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ABSTRACT

During fabrication process, material deformations are likely to occur due to various factors such
as heat during steel cutting, welding induced deformations, lifting and turning of ship sections,
temporary stiffening and other possible modifications of ship sections. Lifting induced
deformations is one of the major causes of deformations that highly affect the production cost
and quality. The aim of this thesis is to outline the main causes of deformations that occur in
ship sections during fabrication and to analyse in detail the lifting and turning operations of one
ship section using the Finite Element Method (FEM). A strength check using the FEM has been
performed on the selected ship section to investigate the deformations and stresses in two
different cases with three different loading conditions. First, the section has been analysed
without temporary stiffening in three load scenarios: lifting before turning, worst-case scenario
during turning and lifting after turning. Similarly, the second case study has been analysed but
with the temporary stiffening added according to the lifting plan. Various influencing
parameters that determine the lifting plan has been investigated such as the sling angle which
directly affects the deformation characteristics. It is observed that the addition of temporary
stiffening is essential to minimize the deformations and to maintain the stress levels below the

yield point.

Keywords: Finite Element Method, FE Analysis, Structural analysis, Lifting simulation,
Hoisting simulation, FEMAP, Ship section, Ship block, Deformations, Sling angle.






1 INTRODUCTION

The shipbuilding process is guided by three main targets: quality, cost, and construction time.
If the quality of the ship is high and the construction cost is low as well as the delivery time is
not exceeded, the two parties involved in the contract (client and shipyard) will be satisfied.
Thus, a good reputation of the shipyard is achieved and more new ship orders are expected to

be placed.

During fabrication processes, material deformations are likely to occur due to various factors
such as heat during steel cutting, welding induced deformations (longitudinal shrinkage,
transverse shrinkage, longitudinal deflection, and angular distortion), transport and turning of
the ship sections, temporary stiffening of ship sections during fabrication and modifications of
ship sections.

A ship block is formed by assembling two or more ship sections. While a ship section is formed
by assembling prefabricated steel panels. The dimensions accuracy of each fabricated steel
panel is essential for the overall dimensions accuracy of the ship section. Welding deformations
result in inadequate appearance and poor quality. For example, welding induced shrinkage can
cause a mismatch in the dimensions of the steel panels posing significant challenges in the
structural fit and placement. An appropriate shrinkage allowance should be used to minimize
the shrinkage during the fabrication stage. The combined effect of distortion and shrinkage
caused by the welding process during the fabrication of ship hull sections results in an overall
change in dimensions(Mandal, 2017). The cumulative effect of shrinkage causes a reduction in

the height and breadth of the ship sections as shown in Fig.1.
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Figure 1 Shrinkage of ship section (Mandal, 2017).



In modern shipbuilding, the division of ship sections tends to be large, and the structure tends
to become more complicated. Moreover, the difficulty of lifting increases accordingly. The
rationality and feasibility of a lifting plan directly determine if the lifting work can be carried
out safely and efficiently (Li Rui et al., 2013).

During the construction phase, the lifting accidents can be catastrophic leading to injury/ loss
of lives. In addition, it can cause severe damage to the ship section and the surrounding
structures. The deformation removal requires additional work which increases the overall
production cost and construction time. At the construction site, when joining the ship sections
together, the deformations mitigation is needed to minimize the production cost and
time(Samin. CO, 2013)

The ship section lifting plan is developed based on the actual situation of the current shipyard
lifting capabilities. The purpose is to provide an intelligent and effective procedure, which can

speed up the lifting design process.

The lifting plan design is generally carried out starting by the determination of the position of
the lifting lugs according to the weight, centre of gravity and structural characteristics of the
ship section, combined with the specifications of the lifting site and lifting equipment. Then,
select the appropriate lifting lug and sling specifications. After that, a strength check should be

performed to find out whether the section needs temporary stiffening.

The lifting plan design should meet the principles of safety and rationality(Li Rui et al., 2013).

The principle of safety includes:

e The lifting process should always maintain a stable state,

e The weight to be lifted is less than the maximum rated load of the crane,

e The load of a single hook is less than its maximum rated load,

e The load of a single lifting lug is less than its specification load,

e The strength of the plate where the lifting lug is welded must be large enough,

e The low-strength parts should be reinforced with temporary stiffeners.



The principle of rationality includes:

e The lifting points are evenly and reasonably distributed around the centre of gravity to
avoid any serious motions,

e The lifting points should be set on strong members as much as possible,

e The distance between the lifting points is reasonably arranged to meet the crane
specifications,

e The positions of the lifting lugs should be convenient for assembly and welding.

The material deformations lead to a mismatch of the hull interior and exterior plating as well as
the outfitting such as the various types of pipes. However, in order to easily assemble the
sections to form the block, the misalignments can be avoided by having not extremely stiff ship

sections.

Before lifting, the correct arrangement of the cables and shackles should be checked with the
utmost care. The section will be raised 50 mm above the ground, remaining in this position for
15 minutes, during which time the section will be inspected for deformations, detachments or
other aspects that appear that would endanger the lifting operation. After ensuring that there are

no problems, the lifting/transport operation will continue(Damen Shipyards Galati report, n.d.).

