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Abstract

Nonlinear buckling capacity analysis has become a reliable practice in order to investigate the
buckling capacities for cases that do not fall into the scope of the traditional standards. DNV
has issued the recommended practice DNV-RP-C208 [3] as a guideline for nonlinear finite
element buckling analysis.

The project aims to apply nonlinear finite element methods to evaluate the buckling capacity
of a ship hull stiffened panel under uniaxial in-plane compression load and gravity load. Then,
to calibrate and compare the results to conventional codes, this is done by determining the
buckling capacity of the panel using "DNV-RP-C201 Buckling Strength of Plated Structures" to
establish a capacity benchmark. Then, the finite element analysis program ABAQUS is used to
build a stiffened panel model and introduce the material and geometrical nonlinearities using
the method outlined in the recommended practice "DNV-RP-C208, Determination of
structural capacity by nonlinear finite element analysis methods" to achieve the calibration to
the benchmark buckling capacity.

The calibration is achieved by studying the effect of two different geometrical imperfection
patterns with several different magnitudes. This is used to choose the model with
imperfections pattern and magnitude that would provide the buckling capacities closer to the
benchmark as a calibrated model. It is then used to study the effect of holes on the buckling
capacity of the panel.
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Chapter- 1 Introduction

1.1 Background and Motivation

Stiffened panels (Figure 1) are commonly used in many industries, especially offshore and
maritime sectors. This is due to its high load and stiffness-to-weight ratio capability. Since
buckling is one of the common failure modes of stiffened panels, it has been widely researched
through the years using analytical methods, experimental tests, and non-linear elements (FE).

Figure 1: Illustration of stiffened panels (DNV-RP-C208)

Guidance for designing against buckling failure is available in several standards such as DNV -
RP-C201[1] and NS-EN 1993-1-5 [2]. These standards predict failure capacities for plated
structures.

In some cases that are not included in the scope of the standards above, non-linear finite
element analyses can be used to determine the capacity. Guidance and recommended
practices have been developed for these methods, such as the DNV recommended practice
DNVGL-RP-C208 [3].



1.2 Research objective

The project aims to apply non-linear finite element methods to evaluate the buckling capacity
of stiffened panels and calibrate and compare the results to conventional codes. This is done
by determining the buckling capacity of the panel using “DNV-RP-C201[1] Buckling Strength
of Plated Structures” to establish a capacity benchmark. Then, using the finite element
analysis program ABAQUS to build a stiffened panel model and introduce the material and
geometrical nonlinearities to achieve the calibration to the benchmark buckling capacities.
The calibration is achieved by studying the effect of two different geometrical imperfection
patterns with several different magnitudes to choose the model with imperfections pattern
and magnitude that would provide the buckling capacities closer to the benchmark as a
calibrated model. It is then used to study the effect of holes in the panel in the buckling
capacity of the panel.

1.3 Research gap and challenges

The research gap is summarized as the lack of studies on achieving calibration of buckling
capacity of large ship hull stiffened panel using the DNV-RP-C201[1] standard as a capacity
benchmark and the recommended practice DNV-RP-C208[3] guidelines for non-linear FE
buckling analysis.

The challenges with regard to the non-linear buckling capacity analysis are listed below,

e Introducing applicable rule required geometrical nonlinearity in the finite element

model.

e |dentifying issues with material nonlinearity and evaluating the consequences of large
strains.

e Choosing a set of boundary conditions that represent the physical problem
appropriately.

e Introducing a combined local and global imperfections into the finite element model.

e Achieving calibration of ABAQUS model to DNV-RP-C201[1]using the method outlined
in DNV-RP-C208[3]. Then presenting the analysis results in a way that clearly induces
confidence in this calibration.



1.4 Methodological approach

The methodology of the thesis is summarized in Table 1.

Table 1- Methodological approach

APPROACH

DESCRIPTION

Pre-study report

A report is prepared to explain the plan of the
thesis project and set the goal and objectives

Literature study of buckling codes and
nonlinearity

Familiarization with recommended practices
“DNV-RP-C201[1] Buckling strength of plated
structures” and “DNV-RP-C208 [3]
determination of structural capacity by non-
linear finite element analysis methods.”

Selecting geometries and loads

Selecting the stiffened panel type and
geometrical properties of a commonly used
stiffened panels in offshore and marine steel
structures under compression loads.

Establishing calibration capacity benchmark

Buckling capacity of the selected geometry
using the DNV-RP-C201[1] code.

Building finite element model

Using ABAQUS as a FEM structural analysis
program.

Eigenvalue analysis

Performing eigenmode analysis to acquire
imperfection patterns and magnitudes to be
mapped into the model.

Choosing imperfection patterns

Evaluating the eigenmodes to choose the ones
that are closest to the modes recommended by
DNV-RP-C208 [3].

Calibrating non-linear model to DNV-RP-C201

Performing a study on the effects of the
introduced geometrical imperfection
magnitude on the buckling capacity in order to
achieve calibration buckling capacity.

Calibration post-processing

Comparing the results, explaining, and
discussing the findings concerning the applied
nonlinearities and codes.

Evaluation of the effect of holes

Evaluating the effect of holes on the buckling
capacity of calibrated non-linear FE model

Reporting

Reporting the work done.




1.5 Thesis structure
Thisreportincludes 7 chapters. The description of the content of each chapteris shown below:
Chapter 1 Introduction

This chapter includes the motivation and background. It also describes the research gap and
the methodology used in the thesis.

Chapter 2 literature study

This chapter includes the literature review and describes the approaches used in finding
buckling capacity according to DNV-RP-C201[1] standard. It also describes the approach used
in determining the non-linear buckling capacity according to DNV-RP-C208 [3] recommended
practice.

Chapter 3 Establishing benchmark buckling capacity according to DNV-RP-C201

The buckling capacity according to DNV-C201 is established in this chapter. It also explains the
parameters used to assess the buckling capacity.

Chapter 4. Finite element Model description of ship hull stiffened panel
This chapter describes the ship hull panel properties used to model in FE program.
Chapter 5 Non-linear finite element analysis of stiffened ship hull panel

The non-linear buckling analysis and the calibration of the model to the buckling capacity
benchmark are carried out in this chapter.

Chapter 6- Results and discussion
This chapter presents and compares the results found by the non-linear analyses. It explains the

most compatible calibrated case. The chapter also evaluates the effect of holes on the buckling
capacity of the calibrated model.

Chapter 7- Conclusion and Recommendation for Further Work

A summary of the work performed, the conclusion of the thesis, and suggestions for further
work take place in this chapter.



Chapter- 2 Literature Study

2.1 Literature review

Stiffened panels -as shown in Figure 2- are an assembly of plates, stiffeners and girders. In
order to increase the strength and capacity of the plate to carry in-plane and out-of-plane
loads, the plate is attached to stiffeners [4]. Stiffened panels are used in different branches of
engineering, especially in offshore or ship structures where they are constructed as an
assembly of stiffened plates with almost equally spaced longitudinal stiffeners of the same
size. Buckling and plastic collapse of the ship hulls govern the overall failure of ships. For this

reason, it is essential to precisely analyze the ultimate strength of the stiffened panels in ship
hull.

Figure 2- Stiffened panel

Buckling is caused by in-plane stresses exceeding the buckling stability of the structure,
causing local yield and permanent deformation of the structure. The buckling capacity is a
property of the plate, depending on many factors.[5]

Buckling can be classified into three states:

1. Elastic buckling: occurs only in the elastic regime of the stress-strain material graph.

2. Elasto-plastic buckling: occurs when a local region inside the plate experiences a plastic
deformation.

3. Plastic buckling: happens after the plate has yielded over large regions.[6]

Many factors affect the buckling behaviors of panels, including geometric or material
properties, loading characteristics, boundary conditions, initial geometrical imperfections,
and material nonlinearity. If the panel is welded, the residual stresses also affect the buckling
behavior. Under the same conditions and properties, panels with high slenderness show
plastic buckling, while low slenderness panels show elastic buckling [3].



In the linear analysis, materials are assumed to be in the linear elastic region. The linear
analysis assumes very small displacements during and after loading so that equilibrium and
kinematic relations are applied to undeformed geometry. Also, contrary to non-linear analysis,
superposition is applicable to the linear solution. The linear models provide acceptable
approximations for many practical problems.

