposed
a double lifting using two floating cranes to overcome the performance limitations as
ships and offshore platforms increase in size. The developed dual lifting system was
demonstrated five times at Samsung Heavy Industries Ltd. in 2015, and it was confirmed
that the use of such a dual lifting system can shorten the construction period of ships and
offshore platforms.

As the weight of structures has been increased such as a block of a ship or a bridge
through the development of shipbuilding technology, the hoisting capability of floating
cranes have been largely increasing. Simulation studies have also been conducted for this
case. Cha et al. [15] observed the dynamic motion of floating cranes and blocks through
simulation considering external forces due to wave and wind, and they calculated the
tension of a wire rope. The main purpose of these simulations is to detect block lifting,
turn-over, collisions between blocks in the assembly process, and collision among blocks,
lifting ropes, and barges in advance. Bae et al. [16] developed a simulator that applied a
mooring system to two floating cranes. The multi-body equation of the cranes was derived
from the equation of motion, and an experiment was conducted to verify the simulator. In
addition, in order to secure the sufficient safety to hoist cargos, a structural analysis has
been conducted by applying specific loads that must be considered in the operation of the
floating crane [17,18].

In the case of a floating crane that enables work while moving around the sea, there
exists a limit to the navigation according to its specific shape. Namely, the crane mainly
uses a high long boom to lift objects. The high beam provides an advantage to move and
install the objects when at work but becomes a restriction when it moves on the sea near
the coastline to pass the bottom of a marine bridge. Marine bridges are installed on the
sea or at the mouth of a river where depths of sea are marked on the nautical chart for the
safety of ships in navigation, and a total of seventy-five marine bridges have been installed
around the coastal areas of the southern sea and western sea of Korea.

Major sea routes of domestic floating cranes in operation are coastal areas of the
southern sea and western sea. These areas have been known as experiencing difficulties
of navigation to move floating cranes due to the topological feature of scattered islands
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and many narrow channels and the effect of strong tidal current at the navigation near the
coastal area [19]. Moreover, those marine bridges that are equipped with comparatively
low clearance under the bridge would become a great obstacle to the passage of floating
cranes with high booms.

A floating crane with a high boom adjusts the luffing angle to pass under the marine
bridge. Dong-Ah Geological Engineering has several marine DCM (Deep Cement Mixing)
vessels to carry out the project, and one of them has a rated capacity of 175 tons and an
A-frame with a height of 49.6 m. The ship had to pass under TM-CLKL (Tuen Mun—Chek
Lap Kok Link) bridge with a safety passage height of 21 m for the ground improvement
work in Tung Chung, Hong Kong in 2019. To pass under the bridge, the A-frame had to
be inclined to 22°. For this, a preliminary review using drawing for check as shown in
Figure 1a was performed, and a pre-test was carried out using an additional cylinder jack.
Figure 1b is a scene where the ship passes safely under the bridge.
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Figure 1. Vessel passing under the bridge using the luffing angle of an A-frame. (a) Drawing for
check of luffing condition; (b) A marine DCM vessel passing under the TM-CLKL Bridge.

Examining previous studies on such a luffing system of a crane, they focused on the
dynamic response of the crane during luffing motion. Sun and Liu [20] considered the
drive of a hydraulic cylinder and the luffing angle and covered the dynamic response
during the luffing motion. At this time, it was identified that the dynamic response of the
crane is more sensitive to the luffing acceleration than to the luffing velocity.

Lee et al. [21] assessed the structural safety of a jib crane for a ship according to the
luffing angle. They conducted a finite element analysis on the reacting force and stress
at the point of support according to the luffing angle of a jib at discharging cargos and
presented a preventive instruction for safety accidents at industrial sites, as a buckling
occurred largely at the luffing angles between 40° and 50°. In addition, Zhou et al. [22]
conducted theoretical analysis and case verification to study the nonlinear analysis for the
multi-bar ruffing of a jib crane.

The present study has adjusted the luffing angle of a boom of a floating crane in order
to lower the upper end of the boom to the height of the back tower, through which a
possibility has been raised to pass underneath a marine bridge. With such application of
minimum luffing angle, an additional consideration is needed besides the loading condition
applied to the floating crane under the general regulation. Therefore, a structural analysis
has been conducted with an assessment of the structural safety by the application of load
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condition to luffing condition as well as service condition and stowage condition, which
are the conditions of general load application for the upper structure of the floating crane.

2. Minimized Design of Luffing Angle
2.1. Specification Analysis on Marine Bridge and Floating Crane

To compare and analyze the navigation of a floating crane to pass under the marine
bridge, the shapes and specifications of major domestic marine bridges have been arranged
in Table 1 [23]. According to the Table 1, the clearance under the marine bridge has been
confirmed within the range from minimum 36 m to maximum 85 m.