All the lifting and turning operations must be performed by trained personnel capable of
executing them in the presence of the team leader. Only authorized welders shall weld the lifting
lugs. After visually checking the welding, the foreman calls the non-destructive test (NDT)
team to perform the specific checks. If required, the defective welding is repaired. No lifting
operations shall be made unless the NDT team confirmed that the lugs welding is good. After
mounting the section, all the consolidations mounted according to this plan will be removed

where necessary(Damen Shipyards Galati report, n.d.).



2 LITERATURE REVIEW

Many researchers have used the finite element method in order to predict the welding induced
imperfections such as distortion and residual stresses. Furthermore, different parameters such
as welding sequence, heat input, and welding speed were investigated to mitigate the welding

deformations as these parameters are of great importance from the design perspective.

A three-dimensional thermo-elastic-plastic finite element method has been used by (Yi et al.,
2020) to predict the welding induced imperfections of a full-scale stiffened panel. Validation
of the numerical results comparing to the direct measurements using a 3D scanner has been
accomplished and the results were consistent. It is concluded that the 3D scanner can measure

the initial deformations effectively.

(Wang et al., 2018) and (Wang et al., 2016) proposed a computational approach based on
inherent deformation for predicting welding deformations and described its framework and
application. Based on computational results, the welding inherent deformation was assessed;
an elastic FE analysis with welding inherent deformations as input parameters was used to
predict out-of-plane welding distortion and critical welding buckling conditions. Also, the
intermittent welding technique was used to minimize welding inherent deformation and
sequentially avoid welding induced buckling. It is concluded that the intermittent zig-zag
welding produces less in-plane inherent deformation and does not produce welding induced

buckling, but it does not produce out-of-plane welding distortion.

Thermal elastic-plastic FE analysis has been used by (Wang et al., 2013) based on the inherent
deformation theory to predict and mitigate the out-of-plane distortion in steel panels. The line
heating method was used to mitigate the out-of-plane distortion. To correct buckling distortion,
the in-plane inherent strain produced by line heating is introduced to the model edge. It is
concluded that welding distortion can be reduced by using line heating to remove angular

distortion.

(Hammad, Churiaque, et al., 2021) recently established a three-dimensional coupled thermo-
elastic-plastic FE model in ABAQUS to simulate the volumetric heat flux distributions of the
Hybrid Laser Arc Welding HLAW process. The FE model is validated by comparing its results
with the experimental measurements. The effect of changing the welding sequence on the semi-

industrial scale stiffened panel has also been investigated. Changing the welding sequence has



a serious influence on the vertical deflection distribution and magnitude, according to the

research results.

A numerical simulation based on FE modelling to investigate the effect of geometrical
properties and welding sequence on the magnitude of welding imperfections in a fabricated T-
girder is established by (Hammad, Abdel-Nasser, et al., 2021). The out-of-plane distortion is
reduced when the geometrical properties of a fabricated T-girder are modified without changing
the required section modulus. Furthermore, using the non-continuous welding sequence highly

reduced the out-of-plane distortion.

(Batista, 2012) has used the statistical software Design-Expert to predict welding deformations
in thin plate panels. The experimental data from the trial in the shipyard was consistent with
predicted numerical results. Based on the inherent strain theory and the finite element method,
(Jang et al., 2002) proposed an efficient method for predicting the weld deformation of
complicated structures. The applicability of this method to simple ship hull blocks was

confirmed by simulation of a stiffened panel.

The impact of welding sequences on the magnitude and shape of distortion when welding
multiple flat-bar stiffeners to a steel plate is investigated using a numerical simulation based on
the finite element method (Azad et al., 2020). The impact of eight welding sequences on the
magnitude and shape of plate distortion is studied. It is concluded that the welding sequence

has a significant impact on the magnitude of deformation than residual stresses.

Researchers have also investigated the effect of lifting and turning operations on the
deformation of the ship sections. (Galatanu et al., 2020) Adding temporary stiffeners had a

significant influence on reducing the maximum stresses and deformations.

According to the number of equalizers, (Chun et al., 2018)three types of equations to find the
block's initial equilibrium position. The experiments demonstrated that the proposed methods

can be used to accurately determine the block's initial equilibrium position for block lifting.

(Lee etal., 2016) Analyzed the lifting and turning operations of ship block considering the force
exerted on the block due to the contact with the slings. The Méller algorithm has been used to
identify the contact, then the contact forces are determined by adding the tensions in the sling
segments that include a contact point. It was concluded that that the contacts can be accurately

checked, and the corresponding contact forces can be calculated.



3 FINITE ELEMENT METHOD

Finite element method is a systematic numerical technique used to approximately evaluate the
structural behaviour when it’s subjected to loads and constraints. Fig. 2 shows the workflow
chart for performing the general FEA procedure. The main concept is to discretize the structure
into a finite number of small elements that are connected at nodes. In the linear static problem,
the equilibrium can be satisfied over the finite number of elements. Several different element
shapes can be used, triangular and quadrilateral elements are typically used to model thin

surfaces.

The stiffness matrix is then defined for each element. And based on the element connectivity,
the element stiffness matrices are assembled into a global stiffness matrix. The global stiffness
matrix will define how the structure will respond to the applied loads. It can be used along with
the boundary conditions to solve for the displacement at each node in the structure. Once we

have the displacements, we can calculate stresses, strains, and other field variables of interest.