Linear elastic finite element analyses of the load effects are used for the design check of plated
structures [1]. Moreover, the ultimate strength of offshore structures is analyzed by linear
methods to determine the internal distribution of forces, moments. The resistances of the
cross-sections are checked according to design resistances found in design standards. These
design resistance formulas often require deformations well into the inelastic range in order to
mobilize the standard defined resistances. However, no further checks are normally
considered necessary as long as the internal forces and moments are determined by linear
methods. When non-linear analysis methods are used, additional checks of accumulated
plastic deflections and repeated yielding will generally be needed. These checks are important
in the case of variable or cyclic loading, e.g. wave loads. [3]

Due to different load cases, the structure is subjected to a variety of phenomena, which can
be accounted for by the non-linear behavior. It also accounts for the possible interactions
between those forces and phenomena, and this interaction may be difficult to formulate.
Moreover, problems become non-linear when stiffness and loads become a function of
displacement and deformation.

Those phenomena in structures may be material yielding, plastic strain local buckling of
members, and holes in the geometry. Nonlinear problems induce the difficulty of describing
phenomena by realistic mathematical and numerical models and the difficulty of solving
nonlinear resultant equations. The effort required of the analyst increases substantially when
a problem becomes nonlinear. Computational cost may also be a concern, despite the growing
capability of computers[7].

Over the past decades, a significant amount of research has been carried on the development
of ultimate limit strength formulations for buckling capacities. Paik et al. [8] derived sets of
ultimate strength formulations for the steel plate elements that are under four load
components such as compression/tension, edge shear, and lateral pressure loads. The study
assumed that the plates are simply supported from all edges.

Cho et al. [8]used a simplified numerical method to detect the structural behavior under
combined loads. A parametric study was then done using these methods to determine the
ultimate strength of the stiffened plates under different cases of loading. A regression study
of the results was used to find the ultimate strength formulations. The formulation provided
acceptable results with DNV (Plate ultimate limit state) standard and ABAQUS predictions. The
aim of Cho's study was to develop formulas that predict the ultimate strength of stiffened
plates under the influence of combined axial compression, transverse compression, shear
force, and lateral pressure loadings without the need to analyze the plate’s non-linearly.

Ozguc et al. [9] introduced a simple design equation to calculate the buckling strength of
stiffened panels taking into account both welding-induced residual stresses and geometrical



imperfections. Wide range ship panel geometries were investigated using non-linear finite
element analysis to validate the equation's results.

Zhang [10] focused on panels under compression and developed a semi-analytical formula to
predict ultimate strength capacity under axial compression (buckling capacity), Zhang also
reviewed and validated the formula using different non-linear FE analysis models.

More recently, Ozguc [5] utilized the nonlinear finite element code ADVANCE ABAQUS, where
an imperfection sensitivity work of a stiffened deck panel on an FPSO vessel is additionally
accounted for. In-plane bi-axial compression in two orthogonal directions was explored in the
cases studied. For the stiffened panels, the results are compared to the DNVGL PULS (Panel
Ultimate Limit State) buckling code. The strength estimates from ADVANCE ABAQUS and
DNVGL PULS code are found to be highly similar.

However, there is a need for more studies on achieving the calibration and compression of
buckling capacities found using the non-linear methods and traditional buckling capacity
standards. This is especially for complex geometry, such as a large ship hull stiffened where
nonlinearities and geometry deformation are harder to predict and has a more significant
effect on the buckling capacity.



2.2 Buckling capacity according to DNV-RP- C201

The NORSOK standard [2] is developed by the Norwegian petroleum industry to ensure
adequate safety, value-adding and cost-effectiveness for petroleum industry developments
and operations. It references Det Norske Veritas recommended practice DNV-RP-C201[1],
Buckling Strength of Plated Structures, Part 1. for the design of plated structures such as
stiffened panels.

The buckling capacity determined according to DNV-RP-C201[1] will be considered as a
benchmark to calibrate the non-linear finite element model. When calibration is achieved, the
nonlinear FE model can be used as basis for buckling capacity analysis where the geometrical
properties of the panel are different from the cases within the limitations of the DNV-RP-
C201[1] standard. This is after considering the assumptions made in the nonlinear analysis.
The parameters that the DNV-RP-C201[1] takes into account when determining the buckling
capacities are discussed in this section.

2.2.1 Design by LRFD method

LRFD method is a design method by which the target safety level is obtained as closely as
possible by applying load and resistance factors to characteristic loads and resistance.

The target safety level is achieved by using deterministic factors representing the variation in
load and resistance and the reduced probabilities that various loads will act simultaneously at
their characteristic values [11].

Requirement S§,< R,

Desion ' Dggg\
Load (Sd) Resstance (Rd)
Characteristic —, — acteristic
Load Restistance
: Mean
%%anoe Resistance
Mean Load 1
Load Factor

Probability Density

Load and Resistance

Figure 3-lllustration of the limit state safety format [3]



The level of safety of a structural element is considered to be satisfactory if the design load
effect (Sd) does not exceed the design resistance (Rd) as shown in Figure 3:

S;<R,
Equation 2-1

Where the equation: Sd = Rd, defines a limit state

Characteristic load represents values for the different groups of limit states in the operating
design conditions. For the ULS load combination, the representative value corresponds to a
load effect with an annual probability of exceedance equal to, or less than, 102 (100 years).
While the Characteristic resistance value which will imply that there is less than 5% probability
that the resistance is less than this value. [11]

2.2.2 Ultimate limit state (ULS)

The ULS (also called ultimate strength) represents the failure of the structure due to a
reduction of structural stiffness and strength. This is due to:

e Local or global structural equilibrium is generally considered rigid body (capsize,
overturning).

e Reaching the maximum local or global structural resistance due to yielding or fracture.
e Structural component instability caused by buckling and plastic collapse

The simplified ULS depends on estimates of the structural component's buckling strength,
commonly by using the elastic buckling strength after a simple plasticity correction- (Point A)
in Figure 4. This is used when no detailed post-buckling behavior information is taken into
consideration.

However, the location of the Ultimate strength point (point B) and whether it's under or above
point A is uncertain when the post-buckling behavior and its interaction between the
structural components are not considered. This caused difficulties to determine the real safety
margin, making the design of structures such as ships, and platform etc., to increasingly rely
on the ultimate strength limit (point B).

Linear elastic

sponse Y B _ Ultimate strength

A g Buckling strength

Load

Design load level

Displacement



Figure 4-Structural design considerations based on the ultimate limit state[6]

The safety format of NORSOK requires structures to have ductile behavior. This results in a
structure that does not have a sudden global collapse because ductility allows to redistribute
internal stresses and thus absorbs greater amounts of energy before global failure

2.2.3 Stiffener type

The DNV-RP-C201[1] standard describes two types of stiffeners according to their structural
function: (1) continuous and (2) sniped stiffeners.

Continuous stiffeners: These are connected to the frame and girders, so they contribute to
the global strength with their full moment resistance, as demonstrated in Figure 5.

N N

Caontinuous stiftener

Figure 5- Continuous stiffener [12]

Sniped stiffeners: These are disconnected, so when they intersect with the frame and girders,
they form a simple support on the intersection point. Sniped stiffeners are considered only a
stiffener stabilizing the plate fields between girder spans with no contribution to the global
strength as shown in Figure 6.

I

Sniped stiffener
Figure 6-Sniped stiffener[12]

2.2.4 Buckling length

The buckling length of a continuous stiffener may be determined using the following
equation:

I, =E‘ 1-0#1’_54\'.'

\ Ps |/

Equation 2-2

where,

Psq4: is design lateral pressure and Psis the lateral pressure giving yield in outer-fibre at
support.
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2.2.5 Bending moment factors Km

According to DNVGL-0S-C101 [13] Design of offshore steel structures, general- LRFD
method, In Table 2 Km values are given for defined load and boundary conditions.