Table 1. Specifications of major domestic marine bridges.

Bridge Name BrdgeType  MinSpanLength  Clearance under
Youngjong suspension 300 40
Seohae cable stayed 470 62
Mokpo cable stayed 500 53
Machang cable stayed 400 64
Kwangyang suspension 1545 75 (85, center)
Bukhang cable stayed 540 60
Ulsan cable stayed 560 60
Geoga cable stayed 427300(233;) 22
Incheon cable stayed 800 70.4

In addition, Table 2 shows the summary of the specifications of major domestic floating
cranes in operation. The length of a boom of floating crane varies by the work and tonnage.
The height of the floating crane varies according to the luffing angle of the boom. The height
of the boom at the minimum luffing angle is the height to the attachment from the main
deck of a barge. The real height of the boom, which considers the sea level, must consider
the size and draft of the barge, so that its value must be counted about 8 to 15 m higher
than the value in the table.

Table 2. Specification of major domestic floating cranes.

Capacity Min. Luffing Boom Height Back Tower Remark

(ton) Angle (deg) (m) Height (m)

120 50.5 50 22

600 40 38 - Salko Co.
1200 30 41.8 36.5 Salko Co.
2000 35 48 40 Haekwan
2200 40 56.1 34.5 Kumyong
3000 40 76.6 45 SHI *

* SHI: Samsung Heavy Industries, Ltd.

Comparing Table 1 with Table 2, there are a few cases when the floating crane could
freely navigate through the bottom of the marine bridge. It is also clear to see that there
exists a risk of accident due to the height of the boom. For alternatives, if the boom of
the floating crane could be lowered to the height of a back tower, which is the highest
among facilities fixed on the upper part of the barge, it would reduce the restriction on the
navigation, as there will be many marine bridges to pass underneath more freely.

2.2. Target Crane and Additional Consideration by Minimized Luffing Angle

The length overall of the floating crane barge being developed in this study is 63.125 m,
and the breadth, depth, and draft (DLWL, Design Load Waterline) of the barge is 24, 3.8,
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and 2.5 m, respectively. Figure 2 shows a part of the general arrangement (G/A), and
the main materials used are AH32 and AH36 with the modulus of elasticity of 206 GPa
and Poisson’s ratio of 0.3. The reason of being unavailable to decrease the luffing angle of
previous floating cranes to very low angle is that it is not possible to increase the luffing
angle again if the luffing wire is lowered to less than the minimum angle of the boom.
Accordingly, most previous floating cranes have the minimum luffing angle in the level of
30° to 40°, as shown in Table 2.

Add.
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cylinder

/

Boom
height

-

/
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Min. luffing angle

Figure 2. Explanation of boom height, back tower height, and minimum luffing angle for a floating crane.

This floating crane is designed so that the boom can go down to the same level as
the height of back tower. In this case, the luffing angle of a boom can be adjusted up to
10°. For this purpose, four hydraulic cylinders were installed between the boom and the
structure of attached support. These cylinders help the luffing wire and luffing of the boom
when the boom is recovered to the luffing angle under the service condition, namely, when
the boom is lifted higher. Figure 2 shows the side shape of the developed model for a
floating crane along with the descriptions of major specifications mentioned in Table 2. The
boom will go down to the level of the back tower. In addition, the figure also displays the
positions of added hydraulic cylinders.

The crane developed in this study belongs to a relatively small class with a scale of
250 tons. Recently, ultra large floating cranes with a rated capacity exceeding 10,000 tons
have also appeared. SSCV Sleipnir is the largest crane vessel in the world after being built
in 2019. She is a semi-submersible crane vessel (SSCV) owned and operated by Heerema
Marine Contractors. The vessel is equipped with two revolving cranes, each with a capacity
of 10,000 tons, and the main cranes can be operated in tandem to jointly lift 20,000 tons [24].
However, these ultra large floating cranes are not intended for offshore work adjacent to
land, as they are manufactured for the purpose of installation and rescue work of very
large heavy objects at sea. Estimating based on statistics related the crane vessel [25], the
maximum capacity of the crane vessel for offshore work adjacent to land is expected to be
4000 tons. The general feature of the crane of 4000 tons or higher is that the lower hull is not
the barge or a monohull. Their lower hulls are multi-hull or a semi-submergible structure.