The next step is postprocessing to obtain the desired results and validation of the model. The
engineer is responsible for making sure that the problem has been properly defined, the mesh

is suitable and connected, and is responsible for the analysis and interpretation of the results.

In general, structures have nonlinear behaviour especially when they are under loading because
the stiffness of the structure changes after loading them. The system can be solved linearly if
the structure has small deformations, the material has elastic behaviour, or the boundary

conditions do not change with respect to time.

The section under this study is a linear static problem with small deformations, which means
that the deformed section to the first order is identical to the undeformed one. If the yield point
of the material is exceeded, the nonlinear FE analysis should be performed. Also, the user
should evaluate the structural safety based on the analysis results along with the engineering

knowledge and experience.
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4 METHODOLOGY

In this study, two cases have been studied. First, the section has been analysed without
temporary stiffening in three load scenarios: lifting before turning, worst-case scenario during
turning and lifting after turning. Similarly, the second case study has been analysed but with

the temporary stiffening added according to the lifting plan

Before running the analysis, several checks have been done to ensure that the FE model is
correctly set up such as checking the elements free edge, coincident nodes verify the mass of
the structure to make sure that it meets the actual weight, running modal analysis to check and
inspect possible deformation modes of the structure.

The lifting simulation was carried out using the Finite Element Method (FEM) to investigate
the deformations that occur during the lifting process. The structural model was generated in
Simcentre™ FEMAP™ (Finite Element Modelling and Postprocessing) and solved for a linear
static stress analysis using Simcentre™ Nastran™ (NASA Structural Analysis). Both packages
are provided by Siemens Digital Industries Software and have been extensively validated and

widely recognized in the engineering simulation industry worldwide.

The model was created based on the 2D drawings of section 1172 taken from ROPAX Ferry.
According to the lifting plan, temporary stiffeners were added to the model to compare the

results of deformations and stress with the original model.

4.1 Structural Model

The selected section for this study was section number 1172 taken from a ROPAX Ferry. The
section position is indicated in green in Fig.3, located in the forepart of the ferry and has an
open structure at the aft part, while the fore part of the section has a transverse bulkhead which

could lead to higher deformations in the aft part of the section.
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Figure 3 Ship section position (Lifting plan drawing).

Fig.4 shows isometric views of the section. The section different details are presented in
appendicies19, 20, 21 and 22. It should be noted that the structural model has not been created
or imported to the FEMAP. However, the different 2D views were utilized as a guide to directly

create the FE model.

Figure 4 Isometric view of the section (Lifting plan drawing).

The FE model was simplified, i.e., scallops and welding seems have been ignored, brackets
have been considered only in the area of interest in the hotspot regions and all the openings
were approximately modelled. More care would be taken if the stress emerges around an

opening.
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4.2 Coordinate System

The FE coordinate system has been defined to be consistent with the naval architecture typical
coordinate system. The X-axis is positive forward along the section length, the Y-axis is
positive to the portside along with the section breadth and The Z-axis is positive upwards along
with the section height.

4.3 Units

The units used to carry out the analysis for Inputs and outputs was newtons (N), millimeters

(mm), ton per cubic millimeter (ton/mm?) and Mega Pascal MPa (N/mm?).

4.4 Materials

For a linear elastic static analysis, Young’s Modulus and Poisson’s Ratio are the essential
parameters to be defined in the FEMAP (Ponthot, 2020). The material density has been added
to apply the inertial load under gravitational acceleration. Table 1 summarizes the steel

Mechanical properties as defined in the analysis set-up.

Table 1 Steel mechanical properties as defined in the FEA

(Https://Www.Makeitfrom.Com/Material-Properties/EN-1.0308-E235-Non-Alloy-Steel, 2020)

Tensile Yield Young’s
Poisson’s
Item Grade Strength Strength Modulus _—
atio

N/mm? N/mm? N/mm?
Hull section A 420 235 206000 0.3
Lifting lugs DH36 550 315 206000 0.3
Temporary stiffeners E235 440 280 190000 0.29

4.5 Lifting Lugs

When lifting the ship section, two lifting lugs are usually installed at the fore and two at the aft
of the section. Lifting lugs are welded to the section on positions according to the lifting plan.
During the turning process, some lugs are to be burnt off to place the section in the right position
without the existence of the undesired lugs. After welding the section to the adjacent one, the
remaining lifting lugs are to be removed. The lifting lugs can be selected according to calculated
load which must ensure safety and prevent waving of the lifted section(Li Rui et al., 2013). The

lifting lugs are connected to the slings using shackles. Therefore, a consequence factor of 1.5
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should be taken into account for the calculation of the lifting lug maximum load. Fig.5 shows
the used lifting lugs according to the lifting plan.

~—R&0 mm
R3smm—__ ~ T~ M
f .\{/, ) l'\. [l
~R9o mm /NN H
R35mm —
\\
NI =220 mm-—=
=—24 Mm
——280 mm—— 14 mm
12T 6T

Figure 5 Lifting lugs according to the lifting plan (Lifting plan drawing).