Table 2- Bending moment and shear force factors Km

Load and boundary conditions Bending moament and shear force factors
Positions 1 2 3
1 z 3 K Kz ke
Support Field Support by - L
12 24 12
0.5 0.5
14.2 a
w
0.38 0.63
]
‘E]]]]]]]]]]]]]]]]]]IIE“
0.5 0.5
15 23.3 10
é__ﬁm:m]m]:%
0.3 0.7
16.8 7.3
ﬁﬂ:mﬂﬂ]]ﬂ:ﬂﬂ:[&
0.2 0.8
) I I:[E 7.8
0.33 - 0.67

2.2.6 Geometry

The geometry is of an idealized stiffened plate. It is characterized as having four corners
labeled A-D and three stiffener points labeled 1 to 3. The plate length (L) is always more than
or equal to the stiffener spacing. See Figure 7 below for definitions. [12]

51 FL1

32

Figure 7- Idealized stiffined panel [12]
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2.2.7 Buckling check procedure according to DNV-RP-C201 :

The DNV-RP-C201[1] standard requires the following checks to be fulfilled for continuous
stiffened panels under axial compression loads and lateral pressure:

Eq 2-3 represents the bucking check for the stiffener at support in point 1 in Figure 7 which is
where the compression stress is applied on the stiffener's side. If the applied design stresses
are higher than the resistance design stresses equation 2-3 would be more than 1 , UF(usage
value )=1 and thus a buckling failure would be expected to happen in the stiffener at support
point 1.

Neg + M, 54 —Neg -z’

- +u = 'l|
h]::.ﬁ:d. M 1— T"'Ir_.d .
slRd N Equation 2-3

Equation 2-4 represents the buckling check for the plate at support point 1. If equation 2-4 is
more than 1, a buckling failure under the applied stresses would be expected to happen inthe
plate at support point 1.

Nsa 5 Nss Mysq—Nss-Z

= == +
hl?-hi Naa Ny
MFM 1-—
J Ny

+u =1

Equation 2-4

where,

Ns¢ design axial force

Nrs buckling axial resistance

Misq design bending moment at point 1

Nip,rd design plate induced axial buckling resistance

Mstra design bending moment resistance on stiffener side in tension

Ne Euler buckling strength

z* is the distance from the neutral axis of the effective section to the working point of

the axial force. z* is optimized in the equations to find the maximum resistance of the
stiffened panel.

u isthe design shear stress to the design resistance shear stress squared ratio

Equation 2-5 is a stiffener buckling check at mid-span (point 2 )

Ney _-j_I'\_Gd_+I'”IJ.5d+NSd'Z*

ks, Rd ~1ERd I"'I-.-..R.d[l_ I;;d_]

E
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Equation 2-5

where,
Mysq design bending moment at point 2
Msz,ra  design bending moment resistance on stiffener side at point 2
Nisra  stiffener induced design axial buckling resistance

Equation 2-6 is plate buckling check at mid-span (point 2 )

Mgy Magy+Ngy-2'
— +
ht?-Rﬂ M 1_N_5d .

PR TN Equation 2-6

+u =1

where,
Mp,rd plate side design bending moment resistance
Nip,rd design plate axial buckling resistance



2.3 Non-linear buckling capacity according to DNV-RP-C208

Nonlinear problems pose the difficulty of describing phenomena by realistic mathematical and
numerical models and the difficulty of solving nonlinear equations. The effort required of the
analyst increases substantially when a problem becomes nonlinear. Computational cost may
also be a concern, despite the growing capability of computers.[7]

Problems become non-linear when stiffness and loads become a function of displacement and
deformation, in buckling structures, nonlinearity include the following:

e Material nonlinearity: where material properties are functions of stress strain relation,
including the elastic, plastic, and creep phases.

e Contact nonlinearity, in which a gap between adjacent parts may open or close, the
contact area between parts changes as the contact force changes, or there is sliding
contact with frictional forces.

e Geometrical nonlinearity: when the displacement and the alteration in the geometry
become large enough to influence the equilibrium equations so that they must include
the deformed geometry. In addition to loads, directions that might change as they
increase and the geometry deform. [7]

For buckling analyses, it is necessary to introduce equivalent geometric imperfections in order
to predict the buckling capacity correctly. This will be discussed further in the next chapters.

The DNV-RP-C208[3] recommended practice provides guidance on establishing structural
buckling resistance using the non-linear finite element method. It is concerned with
identifying the characteristic resistance of a structure or section of a structure to meet the
DNV criteria for ultimate strength in DNV recommended practices DNV-RP-C201[1].

The non-linear buckling analysis according to DNV-RP-C208 [3] is not intended to replace the
determination of structural buckling resistance according to traditional standards but to cover
the cases that are not within the limitations of the standards.

When using FE methods to analyze buckling resistance, itis critical to account for the statistical
variation of the different parameters. This is done so that the results reflect a safe estimate
when compared to the results acquired, if physical testing could be performed. When the
statistical variance is uncertain, the best engineering judgment must be applied to choose the
regulating parameters.

The parameters should be set so that the established characteristic resistance may be justified
as fulfilling the requirement of the capacity being 5% likely to be less than this value complying
with the ultimate limit state.
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For this reason, DNV-RP-C208 [3] recommends three validation methods for the non-linear
analysis:

¢ All controlling parameters should be set to characteristic or conservative values where
the key parameters such as element, mesh size, imperfections, and material curve are
selected to be on the safe side.

¢ Validation against design standards values, where a standard case that represents the
same failure mode is utilized for calibration. The key parameters are selected so the non-
linear analysis results in the resistance capacity calculated according to the standard.
Those parameters are then used to determine the resistance of the actual case to be
investigated. This method will be used to investigate the stiffened panel model in this
thesis.

¢ Validation against test where one or more physical tests for calibration that are deemed
to fail in a compatible fashion to the problem to be investigated (denoted test calibration
case). To begin, critical factors such as element type, mesh size, material curve, defects,
residual stresses are modified to ensure that the analysis accurately replicates the test
calibration situation (providing the same amount of resistance or less). The actual
problem is then examined using the same key parameters. However, with regard to the
problem at hand in this thesis and due to the high amount of time and resources that this
method requires, the validation against buckling capacities determined by the standards,
are used to validate the results of the non-linear buckling analysis of the stiffened panel.
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Chapter- 3 Establishing benchmark buckling capacity according to
DNV-RP-C201

The buckling capacity according to DNV-RP-C201[1] is determined using STIPLA DNVGL
program, which is developed to determine the buckling strength of plated structures using
DNV-RP-C201[1] checks and criteria.

3.1 Safety format

The safety format used in the analysis is LRFD and since Sd = Rd, it defines a limit state. The
characteristic resistance should reflect a value with a less than 5% chance of the resistance is
less than this value. Because a lack of experimental data frequently prevents an adequate
statistical evaluation, the 5% probability level should be regarded as a target when
engineering judgements to be made. For this reason, it is assumed that the uncertainties in
the material resistance for this model are adequately addressed when the characteristic
resistance is used to determine the characteristic calibration buckling capacity for the non-
linear model. Thus, the material factor in STIPLA, used for the calibration benchmark, is chosen
as Ym=1, and the usage factor=1.

3.2 Stiffener type and geometry

the stiffeners are chosen as continuous stiffeners in STIPLA in order to calibrate the finite
element model, where the stiffeners are connected and continued through the girders and
contribute with their full moment capacity to the buckling strength.

The bulb flat stiffener profile is transformed to an L-profile with the same area as the area of
stiffener in the file. The L-profile was chosen so the cross-section closely matches the actual
bulb profile in ly- and Iz- and Area. The geometry of the converted profile is shown in Table 3
and in Figure 8 [12]:

Table 3-Stiffener geometrical properties

Stiffener geometrical properties Dimensions
H 240 mm
Tw 10 mm
H
C 34 mm w L]
tf
r 10 mm
C B
B 39,5 mm k= k=
Tf 28,8 mm Figure 8-Geometrical properties of
stiffeners [12]
G 25,5 kg/m
Ax 3249 mm?
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3.3 Buckling length and bending moment factors Km

Pf is the lateral pressure giving at support, Psd is chosen as 0,002 to account for gravity load.
The buckling length Lk=3758mm. According to eq2.2

The support conditions are considered fixed, so the Moment factors as chosen as Km1=12
Km2=24 from Table 2.

3.4 Geometry and material properties

Geometryis as shown in the following Table 4- Panel geometry and the geometrical properties
chapter. lateral-torsional buckling length is equal to the stiffener span.