Here, a simple calculation was performed for those over 1200 tons among the floating
cranes listed in Table 2. It was examined how many more of the marine bridges in Table 1
could pass when the minimum luffing angle is lowered so that the height of the boom
becomes one of the back tower. There are two types of Gwangyang and Geoga bridges,
so they were considered separately, and a total of 11 were considered in calculating. In
addition, the height to be added considering the actual sea level described in Section 2.1
was considered to be 8 m. As a result, the 1200 tons crane had the same number of
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marine bridge before and after the change to nine, and the 2000 ton crane only increased
by two. However, the number of bridges that the 2200 ton crane can pass through has
increased significantly from three to nine, and from one to seven for the 3000 ton crane.
This comparison can be good basic data in terms of increasing the utility of the floating
crane. However, more data investigation is required in actual application, and economical
analysis, and installing additional equipment (e.g., hydraulic cylinder) is considered to
be necessary.

The luffing angle of the boom is about 10°. As shown in Figure 2, the wire that
connects the boom with the back tower becomes almost horizontal, so that the reaction
forces of the upper part of the boom and the support may become higher. Lee et al. [26]
analyzed the reaction force by the luffing angle of a jib crane. According to their study, the
reaction force decreases as the luffing angle becomes closer to a vertical angle and increases
as the luffing angle becomes closer to a horizontal angle.

In the present study, the reaction forces Bl and B2 of two wires connected to the
upper sheave of a boom have been obtained, as shown in Figure 3. Figure 4 shows the
reaction forces when the luffing angle is 70° under the stowage condition and the reaction
forces when the luffing angle is 10° under the luffing condition. CLC is the abbreviation of
Combined Load Condition specified below the title of the horizontal axis in the figure. From
the figure, in the case of a very small luffing angle of 10°, it can be known that the reaction
force increases about four times as the boom becomes closer to the horizontal angle. Due to
such an increased reaction force, as the risk of deformation and buckling increases for the
boom under the luffing condition, a review of structural safety has become necessary.

Figure 3. Position of reaction force for boom.
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Figure 4. Reaction force of the boom by luffing angle and CLC.
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3. Load Condition and Modeling for Structural Analysis
3.1. Load Conditions
3.1.1. Load Conditions for Boom

The present study has reflected the design load of a crane presented in the KR rules
(KR: Korea Register of Shipping, 2014). The safe working load of the crane is the maximum
weight of a cargo loaded on the attached equipment of the sheave block head, which has
been decided for 250 tons and 100 tons. Additional impact load must be the multiplication
of the impact load coefficient presented in the KR rules according to the lifting load and
types of crane. In the present study, the additional impact load coefficient of 0.25 has
been used.

The self-weight of the crane and attached discharging equipment is 151 tons. The
weight of the sheave block and sheave in the loose gear is 14 tons, and the weight of the
hook block is 13 tons, which sums up to 27 tons. The friction coefficient 0.02 of discharging
has been used. The wind loading F is determined by the following Equation (1).

F = PA x 1073 (kN) (1)

Here, A is the sum (m?) of the reflected areas of structures and cargos that receive the
wind pressure by the wind direction, and P is the wind pressure, which is calculated by the
following Equation (2).

1
P = 2-CyCsgV? (Pa) )

Here, Cj, is the height factor by the height from the light load line, and C; is the shape
factor that is determined by the shape of various parts of discharging equipment and cargo.
V is the wind velocity (m/s), which must be faster than 16 m/s under the service condition.
For the navigation on the restricted area under the stowage condition, the designed wind
velocity must be faster than 25.8 m/s. These two conditions have been classified and
arranged in Tables 3 and 4, respectively [27].

Table 3. Wind pressure under service condition for boom.

Height Velocity Shape Factor Height Factor Wind Pressure
(m) (m/s) (Gs) (Cp) (Pa)
18.1 16 1.2 1.1 207.2
30.9 16 12 1.2 226.0
42.8 16 1.3 1.2 2449
49.2 16 1.3 1.2 244.9
51.9 16 14 1.3 285.7

Table 4. Wind pressure under stowage condition for boom.

Height Velocity Shape Factor Height Factor Wind Pressure
(m) (m/s) (Cs) (Cp) (Pa)
18.1 25.8 12 1.1 538.7
30.9 25.8 12 1.2 587.7
42.8 25.8 1.3 12 636.7
49.2 25.8 13 1.2 636.7
51.9 25.8 14 1.3 742.8

As for the inclination angles, which are used to calculate the inclination load of a
ship, 5° of heeling angle and 2° of trim occur simultaneously under the working condition.
The heeling angle under the stowage condition is 30°. Under the service condition, the
load by the motion of a ship is 0.5 g in the longitudinal direction to the deck and 0.25 g
in the traverse direction to the deck. Under the stowage condition, the load is 0.5 g in the
longitudinal direction to the deck and 0.25 g in the traverse direction, which is parallel to
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the deck. As for the force of the cylinder, four hydraulic cylinders are used for the boom
luffing when the boom structure is under the luffing condition. The force of each cylinder
is 100 tons with the total force of cylinders as 400 tons.