4.6 Center of Gravity

Finite element analysis focuses on the structure components being analyzed. To accurately
predict the structural behaviour, the section’s mass needs to be corrected according to the actual
weight estimation and centre of gravity (COG). Additional mass represents the steel outfitting
(7 % of the section weight), and a safety coefficient (3 % of the total weight including the
outfitting weight) was defined as a nonstructural mass in FEMAP to achieve the COG position.
The approximate mass and COG have been taken from the lifting plan and summarized in Table
3. Welding seems and painting are considered by increasing the steel grade A density from 7.85
ton/m3 to 8.05 ton/m3 (Mirel Balan, Structural expert). The zero point and COG positions are

shown in Fig.6.
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Figure 6 Zero point and center of gravity positions

Table 2 Mass and center of gravity (Lifting plan drawing).

Center of gravity (mm)
X from (0,0,0) Y from (0,0,0) Z from (0,0,0)
3899 -23 -669
Mass (ton)

Section 12.656

Steel outfitting (7%0) 0.886

Safety coefficient (3%0) 0.406

Total weight 13.948

The nonstructural mass property is used to represent a mass that won’t affect the structural
stiffness of the model. However, in this case, the difference between the actual mass and the
mass measured by the FEMAP is considered as a nonstructural mass because adding the small
outfitting details is not practical.
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4.7 Meshing

The discretized model was created in the FEMAP on a non-geometry basis. Using the
fabrication drawings as a guide, the creation of the discretized model was carried out. For
members that have a specific shape such as holland profile, deck plating outline and all the
curved shaped members, the outlines were exported as IGS. from the AutoCAD then imported
to FEMAP and used as a guide to complete the mesh building. Different property colours are

shown in Fig. 7.

Based on the frame spacing (500 mm) and guidance from industry experts (Mirel Balan,
Structural Expert) it was recommended to use a global nesh density of 50 mm for most of the
model. It is expected to find higher stress around the lifting lugs, a fine mesh density of 7 mm
was applied on the lifting lugs to investigate the stress level. The global and local mesh samples
are shown in Fig. 8. To make the stress field around the lifting lug hole more realistic, only the

upper nodes of the hole were connected to the lifting sling, as presented in Fig. 9.

Figure 7 Different structural property colours
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Figure 8 Global mesh

Figure 9 Mesh of the lifting lug

4.8 Element Types

The mesh has been built using a four-node shell element for all plating, deck transverses and
girders. Three-node shell elements were used when necessary. Nastran rigid body elements
(RBE2) were used to connect the lifting lug to the sling which is represented by a rod element.
A bar element has been used to represent the secondary stiffeners attached to the deck, side and
bulkheads. The holland profiles have been converted to the equivalent L-angle stiffeners and
modelled as a bar element according to BV Rules for Steel Ships Pt B, Ch 4, Sec 3 (BV,
2020).The bar element has been widely used to reduce the computation requirements. However,

the bar element carries only axial load which could be considered as an extra factor of safety.
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4.9 Connections

Lifting lugs were connected to the ship section using “Glue connection” in FEMAP.
Connection regions have been defined between the deck plating and the lifting lug and between
the longitudinal bulkhead plating and the lifting lug. The glue connection is an effective method
to represent the welding of two different mesh size regions. It accurately transfers displacement
and loads at the interface. Thus, the strain and stress results are reliable. Grid points on glued
edges and surfaces do not have to be coincident (PLM Software, n.d.). Fig. 10 shows the glue
connection representing the fillet weld.

Fillet weld

Figure 10 Glue connection representing the fillet weld

4.10 Mesh Convergence

Convergence check of the stress results can be done at the high-stress location in the structure.
If the difference between the elemental and nodal stress results is very small, one can say that
the mesh is fine enough and the solution is convergent. It has been observed that the difference
between the elemental and nodal stress at the highest stress location is around 3 MPa. Thus, this
difference was considered negligible and the mesh is fine enough.
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4.11 Constraints

Three sets of constraints have been applied in the adopted analysis. The first and second sets
are similar and correspond to the simulations before and after turning. The suspension point
that represents the crane hook was completely fixed. In addition, the centre nodes of the lifting
lugs were constrained in X and Y directions. The first and second sets are displayed in Fig. 11,
the shown numbers indicate the constrained degrees of freedom. The third set of constraints is
for the worst-case scenario during turning. The suspension points and the centre nodes of the
lifting lugs were constrained in all 6 degrees of freedom as shown in Fig. 12. It should be noted
that the slings presence has no significant influence on the results in the turning load case.

Figure 11 Constraints for simulations before and after turning

PN PN
123456 123456

R N T
123456 123456

| |
[ | I Frrrrenril

Figure 12 Constraints for the turning case
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4.12 Loading Conditions
4.12.1 Lifting Load

The analysis has been carried out under the gravity load for all three loading cases. The applied
gravitational acceleration is acting downwards in the three cases. A dynamic amplification
factor (DAF) of 1.5 has been applied according to DNVGL-RU-SHIP rules, resulting in an
input magnitude of 14700 mm/s?. For the turning load case, a new coordinate system was
defined to simulate the equilibrium of the turning case. The X - axis passes through the centre
of gravity and the centre nodes of the RBE2, the load was applied in the X - direction. The
original and new coordinate systems are shown in Fig. 13.