Table 4- Panel geometry

Geometry
Stiffener span L 3800 mm
Length of girder Lg 16000 mm
Plate thickness t 15 mm
Stiffness spacing S1, S2 800 mm
Lateral torsional buckling length Lt 3800 mm

The material properties for the plate, stiffener and girder are chosen according to VL/DNVGL-
0S-B101. The vyield strength is Fy=235MPa, Young’s Modulus of elasticity is E=2,1E+5 MPa,
Poisson’s ratio=0,3.
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3.5 Applied stresses

It is preferred to reduce the uncertainties related to combined loads buckling capacity analysis
since compression loads are the governing loads in buckling strength analysis. Only uniaxial
in-plane compression stress in the stiffener direction (X) and pressure load Psd as shown
Figure 9 Oa = 0. While stresses in the Y direction (Oy), and Shear(T) are chosen to be zero in
the calibration and the non-linear model. The loads applied to the model are shown in Figure

v
[
A C
N i
<1 FL1 ]
1 2 3 [
T et O
§2 —
PL2 —
L B D ; —
Sigs L | psd
L>=5s |

Figure 9- Applied loads in buckling capacity according to DNV-RP-C201[1]
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3.6 Buckling check results according to DNV-RP-C201

Compression stress is applied on plate boundary alone stiffener as 0a = Og = 0 MPa and
increased 10 MPa in each step while applying a constant 0,002 MPa as a gravity lateral
pressure on the plate side of the panel using eq 2-3, 2-4, 2-5, 2-6 to produce lines UF1s, UF1p,
UF2s, UF2p respectively. This results in Figure 10 for lines UF1s and UF1p, Figure 11 for lines
UF2s and UF2p, where each compression stress is corresponding with a usage value (UF), the
compression stress that corresponds with a usage value of 1 in any of the four buckling check
lines is chosen as a calibration value for the non-linear analysis.

As shown is Figure 10, which includes lines UF2p, UF1s have close buckling behavior under the
increasing buckling load. Since both lines reach one at compression load 170 MPa, buckling
would be expected under compression load of 170 MPa at point 1 near the support location
of the stiffeners and point 2 in the middle of the plate.

Whereas, in Figure 11 the lines decrease to negative values under the applied compression
stresses. This is due to the nature of equations 2-5, 2-6 that are found using experimental and
analytical data. Thus, no buckling would be expected at the support location of the plate point
1, and at the middle of the stiffeners at point 2 under the compression load 170 MPa.

Preformed checks according to DNV-RP-C201[1], (Appendix)

e plate and stiffener yield check.

e plate under lateral pressure check.

e Plate thickness check.

e Stiffener section modulus check according to DNVGL-0S-C101 (Ch.2. Sec.4).
e Girder buckling.

They all pass the required criteria in the standards under both compression stress 170 MPa
and Psd=0,002 MPa stresses.
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Figure 10-Plate-Stiffener buckling ckeck-1
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Figure 11-Plate stiffener buckling check-
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Chapter- 4 Finite Element Model Description of Ship Hull
Stiffened Panel

4.1 Geometrical properties

The stiffened panel investigated is an idealization of the ship hull panel in Figure 12.

The FE model consists of a rectangular panel with 19 equally spaced bulb flats stiffeners and
three equally spaced girders, and geometrical properties are of a commonly used stiffened
ship hull panels in the North Sea as demonstrated, the dimensions of the plate, stiffeners and
girders are given in Table 5.

Figure 12- Real ship hull stiffened panel model
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Table 5- Geometrical properties of FE model

Plate
Plate thickness 15mm
Plate length 16000mm
Plate width 15200mm
Stiffeners geometrical properties
Profile type Bulb flats
Number of stiffeners 19
Stiffener length 15200 mm
Stiffener Span 3800mm
Stiffener spacing 800mm
Stiffener height (including flange thickness) 240mm
Stiffener web thickness 10mm
Stiffener Bulb width 39,5mm
Stiffener Bulb thickness 28,8mm
Girder geometrical properties

Profile type Girder T
Number of Girders 3
Girder length 16000mm
Girder spacing 3800mm
Girder web height (including flange 930mm
thickness)
Girder web thickness 12,5mm
Girder Flange width 450mm
Girder Flange thickness 30mm
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4.2 Non-linear Material properties

S235 is widely used for the design of stiffened panels in ship hull. For this reason, $235 is
chosen as the material for the stiffeners, plate, and girders. The non-linear material properties
are chosen as DNV-RP-C208 recommends; all stresses used to represent true stresses as
shown in Figure 13. The material properties are given in Table 6.

Table 6- Non-linear material properties

Thickness [mm)] t<16 >0

E [MPa] 210000 400

oprop [MPa] 2117 —

oyield [MPa] 236,2| 530

oyield2 [MPa] 2434 g 200 -

€p v1 0,004| &

EP y2 0,02 100 -

K[MPa] 520

n 0,166 0

ouTs [MPa] 326,925203 % totaltrain O 02

Figure 13-Non-linear material properties- stress-
strain relation

the stress-strain relation is explained in Figure 14

Part 1: the linear plastic behavior.

Part 2: Represents the stresses between the highest
stress in the elastic regime and the initial yielding
stress

Oyield,2
o,

Ohprop

yield

Part 3: The yield plateau (plastic behavior).
Part 4: Represent the strain hardening (plastic
behavior),the stress-strain relation is given by
equation: [3]

True stress

: 1 n
AN o . -
£=0 &, £, True strain = _yield 2\
p Py Py og=K &, + iy & y2 for £ = £, 42

Figure 14-Non-linear material stress-strain relation

Equation 4-1
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4.3 Applied force

As demonstrated in Figure 12, the force is applied on a reference point constrained to Face
1’s nodes with kinetic coupling constraint. That is all nodes and the reference point of Face 1
would have equal displacements in all directions, and the force applied to the reference point
would be equally distributed to each node in Face 1. Face 3 nodes are also constrained to RP-
3 to measure the reaction forces of Face 3. The applied force is equal to the calibration stress
acquired from DNV-RP-C201[1]. This stress is multiplied by the area of Face 1 (plate and
stiffeners cross-sectional area). The applied force becomes Fx=51296 KN.

4.4 Boundary conditions

Since the panel is an idealization of the model in Figure 15, The boundary condition constrains
are shown in the FE model in Figure 16 and in Table 7.

Figure 15- Real Ship hull stiffened panel boundary conditions

Table 7- FE model boundary conditions

Constrained degree of freedom
Face 1 Y,Rz
Face 2 Y, Rx, Ry, Rz
Face 3 X, Y, Rx, Ry, Rz
Face 4 Y, Z, RX, Ry, Rz

Since the force is assumed to be applied on Face 1 in the x-axis direction, the displacement is
free in that direction. It is also free in Z direction to allow for the plate to have a displacement
similar to Poisson's ratio deformation when the load is applied in the X-direction. Displacement
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in the Y direction is constrained to prevent out-of-plane displacement of the plate and ensure
that the load is fully distributed in the X-direction. The plate is assumed to be welded to a girder
on Face 1 so it is constrained on Rz.

Face 2 is assumed to be fixed since it is connected to pillars and vertical plates. However, it is
assumed to be free to move in the X direction to allow for buckling load-displacement in the X
direction. And it is free for displacement in the Z direction to allow for Poisson's ratio
deformation shape.

Face 3 is also assumed to be fixed since it is connected to a girder and horizontal plates, but
displacement is allowed in the Z direction to allow for Poisson's ratio deformation of the plate.

Face 4 is assumed to be fixed since it is connected to pillars and vertical plates. However, it is
free for displacement in the X direction to allow for displacement in loading direction.

Face 1 and Face 3 are constrained by kinetic coupling to reference points RP1 and RP3, and the
boundary conditions are applied to the points.

Figure 16 FE-model boundary conditions
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Chapter- 5 Non-linear Finite Element Analysis of Stiffened Ship
Hull Panel

5.1 Introduction and Assumptions

A non-linear buckling analysis using ABAQUS load-deflection (Riks) analysis is performed,
where the effect of geometrical imperfection and material nonlinearity is accounted for.

Assumptions in the non-linear analysis:

1- the panel is perfectly constructed before applying the geometrical imperfections.

2- Stiffeners are straight and continuous through the girders, participating with their
full moment capacity on the stiffeners- girders crossing point.

3- No buckling in the girders since the compression stress in the stiffener’s direction.
Girder’s function is only to reduce the buckling length of the longitudinal stiffeners.

4- The non-linear analysis assumes a perfect contact and stress distribution between
the different panel components.

5- Since compression in the stiffeners and plate are the governing load case for the
buckling simulation at hand, only compression and gravity load are applied, no
other load cases such as transverse and shear load are investigated or applied to
the non-linear finite element model.