3.1.2. Load Conditions for Back Tower

The load condition for a back tower has been calculated according to the load condition
presented in KR rules. The self-weight of the back tower is 77.9 tons. The force of the upper
back tower, the wind pressure, the inclination load of a ship, and a load by ship’s motion
have been applied. The wind pressure has been classified to service condition and stowage
condition and arranged in Tables 5 and 6, which use the same equation of load condition
for the boom.

Table 5. Wind pressure under service condition for back tower.

Height Velocity Shape Factor Height Factor Wind Pressure
(m) (m/s) (Cy) (Cyp) (Pa)
14.0 16 13 1 204.0

Table 6. Wind pressure under stowage condition for back tower.

Height Velocity Shape Factor Height Factor Wind Pressure
(m) (m/s) (Gs) (Cp) (Pa)
14.0 25.8 13 1 530.6

3.2. Combined Load
3.2.1. Combined Load for Boom

The load condition used for the stress analysis of structural members uses the com-
bined load for the most severe loading condition to the design load presented in the KR
rules. The design load has been displayed in Table 7. The load that has combined each
design load is shown in Table 8. Considering the wind load as the service condition, the
combination of A, C, D, E, F, G, I, and K loads is applied, and the work coefficient uses 1.05
by considering the types of crane presented in the KR rules. In the stowage condition, H
load and ] load must be considered additionally. The K load or L load is considered by the
motion of a ship.

Table 7. Design loads for crane.

Z
e

Design Load

Safe working load of the crane 250 t
Safe working load of the crane 100 t
Additional impact loads
Self-weight of crane system and fittings attached
Self-weight of loose gear
Friction of cargo blocks
Wind loading 16 m/s, service conditions
Wind loading 25.8 m/s, stowage conditions
Loads due to ship inclination in service conditions
Loads due to ship inclination in stowage conditions
Loads due to ship motion + 0.5 g (Z-dir.), 0.25 g in the
longitudinal direction (X-dir.)
Loads due to ship motion + 0.5 g (Z-dir.), 0.25 g in the transverse
direction (Y-dir.)
Cylinder force (100 x 4 =400 t)
Force of the upper sheave of back tower
Self-weight of back tower

AR —=—=TITO"MHIN T >
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Table 8. Combination of boom design loads.

Combined Load Conditions (CLC)

Z
e

CLC1 CLC2 CLC3 CLC4 CLC5 CLCe CLC7

A ° °

B ° °

C ° ° ° .
D ° ° ° ° °

E ° ° ° . . ° °
F ° ° ° °

G ° . . .
H . °

I ° . ° °

J ° °

K . °

L ° ° °
M °

The present study has an interest in the luffing condition, which is the special addi-
tional load condition. While the crane barge passes under the bridge, the luffing wire and
four hydraulic cylinders of the lowered boom are used to help the boom luffing. Namely,
CLC7 in Table 8 is applied. Figure 5 shows the application of the load condition of CLC7 to
the boom.

Self-weight
of crane
under
luffing
condition:
1g

Cylinder
force:
400ton

Figure 5. CLC7 of boom structure.

3.2.2. Combined Load for Back Tower

The combined load for the back tower is shown in Table 9. For the service condition
of the back tower, four cases from CLC1 to CLC4 are applied. For the stowage condition,
two cases of CLC5 and CLC6 have been applied. For the luffing condition, CLC7 has been
applied as shown in Figure 6. F and 10F in the right top of this figure stand for the mean
reaction forces according to the number of wire connections. Namely, 10F is the reaction
force for the case when the wire has 10 strands.



Appl. Sci. 2021, 11, 5104 10 of 21

Table 9. Combination of back tower design loads.

Combined Load Conditions

No.
CLC1 CLC2 CLC3 CLC4 CLC5 CLCe CLC7

N ° . ° . . . °

O ° ° ° . ° ° °

G ° ° ° . °

H . °

1 ° ° ° °

] ° °

K . . °

L ° ° °

Wing. | (o]
load: .

16m/s

Self-weight of back
tower system: 1g

Figure 6. CLC7 of boom structure.