Original coordinate system New coordinate system

Figure 13 Original and new coordinate systems

4.12.2 Load Cases

The model was solved for a total of six load cases. Peak VVon-Mises stress and deformations
were extracted from the analysis outcomes for each load case. The section was firstly analyzed
without the temporary stiffening (three load cases) which was then added to the model for

further second analysis (three load cases). The analysed load cases are summarized in Table 3.



Table 3 Load cases
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Load Case

Description

Without temporary stiffening

Load Case 1 (LC1)

Lifting before turning

Load Case 2 (LC2)

Turning load case

Load Case 3 (LC3)

Lifting after turning

With tempor

ary stiffening

Load Case 4 (LC4)

Lifting before turning

Load Case 5 (LC5)

Turning load case

Load Case 6 (LC6)

Lifting after turning

4.13 Acceptance Criteria

The analysis has been carried out following the guidelines from DNVGL-CG-0127 and the

DNVGL rules for the Classification of Ships Part 3. Chapter 7. The stress acceptance criteria

for the lifting cases are to comply with the DNVGL mentioned rules and are summarized in

Table 4. The obtained plate elemental VVon Mises stress is to be compared with the acceptance

criteria. For the bar elements, the comparison should be based on the combined stress (DNV

GL, 2015).

Table 4 Acceptance criteria summary (DNV GL, 2018)

Acceptance criteria

. ) Allowable
Case Description Element % Of yield
stress
stress
(MPa)
AC-1 Static Coarse mesh plate/beam element 80 188
Fine shell element mesh Vicinity of 120 282
(Average over 50 mm x welding seems
50 mm area) Far from 163 320
welding
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The obtained stress results from the FE analysis are to be compared with the acceptance criteria

in the fine mesh zones as follows:

Yr < Yfperm
Oym .
Yr= 7 for plate elements in general.
Y
Oaxial :
Vr= "o for rod elements in general.
Y

Where,

Ys = Fine mesh yield utilization factor.
0,m = Von Mises sress,in N/mm?2.
Oaxial = Axial sress inrod element,in N/mm? .

Ofperm = Permissible fine mesh utilization factor = 1.

Ry = Nominal yield stress, taken equal to 235/k N/mm?.

The above yield allowance accounts for the simplification in the elastic theory used by the linear
FEA where the material is assumed to be perfectly elastic. the far beyond yield stress predicted
by the linear FEA, in reality, redistribute through yielding (plastic deformation) in the nearby
elements resulting in less stress yet higher strain. this has to do with the actual nonlinear ductile
behaviour of steel where the material follows a progressive stress-strain relationship. Hence,
class rules allow margins within which elements beyond yield stresses from the linear FEA are

accepted.
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5 RESULTS AND DISCUSSION

5.1 Lifting the Section Before Turning (LC1)

At the ship construction site, the sections are built upside down to avoid the overhead welding
as possible to fasten the fabrication process and reduce the cost of production. The section is to

be lifted using one crane, with four slings of eight meters long each.

The stresses throughout the analyzed model remain below the fine mesh allowable stress of 282
MPa (AC-1 adjacent to weld), indeed the majority remain under 24 MPa, increasing to a peak
value of 107.49 MPa in way of the lifting lugs. The contour plot of the maximum Von Mises
stress for the plate top and bottom of load case LC1 are shown in Fig. 14. It should be noticed
that the solving time is very short due to the act of using the bar element to represent all the

stiffeners

The section experienced a total maximum deflection of 16.44 mm in way of the aft boundary
of the section as shown in Fig. 15. It is observed that supporting stiffeners are needed to be
fitted at the position of the maximum translation. The maximum translation in the X, Y, and Z

directions are =7 mm, -9.5 mm and 16.1 mm respectively.
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107,49

95,552

83,612

71,673

59,733
47,794

35,854

X

Output Set: BEFORE TURNING W/O TEMPORARY STIFFENING
Elemental Contour: Envelope (Max 7033,9033

23,915

11,975

0,03545

Figure 14 Maximum of Plate top/Plate bottom Von Mises stress — lifting before
turning without temporary stiffening
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16,444

14,617

12,79
10,962
9,1354
7,3083
5,4812

3,6541

1,8271

Output Set: BEFORE TURNING W/O TEMPORARY STIFFENING
Elemental Contour: Total Translation 0,

Figure 15 Total translation — lifting before turning without temporary stiffening

5.2 Turning the Section (LC2)

The section is suspended from only two lifting lugs as shown in Fig. 16 and using only two
slings, which is the worst-case during the turning process. The stresses remain below the fine
mesh allowable stress of 282 MPa (AC-I adjacent to weld), the majority remain under 23 MPa,
increasing to a peak value of 209.1 MPa in way of the two lifting lugs. The contour plot of the

maximum Von Mises stress for the plate top and bottom of load case LC2 are shown in Fig. 16.