5.2 Element type

Linear quadrilateral shell element S4R is used. Shell elements are used because when using
the Cartesian coordinate system, it makes it easier to specify the membrane stress
components within each element. Moreover, the nodes of the shell element are located at
the mid-thickness of each element resulting in no element mesh assigned to the thickness
layers. [6]

5.3 Mesh size

The mesh was generated using the auto meshing tool ABAQUS provides. Some lines were
added to the geometry to help the auto meshing tool to provide a more continuous mesh with
fewer element transition irregularities.

As demonstrated in Table 8 and Figure 17, a mesh sensitivity study was performed on the
model to decide on an acceptable mesh size regarding the required computational power and
accuracy of the stress concentration in the mesh. The sensitivity study is done on 5 different
mesh samples.
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Table 8- Mesh sensitivity- element size assessment

Mesh element Max nodal Increase in Increase in max
number stress (MPa) mesh size stress
Mesh 1 11418 163,571
Mesh 2 25684 163,465 225 % -0,06%
Mesh 3 49703 164,536 194 % 0,65%
Mesh 4 154000 172,355 310 % 4,5%
Mesh 5 437328 177,73 284% 3%
200 A —
Mesh sensitivity study
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Figure 17-Mesh sensitivity study
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Element number

Mesh 3 with 49703 element is chosen for the analysis since a 310 % increase of the element
number in the mesh would only lead to 4.5% increase in the maximum nodal stress in the
panel. This will help reduce the competitional cost required to analyze the panel non-linearly
while having a sufficient level of accurate capacity [6]. In addition to the fact that at least 8
four-nodded shell elements are required to plate mesh in between stiffeners, and mesh 3 has
an average element aspect ratio of 1.45 which is close to the recommended value of unity. As

shown in Figure 17, mesh 3 is compatible with the criteria mentioned.
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(a) Panel mesh

(b) Girder mesh (c) Stiffener mesh

Figure 18- Mesh-3 used in the FE non-linear model
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5.4 Introducing the Geometrical Imperfection to the model

Geometrical imperfections are an important factor in determining the buckling strength of the
structure. This is due to the fact that the resistance of plate structures is dependent on
imperfections in several elements. However, it is less likely that all the elements have their
highest imperfection pattern and size simultaneously. In the case of low slender plates, the
importance of imperfections is at its highest. For this case, the reduced slenderness A is 1.04
and the buckling factor is k=0,76 , which means according to Figure 19 that the buckling
capacity is more sensitive to geometrical imperfections. The reduced slenderness A and
buckling factor k are calculated according to DNV-RP-C208[3].

14
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Figure 19-Examples of buckling curves showing sensitivity for imperfections etc. for different
forms [3]

DNV-RP-C208[3] recommends that an eigen mode analysis of the panel to produce
geometrical imperfection patterns. The recommended imperfections patterns (Figure 21) are
divided into local and global imperfections, where local imperfections represent the
imperfection pattern and amplitude for plane plate between stiffeners. Global imperfections
however are on the longitudinal stiffener between girder webs direction. The recommended
imperfection amplitude is shown in Table 9.

Figure 21 DNV-RP-C208 recommended Local Imperfection pattern (left), global Imperfection pattern
(right)
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Table 9- DNVRP-C208 imperfection amplitude recommendation [3]

Component | Shape Magnitude | Imperfection

amplitude
Longitudinal | Bow L/400 4 mm ‘ﬂ“
stiffener — 7
girder webs S S U
(global B L i

imperfection) :j l

Plane plate Eigenmode | S/200 9.5mm
between
stiffeners
(Local
imperfection)

Section A-A

For this case, according to DNV-RP-C208 [3] at the combined (local and global) imperfection
location, the amplitude would be 13.5 mm.

Imperfections are introduced to the model by perturbations in the geometry, to define the
imperfections, linear superposition of multiple eigenmodes is performed. An eigenmode
analysis is performed on the ideal structure. ABAQUS imports imperfection based on the
superposition of weighted mode shapes. The displacements of the nodes from the eigenmode
value are multiplied by scale factor to determine the magnitude of the nodes coordinate
alteration that would provide the desired geometrical imperfection for the non-linear analysis
model. [14]
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5.5 Eigenmode analysis

Since eigen mode analysis purpose is only to acquire the imperfection patterns recommended
by the DNV standard C208[3], a different set of boundary conditions than those from the
original model are applied to the eigen mode analysis.

The different boundary conditions provided eigen modes with patterns closer to the patterns
recommended by DNV-RP-C208 [3] than the original boundary condition of the model.

Eigenmode analysis is done using ABAQUS program, and 3 eigen modes patterns are
investigated as imperfections in two different cases to determine the imperfections pattern
and magnitude that will give result of the calibration benchmark buckling capacity.

Pattern of the global imperfection is as shown in Figure 22. The global imperfection patterns
are the same for both cases. This pattern represents the closest global imperfections patterns
in the eigenmode analysis. It represents the curved bow shape along the stiffener in between
the girders.

However, the magnitude of displacement is not equal at each mid-stiffener span along the
panel, a displacement average amplitude value is determined at the middle of the relevant
spans showing the maximum and minimum displacements of the relevant spans this also helps
to represent a more realistic case of global geometrical imperfections magnitude and
distribution.
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(d) Bottom view

Figure 22- Global imperfection pattern




The local imperfection patterns, which are represented in Figure 23, show the displacement
magnitude in the eigenmode of the nodes in the middle of the plate between the stiffeners.
the unequal displacement would represent a more realistic local imperfection distribution.

the difference between the two patterns is shown in Figure 23 and Figure 24 where pattern 1
shows a sine shaped displacements with the displacement changing to the opposite direction
in every sequential stiffener span.

While in pattern 2 -in Figure 24- the displacement change direction in every two sequential
stiffener span so that the first two stiffener spans have an opposite displacement direction
from the last two stiffener spans.

(a) Plate

HEE R bt

(b) Stiffener sideview

33



(c) Girder side view

Figure 23-Local imperfection pattern 1
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(b) Stiffener sideview

(c) Girder side view

Figure 24-Local imperfection pattern-2

Since every node in the model has its own specific displacement from each eigenmode. The
eigenmode nodal displacement of each node will be multiplied by the scale factor to provide
the contribution of that eigenmode to the final imperfections in the non-linear analysis.

The relation between the scale factor and the nodal displacement to the nodal final
imperfection amplitude is shown

Final nodal imperfection= UL x Fi.+ Ug x Fg
Equation 5-1

where,

Final nodal imperfection: is the final scaled node displacement that will be interduce to
the non-linear analysis model from the local and global eigen mode patterns.

U.: the nodal displacement introduced by the local pattern
Ug: the nodal displacement introduced by the global pattern
Fi.: local pattern scale factor

Fs: Global pattern scale factor

The DNV-RP-C208 [3] provides a minimum-mid bow imperfection for the global pattern and
mid plate in between stiffeners imperfection. Due to the model geometrical properties, the
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nodes of the global and local patterns acquired from the eigenmode have a wide range of
nodal displacement.

In order to apply a scale factor that would represent a realistic final imperfections pattern in
the non-linear analysis model. A study is done to determine the suitable nodal displacement
average from each pattern to help determine the scale factor.

The notation of the panel is as shown in Figure 25, where a number from 1 to 20 is assigned
to each stiffener spacing (plate between stiffener span), and a letter A,B,C,D is assigned to the
four stiffener spans.

Since the middle of spans 5A, 5C shows the largest displacement value, the average
displacement of nodes at those locations is calculated.

The average of nodes at mid-span 11A, 11C represent the lowest displacement. The much
lower displacement at spans 20 and 1 are not considered due to their close location to the
boundary condition, which results in a very low displacement. The average global pattern
displacements are shown in Table 10 and Figure 25.

I E © &

Figure 25- Global imperfection pattern nodal displacement distribution
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Table 10-Global Imperfection pattern average displacement

Global imperfection pattern Nodes location | Ug

5A+5C maximum mid-span nodal average 0,380 mm
displacement
11A+11C minimum mid-span nodal average | 0,1098 mm
displacement

vlag
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+
+
+
+
+
+
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Figure 26-Local imperfection pattern 1 nodal displacement distribution

As shown in Figure 26 and table mid spans 9A and 10D represent the maximum average
displacement acquired by this eigenmode, also spans 3A+3C display the lowest displacement
average when taking the spans close to the boundary condition out of consideration.