3.3. Modeling and Boundary Condition

Considering the main boom, back tower, and attached support of a floating crane, the
validity has been reviewed through the finite element analysis. For the analysis, an analysis
model has been created by a shell element of the NX/CAE program and a rigid element.
NX/Nastran has been used for the analysis code. Figure 7 shows the finite element model
for the boom of a 250 ton floating crane. Two materials AH32 and AH36 have been reflected
on the boom structure, and the size of the element is 150 x 150 mm. For the back tower,
AH32 has been used as shown in Figure 8, and the size of the element is 100 x 100 mm.
The shell, solid, and rigid elements have been used for the modeling of the upper part of
the floating crane.
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Figure 8. FE model of back tower structure.

To carry out the structural analysis on the floating crane, it is necessary to give the
boundary condition for the part that is fixed first. Figure 9 shows the boundary condition to
which all CLC conditions have been applied, including the CLC7 condition. Every ground
for boom support has been fixed, and the upper sheave of the back tower has constrained
all displacements on X, Y, and Z axes (DX, DY, DZ). The boom mount (inside the right box
in the figure) connected through a hinge and pin has constrained displacements (DX, DY,
DZ) and moments (MX, MZ) excluding the Y-axis. The boundary condition of the back
tower is shown in Figure 10. Every tower support of the back tower has been fixed, and the
displacements (DX, DY, DZ) and moments (MX, MZ) have been constrained excluding the
Y-axis moment for the connection part (inside the right bottom box in the figure) between
the back tower and the hinge [28].
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X,Y,Z rotation free at upper
sheave of back tower

All direction fixed

Figure 9. Boundary conditions for boom in CLC1-6.

Figure 10. Boundary conditions for boom in CLC1-7.

4. Consideration and Discussion of Structure Analysis Result
4.1. Deformation by Applied Load

According to the criteria presented in the KR rules, the deformation criteria have been
decided. In the deformation criteria, the local system in the coordinates is used to show the
deformation. The local X-axis direction coordinate shows the longitudinal direction of the
boom structure. The deformation criterion is determined as not to be greater than 1,/800 of
the span between the points of support. The deformation of the boom shows the values
of the Z-axis direction in the local coordinates. Here, the Z-axis direction is vertical to the
local X-axis direction in the local coordinates.

The maximum deflection in the Z-axis direction of the boom was 48.5 mm in the CLC1
of service condition, which is shown in Figure 11. Such maximum deflection has been
calculated for the relative deflection at the positions of A-1 and A-2 in the figure. As shown
in the figure, total deflection including the rigid motion at the positions of A-1 and A-2 were
—64.9 mm and —16.4 mm, respectively. Total span of target members has been calculated
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for 44.25 m and allowable deflection for 55.3 mm. In the load condition of CLC7 that is the
luffing condition, the maximum deflection has been calculated for 7.8 mm, which shows a
considerably small amount compared to the other loading condition.

14,98 A-2

e —

Figure 11. Displacement of Z-axis for boom (CLC1).

Meanwhile, the span of the back tower has been calculated for 10.166 mm and the
allowable displacement has been calculated for 12.7 mm. The deformation of the back
tower shows the value of the X-axis direction in the local coordinates, as shown in Figure 12.
In the luffing condition (CLC7), the maximum displacement has been recorded for 5.6 mm,
which is a value that is within the allowable deformation presented above.

Figure 12. Displacement of X-axis for back tower.

4.2. Allowable Stress Setting and Stress Assessment

The allowable stress for members that compose the upper part of a 250 ton floating
crane has been applied according to the KR rules, which is shown in the Table 10. In this
table, the combined stress means the von-Mises stress. The yield stress of materials has been
applied according to the standard of the Table 9.2.19 among Chapter 2 Cargo Handling
Appliances in Additional Installations from the 9th edition of the KR rules. As tensile,
compressive, and bending stresses are applied simultaneously on the members in the
upper structure of the crane, the allowable stress has been applied to the combined stress
to evaluate the safety of the structural members.
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Table 10. Allowable stress for AH32 and AH36 (unit: MPa).
Load Mat Kind of Stress
Condition ) Tension Shear Compression  Combined

CLC1+4 AH32 242.6 141.8 2111 280.4

CLC7 AH36 273.6 159.8 2379 316.0

AH32 274.1 157.5 239.4 315.0

CLCS-6 AH36 308.9 177.5 269.8 355.0

From the analysis result, the stress value in the stowage condition is shown to be
higher in the boom at the maximum compression of 212.9 MPa and the maximum tension
of 182.0 MPa. The position was near the bottom part of the boom and the connection part
of the diagonal member (Brace). It is judged that the moment has been enlarged by the
effect from load through the inclination of a ship and wind load.