The section experienced a total maximum deflection of 6.8 mm as shown in Fig. 17. It is
observed that supporting stiffeners are needed to be fitted longitudinally at the position of the
maximum translation. The maximum translation in the X, Y, and Z directions are 5.9, -4.4 mm

and -5.88 mm respectively.
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116,22
92,977

69,733

46,489

23,246 |
Output Set: TURNING W/O TEMPORARY STIFFENING

Elemental Contour: Envelope (Max 7033,9033

0,002364

Figure 16 Maximum of Plate top/Plate bottom Von Mises stress —turning case
without temporary stiffening
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6,8108

6,054
5,2973
4,5405
3,7838

3,027
2,2703

X
!;Yr

1,5135

0,7568
_Output Set: TURNING W/O TEMPORARY STIFFENING

Elemental Contour: Total Translation

Figure 17 Total translation — turning without temporary stiffening

5.3 Lifting the Section After Turning (LC3)

The stresses remain below the fine mesh allowable stress of 282 MPa (AC-I adjacent to weld),
indeed the majority remain under 26 MPa, increasing to a peak value of 275.7 MPa in way of
the lifting lugs. The contour plot of the maximum Von Mises stress for the plate top and bottom

of load case LC3 are shown in Fig. 18.

The total maximum deflection is 16.44 mm in way of the aft boundary of the section as shown
in Fig. 19. It is observed that supporting stiffeners are needed to be fitted transversely and
vertically at the position of the maximum deformation. The maximum translation in the X, Y,

and Z directions are 4.5 mm, 9.7 mm and 15.2 mm respectively.
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274.7 Mpa

235,0
208,89
182,78
156,67
130,56
104,44
78,333

52,222

26,111

Output Set: AFTER TURNING W/O TE PRARY STIFFENING
Elemental Contour: Envelope (Max 70339033 0

275.7 Mpa

Figure 18 Maximum of Plate top/Plate bottom VVon Mises stress — lifting after turning
without temporary stiffening
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Output Set: AFTER TURNING W/O TEMPORARY STIFFENING
Elemental Contour: Total Translation

Figure 19 Total translation — lifting after turning without temporary stiffening

5.4 Lifting the Section Before Turning (LC4)

After adding the temporary stiffening according to the lifting plan, the stresses are also
remaining below the fine mesh allowable stress of 282 MPa (AC-I adjacent to weld), increasing
to a peak value of 105.9 MPa in way of the lifting lugs. The contour plot of the maximum Von
Mises stress for the plate top and bottom of load case LC4 are shown in Fig. 20. It should be
noted that the stress has slightly decreased compared to the same lifting process without

temporary stiffening.

In this case, the obtained total maximum deflection is 8.2 mm in way of the aft boundary of the
section and at the position of the temporary stiffeners as shown in Fig. 21. It is observed that
the temporary stiffeners have significantly affected the deformation characteristics of the
section. The maximum translation in the X, Y, and Z directions are 4.5 mm, 9.7 mm and 15.2

mm respectively.



105.9 Mpa

Temporary stiffeners

Output Set: BEFORE TURNING WITH TEMPORARY STIFFENING
Elemental Contour: Envelope (Max 7033,9033)
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105,9
94,13
82,37

70,6
58,84
47,07
35,31
23,55
11,78

0,0163

Figure 20 Maximum of Plate top/Plate bottom Von Mises stress — lifting before turning with

temporary stiffening

Output Set: BEFORE TURNING WITH TEMPORARY STIFFENING .
Elemental Contour: Total Translation .

Figure 21 Total translation — lifting before turning with temporary stiffening
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5.5 Turning the Section (LC5)

In the worst-case during turning after adding the temporary stiffening according to the lifting
plan, the stresses remained below the fine mesh allowable stress of 282 MPa (AC-1 adjacent to
weld), increasing to a peak value of 183.79 MPa in way of the two lifting lugs. The contour plot
of the maximum Von Mises stress for the plate top and bottom of load case LC5 are shown in
Fig. 22.

In this case, the obtained total maximum deflection is 6.69 mm as shown in Fig. 23. It is
observed that the temporary stiffeners have no influence on the deformation characteristics of
the section. The maximum translation in the X, Y, and Z directions are 3.66 mm, -1.1 mm and

-6.8 mm respectively.

81,692
Z; 61,272
¥ 40,852

Output Set: AFTER TURNING WITH TEMPORARY STIFFENING,
Elemental Contour: Envelope (Max 7033,9033)

Figure 22 Maximum of Plate top/Plate bottom Von Mises stress —turning case with temporary stiffening
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6,6887
5,9455
5,2023
4,4591
3,7159
2,9727
2,2296

1,4864

" 0,7432
Output Set: AFTER TURNING WITH TEMPORARY STIFFENING
Elemental Contour: Total Translation

Figure 23 Total translation — turning with temporary stiffening

5.6 Lifting the Section After Turning (LC6)

For the case of lifting after turning with the temporary stiffening, the stresses remained below
the fine mesh allowable stress of 282 MPa (AC-1 adjacent to weld), increasing to a peak value
of 123.79 MPa in way of the lifting lugs. The contour plot of the maximum Von Mises stress

for the plate top and bottom of load case LC6 are shown in Fig. 24.

123,79
110,03
96,278
82,525
68,771
55,018
41,264

27,51

13,757
Output Set: AFTER TURNING WITH TEMPORARY STIFFENING!