Table 11- local imperfection pattern 1 average displacements

Local imperfection pattern 1 Nodes location ul
9A+10D Maximum mid-span nodal average 0,410 mm
displacement

3A+3C Minimum mid-span nodal average 0,126 mm
displacement
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Figure 27--Local imperfection pattern 2 nodal displacement distribution

As shown Figure 27 and table spans 10B and 11C display the highest displacement, and spans
3A displace the lowest average displacement when the spans mostly effected by the boundary
are not taken into account.

Table 12- Local imperfection pattern 2 average displacement

Local imperfection pattern 2 Nodes location Ul
10B+11C Maximum mid-span nodal average 0,372mm
displacement

3A Minimum mid-span nodal average displacement 0,128 mm

For each case, 3 scale factor trials have been made. 2 additional scale factors are applied to
case 1 after consideration of the results discussed in later chapters. The case with scale factor
that results in range of imperfection amplitudes within the acceptable range for the
investigated panel and results in a buckling capacity close to the benchmark buckling capacity
found according to the standards is chosen as a calibrated case for the stiffened panel under
compression loads.

Table 13- Applied scale factors

Case | Imperfection | Uav,max(mm) | Uav,min(mm) | SF1 SF2 SF3 SF4 SF5
Pattern
1 Global 0,380 0,1098 47.5 | 63.63 | 95 85 77.5
Local 1 0,410 0,126 18.18 | 18.18 | 18.18 | 18.18 | 18.18
2 Global 0,380 0,1098 89 |63.63| 95 - -
Local 2 0,372 0,128 31.67 | 18.81 | 18.18 - -
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5.6 Results

For each scale factor, 3 non-linear buckling analysis is performed, only with local imperfection
pattern, only on global imperfection pattern, and the combined case. To determine the case
with imperfections that gives results of the calibration buckling capacity, the results are
represented as force (MN) to displacement (mm) of the nodes in Face 1(Figure 16). The face
where the load is applied.

ABAQUS combine the local imperfection pattern and global imperfections pattern on one
imperfection pattern to be used in the non-linear analysis. The combined pattern for Case 1 is
shown in Figure 28 , for case 2 it is shown in Figure 29. The following graphs will show the
results of the analysis done.

Figure 28-Combined imperfection pattern-Case 1
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Figure 29- Combined imperfection pattern-Case 2
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Figure 30- Case 1/SF1 non-linear buckling capacity

Table 14- Casel/SF1 Capacity deviation percentage

Imperfection pattern for Case1-SF1 Capacity deviation %

Local imperfection pattern percentage 11,3%
Global imperfection pattern percentage 5,9%
Combined percentage 5,7%
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Figure 31-Case 1/SF2 non-linear buckling capacity

Table 15-Casel/SF2 Capacity deviation percentage

Imperfection pattern for Casel-SF2 Capacity deviation %

Local imperfection pattern percentage 11,32%
Global imperfection pattern percentage 3,6%
Combined percentage 2,3%
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Figure 32-Case 1/SF3 non-linear buckling capacity

Table 16-Casel/SF3 Capacity deviation percentage

Imperfection pattern for Casel-SF2 Capacity deviation %
Local imperfection pattern 11,33%
Global imperfection pattern -3,46%
Combined Pattern -4,10%
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Figure 33-Case 1/SF4 non-linear buckling capacity

Table 17-Casel/SF4 Capacity deviation percentage

Imperfection pattern for Case1-SF2 Capacity deviation %
Local imperfection pattern 11,33
Global imperfection pattern -1,15
Combined Pattern -2,03

44



60

55

50

wul

(W),

Force

N
(9]

N
o

Callibration Force

Local Imperfection M74_F18.18
=== Global factor M23-77,5

e CASE 1 Combined FI18,18-FG77,5

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Displacement (mm)

Figure 34-Case 1/SF5 non-linear buckling capacity

Table 18-Casel/SF5 Capacity deviation percentage

Imperfection pattern for Casel-SF2 Capacity deviation %
Local imperfection pattern 11,33
Global imperfection pattern -0,01
Combined Pattern -0,51
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Figure 35-Case 2/SF1 non-linear buckling capacity

Table 19-Case2/SF1 Capacity deviation percentage

Imperfection pattern for Case1-SF2 Capacity deviation %
Local imperfection pattern 10,82%
Combined Pattern 8,6%
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Figure 36--Case 2/SF2 non-linear buckling capacity

Table 20-Case2/SF2 Capacity deviation percentage

Imperfection pattern for Casel-SF2

Capacity deviation %

Local imperfection pattern 11,11%
Global imperfection pattern 3,45%
Combined Pattern 2,09%

11 12 13 14 15
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Figure 37--Case 2/SF3 non-linear buckling capacity

Table 21-Case2/SF3 Capacity deviation percentage

; o
Imperfection pattern for Case1-SF3 Capacity deviation %

Local imperfection pattern 11,11%
Global imperfection pattern -3,46%
Combined Pattern -4,68%
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Chapter- 6 Discussion and Compression of the Results

This chapter discusses the results acquired from the non-linear analysis and clarifies the
reasons for choosing the case of the calibration.

6.1 Discussion of results of non-linear analysis

60
55
50
45
40
35

=30

%25

2 20

6

7 8
Displacement (mm)

e Case 1-SF3-M74 FI118,19-M23 FG95
= Case 1-SF4-M74 FI18,19-M23 FG85

Callibration Force

Case 1-SF1-M74 FI18,19-M23 FG47.5
Case 1-SF2- M74 FI18,19-M23 FG63.34

Case 1-SF5-M74 FI18,19-M23 FG77,5

Case 2-SF1-M85 FI8,9-M23 FG31.6
= Case 2-SF3-M85 F|18.18-M23 FG95

Case 2-SF2-M85 FI18.18-M23 FG63.34

9 10 11

12

13

14

15

Figure 38- Comparison of the combined patterns cases, nonlinear buckling analysis results

Table 22- Result summary

16

Imperfection magnitued of combined imperfection pattern

Diversion to Calibration Capacity % (Combined Patterns)

Imperfection (mm)
Case
Pattern
SF1 SF2 SF3 SF4 SF5 SF1 SF2 SF3 SF4 SF5

Global

1 ocal 1 5,2-25,6 2,3-31,63 |2,29-43,55(2,29-39,75| 2,29-36,9 +5,7% +2,3% -4,1 -2,30% -0,51
oca
Global

2 4-11,78 2,4-31,17 | 2,3- 42,86 B _ +8,9% +2,09 -4,68% _ _
Local 2
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The capacity analysis figures in chapter 5.6 show that since the contribution of imperfections
for the global pattern is larger, the buckling capacities are determined using only the global
imperfection pattern which shows closer results to the calibration load than the local
imperfection pattern. The contribution from the global pattern is higher because the span is
larger (stiffener span between girders) and equal to 3800 mm, while for local imperfections
the span (stiffener spacing) was 800 mm.

In order to choose the best factors with acceptable imperfection displacement range along
the panel, an educated guess to start with factor that would result in combined imperfections
around double the recommended from DNV-C208. The chosen factors resulted with the
ranges 5,2-25,6 mm along the whole panel for case 1 and imperfection range closer to the
recommend values in DNV-C208 (4-11,8 mm) while the recommend is 13,5 mm for the
combined case. Both these cases resulted in buckling capacities with a 5,7- 8,9% over
estimation of the buckling capacities for this panel. This can be explained by the difference in
the pattern shape since the local and global imperfection patterns recommended by DNV-
C208 assumes an equal imperfection magnitude along the whole panel. The eigen mode
analysis of this panel and due to the panel geometrical properties did not provide global or
local modes with equal imperfection magnitudes at the mid-spans.

It can be seen in Table 22 that the average imperfection range SF2 and SF3 is very close in case
1andcase 2. Thisis done to determine the case with the local imperfection pattern that results
in a buckling capacity closer and under the calibration capacity. Table 22 and Figure 38 show
that in a higher imperfection magnitude, local pattern 1 in case 1 provide a capacity 0,58%
closer to the calibration capacity than local pattern 2. This is taking into account that the global
pattern imperfection contribution is the same for both cases. For this reason, case 1 is chosen
to continue with the calibration process with SF4 and SF5.