For the structures of the back tower and attached support under the service condition
(Max. tension 126.0 MPa, Max. compression 162.8 MPa) and the luffing condition (Max.
tension 127.3 MPa, Max. compression 172.9 MPa), they have shown higher stress values.
The members (Hinge hole at front bottom) that support according to the movement of the
boom have shown higher stress. The result implemented by the assessment method for
allowable stress has been arranged in Table 11 with the maximum values of combined
stress. As all stresses have not exceeded the allowable stress, it is judged that they retain
structural safety.

Table 11. Maximum combined stress for boom and back tower (unit: MPa).

0 1 2 3 4 5 6 7
Boom 1453 148.6 100.7 115.7 149.9 201.8 166.8
Back 157.8 144.4 103.4 90.1 77.9 69.0 162.9
tower

ABS [29] defines an allowable stress coefficient (as safety factor of material), 0.85, by
von-Mises stress using the FEM of fine mesh analysis about all loads. The computed tensile,
bending, and shear stress components and, as applicable, combinations of such stresses,
for primary structural members are not to exceed the allowable stress, F, as obtained from
the following equation:

F=F, xS (©)]

Here, F, is the specified minimum yield point of the material, and S is the allowable
stress coefficient. Allowable stresses for AH32 and AH36 of ABS are 268 and 302 MPa,
respectively, and the combined stress results of the boom and the back tower satisfy the
ABS allowable stress design criteria for all the load cases in Table 11.

Meanwhile, DNVGL [30] regulates the safety factors of yielding about three load
cases, respectively. For the purpose of making the nominal safety dependent upon the
probability of occurrence of the loading, three general cases of loading are defined, for
which the required safety factors are different:

- Safety factor 1.5 for crane working without wind (Case I)
- Safety factor 1.33 for crane working with wind (Case II)
- Safety factor 1.10 for crane subjected to exceptional loadings (Case III).

Therefore, allowable stresses (unit: MPa) of AH32 are Case I: 210, Case II: 237, Case III:
286, and AH36 has Case I: 237, Case II: 267, and Case III: 323. The combined stress results
of the boom and the back tower satisfy the DNVGL allowable stress design criteria for all
the load cases shown in Table 11.
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4.3. Assessment Result of Buckling Stress

Relatively, buckling is a kind of unstable elastic phenomenon that occurs easily at a
relatively long structure to the cross-section such as the boom. The damage on the structure
by buckling is important to the safety assessment of the crane. In the present study, the
luffing angle has been minimized to conduct the buckling assessment on the part that
receives the compression. The calculation equation of KR has been used to implement
the assessment. The structures of boom and back tower have been designed for a panel.
Using the composition information of the panel, the stress of each direction, which occurs
in three different positions, has been calculated to obtain the buckling coefficient for the
panel element. The following Equation (4) has been used for the calculation.

0. = 0 : (Whenog < 0.50;)

oe =0y (1 — 4%) : (when ¢ > 0.50) @
A =0c/0gct

Here, 0. is the critical buckling stress and o is the elastic critical buckling stress. oy is
the yield stress of material on which the high tensile steel (AH32, AH36) regulated in KR
has been reflected. oy is the calculated stress of a structure. A is the buckling coefficient. If
this coefficient is less than 1.0, it is evaluated for the occurrence of buckling.

Figure 13 shows the assessment positions for the buckling stress of the boom and
Figure 14 shows the assessment positions of buckling stress of the back tower. For such
assessment positions of buckling stress, the assessment has been conducted mainly on
the parts that receive the compression through the screening process based on the result
of stress analysis. As a result, shown as the arrangement in Table 12, as the buckling
coefficient of a structural member exceeds 1.0, it has been found out that the buckling did
not occur. In this table, a and b mean the measurements of panel members (long width a,
short width b) and t means the thickness of the panel. f;;;; means the material constant
defined in the KR rules, while 0.72 and 0.78 are the constants for HT36 steel and HT32 steel,
respectively. ¢, is the component of equivalent stress that represents the von-Mises stress.

Figure 13. Positions for buckling calculation of the boom.
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Figure 14. Positions for buckling calculation of the back tower.

Table 12. Results for buckling calculation of the boom and back tower (stress unit: MPa).

Pos.no B-1 B-2 B-3 B-4 B-5 B-6
a (mm) 2650 3000 1200 1000 830 1816
b (mm) 1200 752 397 544 585 585
t (mm) 18 16 14 30 16 16
fmat 0.72 0.78 0.78 0.78 0.78 0.78
Teq 449 63.9 72.1 63.3 58.4 434
o 162.4 306.2 287.0 305.4 274.6 295.9
A 3.620 4.790 3.979 4.826 4.705 6.825
check OK OK OK OK OK OK

ABS specifies a buckling state limit in which members subjected to axial compression
or combined loads, such as axial compression and bending moment, are to be assessed in
accordance with their requirements [31]. Assessment performed in accordance with other
applicable standards will be subject to special consideration.