Elemental Contour: Envelope (Max 7033,3033 0,003304

Figure 24 Maximum of Plate top/Plate bottom Von Mises stress — lifting after turning with temporary
stiffening
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In this case, the obtained total maximum deflection is 7.41 mm as shown in Fig. 25. It is
observed that the temporary stiffeners have a significant influence on the deformation
characteristics of the section. The maximum translation in the X, Y, and Z directions are 1.7

mm, -2.5 mm and -7.2 mm respectively.

)(Li

%

Output Set: AFTER TURNING WITH TEMPORARY STIFFENING!
Elemental Contour: Total Translation

Figure 25 Total translation — lifting after turning with temporary stiffening

5.7 Comparison of Load Cases

Fig. 26 compares the maximum Von Mises stress values of all the six load cases. It is observed
that the temporary stiffening has a negligible effect on reducing stresses while lifting the section
before turning. In the worst-case during turning the temporary stiffening slightly improved the
stress field by reducing the peak stress by 12.1 % (25.4 MPa). However, for lifting after turning,
the temporary stiffening has a significant influence on mitigating the maximum stresses by 55
% (151.9 MPa). Accordingly, stress-wise, this demonstrates the importance of adding the

temporary stiffening in the final stage of lifting.
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Figure 26 Comparison of maximum Von Mises stress

Regarding the total deflection, not only the temporary stiffening significantly improved the
lifting after turning operation but also improved the lifting before tuning operation. However,
the turning operation has not been affected by the existence of the temporary stiffening. This is
justified because the temporary stiffeners are needed for resisting deformations in the
longitudinal direction as indicated Fig. 17. which has a minimum effect on the turning load
path. Fig. 27 shows a comparison of maximum deformation for all the six loading cases.
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Figure 27 Comparison of maximum deformation
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5.8 Sling Angle analysis

The hook position should be placed above the center of gravity. Otherwise, the section will tilt
until the hook and the center of gravity become on the same vertical line. The uneven stable
position could lead to different sling angles and therefore different structural behaviour. Tilting
the section might break the sling and/ or the weld of the lug. Also, it might cause more

deformations on the section(Petri Mehto, 2019)

The sling angle is the angle between the sling and the horizontal line of the ship section deck.
Different sling angles have been studied to investigate the sling angle effect on the stress levels
and deformations during the lifting of the ship section with the temporary stiffening. It has been
observed that the stress is inversely proportional to the increase of the sling angle. However,
the stress reduction is from 83.9 MPa at 30 degrees to 83.35 MPa at 75 degrees. Therefore, the
stress variation is negligible. Fig. 28 shows the sling angle — maximum Von Mises stress

relationship.

Sling angle (degree) VS Stress (Mpa)
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25 30 35 40 45 50 55 60 65 70 75 80
Sling angle (degree)

Figure 28 Sling angle - Maximum Von Mises stress

Sling length is mainly dependent on the optimized sling angle which maintains the stress below
the yield limit to remain in the elastic deformation zone of the structure. Also, the crane
specification is important for the determination of the distance between two adjacent lifting lugs
was adjusted. For a given position of the lifting lugs, the length of the fore and aft lifting slings

is calculated to ensure that there is no trim angle during the lifting process.
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The best sling angle would lay between 55 and 65 degrees as shown from the results in Fig. 29,

to compromise the sling tension force after resolving it, the horizontal component of the sling

force decreases as the sling angle increases. Thus, reduce the probability of buckling. However,

the vertical component of the sling force increases as the sling angle increases. Thus, the

structure will experience more bending load.
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Figure 29 Sling angle - Maximum deformation
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6 CONCLUSIONS

The lifting and turning of section 1172 have been simulated in FEMAP software. A linear static
analysis was carried out using Simcenter™ Nastran solver to investigate the deformations and
stresses for six different loading cases. First, the section has been analysed without temporary
stiffening in three load scenarios: lifting before turning, worst-case scenario during turning and
lifting after turning. Similarly, the section has been analysed after adding the temporary

stiffening according to the lifting plan. The following conclusions are withdrawn:

e As expected, the stress hotspots are located in way of the lifting lugs. The majority of
the stresses remained under the yield stress of 235 MPa. Also, the addition of temporary
stiffening is essential to minimize the deformations and to maintain the stress levels

below the yield point.

e The lifting plan design requires a high technical level of engineers. The designer needs
to comprehensively consider the characteristics of the selected section, the site
conditions, crane lifting capacity, lifting lugs reusability and other constraints (each case
might have special requirements) are required to complete the design of the lifting plan.

e When the hull sections are assembled, if the length of slings is properly selected, the
free angle of the section after lifting can be exactly adjusted to meet the inclination of
the hull by using the selected crane under the condition that the crane load is allowed.
Thus, it is advantageous to reduce the labour intensity and reduce the assembly time.

e In order to achieve high quality in the shortest time possible, the unusual shape sections
should be analyzed one by one. Specialized FEM engineers are needed with knowledge
and experience in lifting operations. In addition, a fast and reliable analysis can be

carried out with proper software.

e The non-geometry base FE modelling is a special case, it should be used only when the
3D surface model does not exist. The geometry-based modelling has the advantages of
modifying, refine the mesh faster and make use of many features of the FEA software.