As demonstrated by Figure 38, SF3, SF4 ,SF5 for case 1 and SF3 for case 2 provides estimates
of buckling capacity lower than the calibration capacity. However, SF3 for case 2 and case 1
provide an underestimation of the capacity of 4,1% and 4,68% while introducing 15% higher
imperfection magnitude than case 1 SF5. Also, case 1-SF4 represents a larger underestimation
of the buckling capacity with higher introduced imperfection magnitude than SF5. Since case
1-SF5 provides only an underestimation of 0,5% of the calibration buckling capacity, it is
chosen as the calibration case.
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6.2 Discussion of calibration case results

Imperfection Magnitude (mm)

Figure 39- Calibrated case imperfection magnitude and distribution

Figure 39 demonstrates the imperfection distribution and magnitude in case1-SF5. The COOR2
output is the coordination of each node at the Y-axis relatively to the origin coordinate system
after the imperfection are applied. The displacement magnitude is calculated by subtracting
the COORD2 of each node after applying the imperfection to the Y coordinate of all the nodes
which is Y=677,5.

From table the largest imperfection range (31,4-37) mm is mostly concentrated in the middle
of spans 5A,5B,5C,5D. There is a lower concentration of high imperfections at 7A,7B,7C,7D,
and 15A,15B,15C,15D. This is because the local and global imperfection patterns intersect with
their highest magnitudes at those locations. The highest nodal imperfection of 36.9 mm at
middle of the mentioned stiffener spans represents 1% the stiffener span length. This is higher
than the (13,5 mm) or 0,355% of the stiffener span length (3800mm) which is the DNV-RP-
C208 [3] recommend for the case where the maximum imperfections from both patterns
intersect. However, the local and global imperfection patterns used in the DNV-RP- C208 have
equal imperfection amplitude along the panel. This was not the case due to the geometrical
properties of the panel at hand, and the eigenmode analysis provided local and global
imperfection pattern with different imperfection magnitude concentrations along the panel.
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Figure 40- Von-mises stress distribution (MPa)

Figure 40 shows the stress distribution along the panel. The applied load and due to buckling
failure do not exceed 99,5% of the applied of the maximum applied load is 169 MPa, this value
is exceeded locally along the plate, while the yield stress of 235 MPa is not exceeded in the
plate. However, the yield stress it exceeded in the middle of the stiffeners at span C Figure 41
- where the stiffener is under large compression stresses and into the process of buckling.
Figure 42 demonstrates that also at the same location the highest maximum principal strain
occurs which is 0,5%. The highest strains of 0,5% occur in compression in the panel, so no
tensile failure can be expected along the panel. A pressure load of 0,002 MPa was applied on
the plate's surface to account for gravity and the deviation to the calibration case decreased
to0-0,3%.
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Figure 41- Panel stress concentration
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Figure 42-Panel strain concentration




6.3 Effect of holes on buckling capacity of the calibrated model

In order to study the effect of holes on the buckling capacity of the model, the elements of
several spans were removed as a first step before the non-linear buckling analysis step starts.
The same imperfections patterns and magnitude were applied on the model. Hole 1 shape is
shown in Figure 43, Hole 2 is show in Figure 44.

Hole 1 is simulated by removing spans 9B-10B-11B-12B-9C-10C-11C-12C as shown in Figure
43. The area of hole 1 represents 10% of the surface area of the plate, and 20% of the X-
direction cross sectional area of span B, and span C. Whereas for Hole 2, spans 6B to 15B are
removed from the panel. This equals to 10 plates between stiffener spacing ,50% of the X-
direction cross-sectional area of span B, and 12.5% of the surface area.

Figure 43- Calibrated model- Hole 1

Figure 44- Calibrated model Hole 2 54



Results of the analysis in Table 23 and Figure 45 show that the reduction percentage of the
buckling capacity for the calibrated model for hole 1 is almost equal to the span cross sectional
area reduction, even though the area reduction in hole 1 is along spans B and C as shown in
Figure 44. The area reduction is connected to the x-direction cross-sectional area reduction of
one stiffener span. Thisis also the case with hole 2 in which the hole is along 10 plates between
stiffener spans (stiffener spacing) and one stiffener span (A). The x-direction cross-sectional
area reduction was the governing factor where 50% reduction resulted in 47.8% reduction in
the buckling capacity of the model, and 20% reduction resulted in 19,6% buckling capacity

reduction.

Table 23-Effects of holes on buckling capacity of the calibrated model

Area reduction Results
Surface Stiffener span Buckling Reduction of
CS capacity (MPa) | buckling
capacity %

Hole 1 10% 20% 137 -19.6%
Hole 2 12.5% 50% 88.7 -47.8%
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Chapter- 7 Conclusion and Recommendation for Further Work

7.1 Summary

This thesis includes a literature review on buckling capacity according to DNV-RP-C201[1]
standard and DNV-RP-C208 [3] recommended practice. The research context is to apply non-
linear finite element method described in DNV-RP-C208 [3] to evaluate the buckling capacity
of a ship hull stiffened panel, then compare and calibrate the non-linear buckling capacity to
the buckling capacity found by the conventional code DNV-RP-C201[1]. A finite element model
was developed using the structural analysis program ABAQUS and introduce geometrical and
material nonlinearities into the model. In order to achieve the calibration, the effect of one
global and two local imperfection patterns combinations with several imperfection
magnitudes were evaluated. After the calibration is achieved, the effects of holes on the
buckling capacity of the calibrated non-linear model under uniaxial load and gravity load was
investigated.

7.2 Concluding remarks

In order to acquire local and global imperfection patterns several eigen mode analysis are
preformed, the patterns chosen to provide the imperfections in the non-linear analysis are
the patterns most similar to the those recommended by the DNV-RP-C208. A mid-stiffener
span imperfection magnitude that ranged from 0,06% to 1% of the stiffener span length was
introduced to the model to achieve 99,7% calibration to the buckling capacity of DNV-RP-C201
standard. The 1% mid-span imperfection magnitude is larger than the DNV recommended
0,355% of the stiffener span length. This is because the patterns acquired for the eigenmode
analysis did not provide an equal imperfection magnitude along the mid-spans of the panel as
assumed in the DNV-RP-C208 [3] recommended imperfection patterns. This is due to the
geometrical properties and boundary conditions of the panel. Also, the assumption of the
perfect contact and stress distribution between stiffeners, plates and girders contributes to
the larger imperfection introduced to achieve calibration.

Using the calibrated non-linear model, the effect of holes on the buckling capacity under
uniaxial load and gravity load was evaluated. The results showed the non-linear buckling
capacity reduction of the model correlated with the stiffeners and plate x-direction cross-
sectional area reduction that result from the hole in the plate.
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7.3

Recommendation for further work

Suggested further work on the calibrated model include,

1-

Parametric study of the non-linear model, by evaluating the effect of different
thicknesses on the buckling capacity of the model. The thicknesses are easily changed
because the model is shell element, the imperfection pattern and magnitude are not
affected by the change of thickness in the plate, stiffener, or girder.

Then, a calibration capacity according to DNV-RP-C201[1] can be found and a non-
linear buckling capacity analysis of the model after changing the thickness can
investigate the thickness effect on the buckling capacity of the non-linear model. It can
also investigate whether the model imperfection magnitude is still calibrated to the
standards when the thickness is changed.

Since the eigenmode analysis is influenced by mesh size, an approach can be
developed where several mesh sizes are investigated under the same conditions and
imperfection magnitude to determine the effect of the mesh size on the buckling
capacity of the non-linear model.

The effect of several holes of different sizes and locations on the buckling capacity of
the model can be further investigated.