For the buckling state limit of plates subjected to in-plane and lateral pressure loads,
the following strength criterion is to be satisfied:

2 /s 2 2
(M) 4 (M) + (i) <1. (5)
nocx nocy ntc

Here, oc, is the critical buckling stress for uniaxial compression in the longitudinal
direction. ocy is the critical buckling stress for uniaxial compression in the transverse
direction. 1¢ is the critical buckling stress for edge shear. 7 is the maximum allowable
strength utilization factor, as defined in Subsection 1/11 and 3/1.7 of the rule [31]. oypax
is the maximum compressive stress in the longitudinal direction. oy;;x is the maximum

compressive stress in the transverse direction, and T is the edge shear stress.
The maximum allowable strength utilization factor is defined based on load conditions
representing various operation modes of offshore structures. Sun and Spencer [32] summa-
rized the utilization factor in relation to local plate buckling as 0.6 for normal operations
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and 0.8 for severe storm conditions. Sun and Tan [33] presented the lowest utilization factor
on offshore structures as 0.6 from ABS documents for mobile offshore drilling units [34]
and floating production installations [35]. Therefore, this value was applied to determine
whether buckling was according to ABS regulations in this study. As a result, the largest
value on the left side in Equation (5) was about 0.423 in case of the B-1 plate, as shown in
Table 13. From this table, the maximum value calculated in Equation (5) for the rest of the
plates was 0.055 in case of the B-5 plate. These results for the ABS’s buckling criteria mean
that the six target plates are safe from buckling.

Table 13. Results for buckling calculation by ABS rule (stress unit: MPa).

Pos.no B-1 B-2 B-3 B-4 B-5 B-6
Oxmax 454 —63.0 75.0 -1.9 —58.9 —439
Tymax 1.1 1.8 6.1 —64.2 —-1.1 —1.1

T 3.2 5.9 3.2 —0.6 -7.3 0.6
OCy 164.4 2778.8 922.0 77.2 619.6 1317.1
ocy 4 —79.4 75.0 2608.8 11.6 33.0
c 165.89 165.02 175.93 172.72 174.09 171.96
Equation (5) 0.423 0.0064 0.0377 0.0034 0.055 0.0062
check OK OK OK OK OK OK

Therefore, DNVGL [30] regulates the elastic buckling safety factors for about three
load cases, respectively; Case I: 1.86, Case II: 1.66, and Case III: 1.38. The elastic buckling
allowable stresses (unit: MPa) of AH32 are Case I: 169, Case II: 190, and Case III: 228, and
AH36 has Case I: 191, Case II: 214, and Case III: 257. The combined stress results of the
boom and the back tower satisfy the DNVGL elastic buckling design criteria for all the load
cases in Table 11.

4.4. Discussion and Limitations

In this study, a design to minimize the luffing angle was conducted as a way to increase
the utilization rate of floating cranes. Section 2.2 summarizes additional considerations.
In addition, the structural safety was evaluated in terms of deformation, stress, and buck-
ling using finite element analysis based on the classification society’s rule (from Section 4.1
to Section 4.3). These safety assessments by using finite element analysis results can be
said to be a universal procedure for the ship structure [36-39]. However, the question of
how far the safety assessment procedure of floating cranes conducted in this study can be
applied may be concerning.

When applying the methodology of this study, the key to be considered is the formal
identity of floating cranes. In other words, the crane should be installed on the barge or
monohull, and the crane type should be applied with the boom (or truss) and back tower
method. It is considered that the methodology of this study can be applied to floating
cranes of less than about 4000 tons that are used for offshore work adjacent to land from
this point of view, as mentioned in Section 2.2. On the other hand, higher profits can be
expected by increasing the utilization rate from the perspective of crane managers, so it is
expected that the solution proposed in this study will be actively employed. However, there
remains a problem to consider both the expectation of profits from lowering the luffing
angle and the increase in cost of installing extra equipment (hydraulic cylinders, etc.).

The safety of the upper structure of the floating crane, which was developed mainly
based on the relevant regulations of the Korean Register of Shipping, was evaluated in this
study. In addition, evaluation criteria of DNVGL and ABS were also applied to check out
the appropriateness of this safety assessment. As a result, both the stress and buckling
strength evaluation were found to be safe. However, it was investigated that there is no
explicit deformation allowance standard regarding the deformation within the regulations
related to the cranes of the two classification societies. Nevertheless, the deformation
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tolerance standard (span/800 or less) applied in this study seems to be appropriate because
it is considered to be a general deformation tolerance range.