Moreover, working with a geometry-based problem is faster and easier.
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APPENDICES

Appendix 1. X - direction translation — lifting before turning without temporary stiffening

0,07776
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-543
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Output Set: BEFORE TURNING W/O TEMPORARY STIFFENING
Elemental Contour: T1 Translation

-6,2168 D
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Appendix 2. Y- direction translation — lifting before turning without temporary stiffening
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Appendix 3. Z - direction translation — lifting before turning without temporary stiffening
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Appendix 4. X direction translation — turning without temporary stiffening
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Appendix 5. Y - direction translation — turning without temporary stiffening

3,8322
2,909
1,9858
1,0626
0,1394
-0,7838
-1,707

-2,6303

-3,5535

\ﬁ767

Output Set: TURNING W/O TEMPORARY STIFFENING
Elemental Contour: T2 Translation

Appendix 6. Z direction translation — turning without temporary stiffening.

1,4541

0,6389
-0,1763
-0,9915
-1,8067
-2,6219

ﬁ" i -34371

-4,2523

,./”’/ Output Set: TURNING W/O TEMPORARY STII-;FENING
Elemental Contour: T3 Translation

-5,0675

-5,8827
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Appendix 7. X - direction translation — lifting after turning without temporary stiffening

4,5895
3,8201
3,0508
2,2814
15121
0,7427
-0,0266

-0,7959

Output Set: AFTER TURNING W/O TEMPORARY STIFFENING ~1.5853
~——

Elemental Contour: T1 Translation

-2,3346

Appendix 8. Y - direction translation — lifting after turning without temporary stiffening

8,1346
6,1443
4,1539
2,1636
0,1733
-1,8171
-3,8074

-5,7977

Output Set: AFTER TURNING W/O TEMPORARY STIFFENING “L285]1

Elemental Contour: T2 Translation 97784
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Appendix 9. Z - direction translation — lifting after turning without temporary stiffening

0,8737
-0,9481
-2,7698
-4,5916
-6,4134
-8,2352

-10,057

7

Output Set: AFTER TURNING W/O TEMPORARY STIFFENING
Elemental Contour: T3 Translation

-11,879

-13,7

-15,622

Appendix 10. X - direction translation — lifting before turning with temporary stiffening

0,058
0,313
0,684
-1,055
1,426
1,797
2,168
2,539

QOutput Set: BEFORE TURNING WITH TEMPORARY STIFFENING 291

Elemental Contour: T1 Translation

-3,281
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Appendix 11. Y- direction translation — lifting before turning with temporary stiffening

1,474
1,133
0,792
0,451

0,11

-0,231

-0,573

-0,914

QOutput Set: BEFORE TURNING WITH TEMPORARY STIFFENING 125
Elemental Contour: T2 Translation 159

Appendix 12. Z - direction translation — lifting before turning with temporary stiffening

7,383
6,562
5,742
4,922
4,101
3,281

2,461

%

Output Set: BEFORE TURNING WITH TEMPORARY STIFFENING
Elemental Contour: T3 Translation :

1,641

0,82
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Appendix 13. X - direction translation — turning with temporary stiffening.

3,6646
2,9813
2,2979

1,6146

0,9313
0,2479
-0,4354

-

Output Set: AFTER TURNING WITH TEMPORARY STIFFENING
Elemental Contour: T1 Translation

-1,1187

-1,8021

-2,4854

Appendix 14. Y - direction translation — turning with temporary stiffening

0,24
0,091
-0,05804
-0,2071
-0,3561
-0,5052

-0,6542

-0,8033

-0,9523
Output Set: AFTER TURNING WITH TEMPORARY STIFFENING

Elemental Contour: T2 Translauon/ e 11014

el
/
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Appendix 15. Z - direction translation — turning with temporary stiffening

0,6658

3

Output Set: AFTER TURNING WITH TEMPORARY STIFFENING
Elemental Contour: T3 Translation

-6,6869

Appendix 16. X - direction translation — lifting after turning with temporary stiffening

1,7352
1,3579
0,9805
0,6031
0,2257
-0,1517
-0,5291
YLTX -0,9065
Output Set: AFTER TURNING WITH TEMPORARY S:I'IEFENING
Elemental Contour: T1 Translation %

-1,2839

Appendix 17. Y - direction translation — lifting after turning with temporary stiffening
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0,4825
0,1418
-0,1989
-0,5396
-0,8803
-1,221
-1,5617

-1,9024

T

X
Output Set: AFTER TURNING WITH TEMPORARY STIFFENIEG

Elemental Contour: T2 Translation : A / -2.5838

-2,2431

Appendix 18. Z - direction translation — lifting after turning with temporary stiffening

-0,8046
-1,6092
-2,4138
-3,2184

-4,023
-4,8276
ﬁ -5,6321

I L |

Output Set: AFTER TURNING WITH TEMPORARY STIFFENING

Elemental Contour: T3 Translation \ /’
\ /

\ \

-6,4367




46

Appendix 19. Top views
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Appendix 20. Longitudinal Views
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Appendix 21. Longitudinal and cross views
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Appendix 22. Cross views
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Appendix 23. Lifting plan
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