The lower hull (barge) is not covered in this study. Considering the effect of the luffing
angle minimization design on the barge, it is considered that the possibility of capsizing
due to the movement of the center of gravity in very lower luffing operation should be
reviewed. When navigating under the marine bridge while maintaining the minimum
luffing angle, a relatively large incline in the forward or backward direction of the crane
may occur due to changes in the forward speed and center of gravity. This problem can be
accurately predicted and solved by analyzing the movement characteristics of the barge
due to external force [40]. A relatively simple solution would also be useful to increase the
reserve buoyancy in the direction of the barge where the boom moves.

In addition, one of the issues not addressed in the safety aspect of the developed barge
could be a safety review by fatigue load. Floating cranes are not regularly operated along a
specific route, but they are usually moved depending on the work demand. The normal
operating environment of floating cranes will be relatively gentle seas, not rough seas.
Considering the above two points, it seems that the possibility of fatigue damage caused
by repetitive loads such as waves in a specific part of the crane is very low. However, if the
luffing angle is minimized, the reaction force may increase at the supporting point of the
wire connected to the boom, as mentioned in Section 2.2, and this increased reaction force
and repeated luffing operation may cause a low cycled fatigue problem.

Finally, a safety review by accidental loads in collision or grounding was also excluded
from this study [41,42]. It can be said that this is related to the limitations of the floating
crane’s movement while operating in water areas, as discussed in the previous paragraph.
In other words, collision or grounding accidents are likely to occur in complex maritime
traffic conditions, including bad weather due to fog, storm, and so on. Meanwhile, the
floating crane will move away from fog or bad weather, and its operating water area will
be relatively gentle. So, accidental loads due to collision and grounding of the barge do
not seem to be essential safety review items. However, there is a possibility of an accident
when passing under a marine bridge covered in this study [43,44]. However, most of the
crane vessels will comply with the safe passage height and keep at relatively low speed
when passing under a bridge, as in the case of the vessel introduced in Section 1.

5. Conclusions

Recently, the demand for floating cranes has been increased for the assembly and
erection of giant blocks in shipbuilding, the installation and operation of giant marine
structures including marine wind power, and the salvage of stranded and sunken ships.
The limitation of movement on the sea may occur for the floating crane that moves and
works around the coastal areas due to marine bridges if there are many islands with several
marine bridges.

Accordingly, a measure to minimize the luffing angle has been reflected on the design
of a floating crane, in order to pass through more marine bridges, as mentioned in Section 2.
Through this measure, it will be possible to raise the operation rate of the floating crane by
reducing the restriction on the navigation under marine bridges.

In order to review the structural safety of the developed floating crane, the structural
stress and combined stress occurred by the use of a floating crane under the stowage and
luffing conditions have been evaluated in Sections 3 and 4. As in Section 4.3, the buck-
ling stress has been evaluated around the members where the considerable compression
occurs by reducing the luffing angle. Through such study, the following conclusion has
been obtained.

(1)  The floating crane has been designed by reflecting the minimum luffing angle, which
has considered the movement on the sea. Additionally, from the result of structural
analysis on the boom, back tower, and support members under the luffing condition,
high reaction force and fatigue may be increased in the boom closer to the horizontal
angle. As the additional load of a hydraulic cylinder is applied, which is used for
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the recovery of luffing angle in the service condition, it has been found out that the
process of an assessment on the structural stress must be considered.

(2) From the result of a review from the aspect of allowable stress, deformation, and
buckling with the application of KR rules to the designed floating crane, it has
been evaluated such that overall safety was secured. As shown from the results of
Section 4.2, the stress occurred in the luffing condition has shown the same stress level
as that in the service condition. The deformation of the boom covered in Section 4.1
has shown the highest in the service condition, and the deformation of the back
tower has shown the highest in the luffing condition. In addition, the reaction force
increased in the upper part of the boom and the support in the luffing condition. The
compression force increased at the center of the boom, but buckling did not occur
from the result of an assessment.

(3) According to Section 2.2, the number of marine bridges listed in Table 1 that can pass
through it has increased very significantly if the boom height is reduced to the level
of the back tower by lowering the minimum luffing angle in case of 2200 ton and
3000 ton cranes. This means that the utilization rate of the crane can be increased, and
it is a great advantage for the operating company. In addition, the estimation of the
reaction force in the boom-connecting wire in the minimum luffing condition and the
load combination including luffing condition and procedure for safety assessment
performed in this study can be applied to a large crane (about up to 4000 tons class)
with a barge or monohull as a lower hull.
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