Calibration of the model to traditional standards after applying different load cases
such as transverse and shear loads.
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Appendix

Plate-Stiffener buckling check using STIPLA
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Shear check: Vadird = 3,0/286,6 =

Optimize z*: v
Recommendedvalues: 1123 km1=12 km2=24 & ¥ [Diagram of Usage Factors|
~Result
Control | Interaction Ra._.. | Reference
STIFFENER BUCKLING CHECK (DNV-RP-C201): (1 = Support, 2 = field; s = stiffener, p = plate)
se=6535mm Sigrsd=-170,0MPa Sigysd=00MPa p0=0,000MPa 2*=20mm
UF1s=Nsd/Nks 1Rd+(M1Sd-NSd*2)(Ms1RA*(1-NsdiNe))+u = 2692 3/2407 6+(1,0-2502,3+0,002)/(27, 1+(1-2502,3/11367,3))+0,000 = 0,99 <1,00 (Eq7.50)
UF1p=Nsd/Nkp1Rad-2*NSAN1Rd+M1Sd-Nsd*z*}(Mp1RA*(1-NsdiNe))+u = 2592 3/2647,9-2+2502, 3/3067,1+(1,9-2592,3°0.002)(471 4*(1-... 0,72 =1,00 (Eq7.51)
UF25=NSa/NKS2RA-2*NSANRA+M2SA+NS I 2)(Mst2RA*(1-NSdMe))+U = 2592 32497 6-2*2592 33067, 1+(1,0+2592,3*0,002)(87,1+(1-2. 0,56 <1,00 (Eq7.52)
UF2p=Nsd/Nkp2Rd+(M2Sd+NSd*z)/(Mp2Rd*(1-NsdNe))+u = 2502, 3/2647,9+(1,0+2502 3+0,002)/(471,4*(1-2502,3/11367,3))+0,000 = 1,00 =1,00 (Eq7.53)

0,01

=050 (Ch7.8)

Figure 46 Plate-Stiffener buckling check using
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& DNVGL-PS: C:\Program Files
File Stiffener profile
~General Inout

Print  Help

B)\StruProg 202005TIPLA DNVGLAt=15mm.drps

~Geometrv & Stresses

Project name: - Geometry (mm) r Figure
|F'r0jec1 Stiffener span: L= |3800 y
Identification: Length of girder: w| Lo= [16000 T,
Test
I es Plate thickness: t= |15.0
— Safety format . . l— A [
& LRFD Material Factor: gm |1.00 Stiff spacing: 1= 800
2= IBUU FL1
" WSD  Allowable Usage Factor, UF=  |1,00 2 51
—Material (MPa) Lattors buckl length: Lt= |3800 1 2 3
Plate: [y / DNVGL-0S-B101 -] fyp= [235 Sﬂfﬁ;ﬂ%’%ﬁ'e: I o
} . 1, * FL2
stiffener:|y|_j DNVGL-0S-B101 - fys= [235 ¥ E . b
Youngs modulus E:
g |2.10E+5 —Stresses (MPa)———————— Sigx Lt pd
Continuous stifener | Sniped stiffener | Sigu=[-170.0  SigiB=[1700 E j Ly=s
SigyA=|0,0 SigyC =[0,0
Use r.ecnmmended wvalues for momentfactor and  Definition As I ay =| Buckling/Section Scantling
buckling length: * Yes " No _| Tau= IU.U psd= 0,002 +Jl'|  Buckling
e T i Mare Result
Buckiing length: k= [3758 T (Emgtlmn pa;arr;eterf(okr pla:ent;::’»nn) @ Yield ore results
) £, amped edges (Kpp=1. " Buckling + Yiied Plate Curve |  Stiff Curve
Moment factor - Support: km1 |12.D " Simply supported edges (kpp=0.5) S [ :
Wl Field: km2 |—24.D onsider Vadhird = 0. Plate/Stiff Curve
Optimize 2+ F b
Recommended values: 1123 km1=12 km2 =24 i (D) e (07 Wi [Pl
~Result
Control | Interaction Ra... | Reference

Lateral: PL1 - UF = p/pRd = 0,002/0,209 =

Paint 2p: UF = Sigjdffyd = 170,4/2350 =
Paint 1s: UF = Sigufyd = 175,1/2350 =

<

PLATE YIELD CHECK (Points A-D) AND LATERAL CHECK:
Yield, max in point: A UF = Sigjdffyd = 170,0/235,0 =

PLATE THICKNES S CHECK {DNVGL-0S-C101, Ch.2 Sec.4 [6.3])
Point A Sigjd = 170,0 MPa UF =tmint=1,94/15,00 =
STIFFENER YIELD CHECK: {check at points 1-3, plate({p) and stiffener(s)). Effective width se = 800,0

STIFFENER SECTION MODULUS CHECK (DNVGL-O5-C101,Ch.2 Sec.4 [6.4]):
(check at points 1-3, plate(p) and stiffener(s)) Effective width se = 800,0 mm
Point 1p: Sigjd = 170,0 MPa UF =Zs/Wp = 2,962E+4/2 430E+6 =
Paoint 1s: Sigxd = 170.0 MPa UF =Zs\Ws =2 962E+4/3.744E+5 =

0,72 =1,00
0,01 =1,00
0,13 =1,00
0,73 =1,00
0,75 =1,00
0,01 =1,00
0,08 =1.00

Figure 47 Plate-stiffener yield and section checks
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Results of calculated parameters using STIPA, the number of the equation is reference to the
equation number in the standard DNV-RP-C201.

Figure 48- Parameters used in Stiffener plate checks

Girder Buckling check

Parameter Value|uni1 | Reference Parameter ‘u'alue|un'rt | Reference

fET 750,041 MPa |Eg7.31/7.327.34 Ch 7.2 Forces

T 235,0000 MPa Eq7.27/7.28 MNsd 2502330 kN Eq7.1

Ch 7.7.3 Resistance Tautf 0,000 Eq7.2

Wes 3708E+5 mm3 Eq7.68 point1 Taucrg 16,463 MPa Eq7.4

Wep 2,006E+6 mm3 Eq7.71 point1 kg 5,566 EQ7.5

Wes 3708E+5 mm3 Eq7.69 point2 Taucrl 368,227 MPa Eq76

Wep 2,006E+6 mm3 Eqg7.71 point 2 Kl 5517 Eq7.7

MNe 11367,340 kN Eq7.72 pa 0,000 Eq7.9/7.10

ie 7704E+1 mmd Eq7.73 c01 0,001 Eq7.11

Ik 3758,019 mm |Eq7.74 co2 0,001 Eg7.11

pf 0,091 MPa Eg7.75 ke 38,066 Eq7.12
ke2 38,066 Eg7.12
lsr 0,000E+0 mm4  Eg7.12

Parameter Value|unit | Reference Parameter Value[unit_| Reference

Ch 7.5.2 Torsional Ch 7.3 Effective width

lamdae 0,928 Eq 7.40 plate 1 Ccx1 0,817 Plate 1

fep1 176,479 MPa Eg7.39 plate 1 cr 1.000 Plate 4

n 0,963 Eg7.38 plate 1 Cx2 0817 Plate 2

lamdae 0,938 Eq 7.40 plate 2 cy2 1000 Plate 2

fep1 176,479 MPa Eq7.39 plate 2 se 653490 mm

n 0,963 Eq7.38 plate 2 -

n 0,963 Eq7.38 plate 1+2 Ch 7.5 Characteristic

C 0,171 Eq7.36 _fe 870970 MPa Eqi7.24

Beta 1,921 Eq7.35 lamdast 0519 Eq7.23

IT 3800,0000 mm fks 191,369 MPa

fET 750,041 MPa Eq7.31/7.32/7.34 lamdapl 0519 Eq7.23

T 235000 MPa EqQ7.27I7.28 ﬂ(p 202886 MPa
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&8 DNVGL-G: C:\Program Files (x86)\StruProg 20204STIPLA DMNVGL\Girder Check.drpg X
File Profile Print Help
rGeneral Input r Geometry & StressesilLocal forces
Project name — Geometry (mm)  Stiffened plate
|F‘rojec1 Girder spacing L1=|3800 Ti)
Identification: b
ITESI L2 =|3800
— Safety format Girder span: Lg =|16000 | i1 | ‘ |
o Material Factor: = I | S
:: “L'VF;FDD AeElEREE 1,00 Length of panel: Lp=[15200 | | - | |
All ble U Factor, UF = 1,00 | !
= SR EOARDEI R = Dist betw lat suppnn:ﬂlu = |3000 fi — Lt
—Material (MPa) La| | [ | |
Plate: WL/ DNYGL-0S-B101 j fyp: 235 Stiffener spacing 5= |s00 | = I } |
Girder: [y DNVGL-05-B101 j g [235 Plate thickness: t= [150 | I | 1
Youngs modulus E: 2,10E+5 —Stress (MPa) Sige [RIRE péd
. Lp
Continuous girder | Sniped girder | Sigil= -170,0
= 70,0
Use recommended values for moment Sigr3
factor and buckling length & Yes " No Sigy= 0,0 Wl Girder profile I+
Tau= 00 Built-up: T 930x450x12,5x30,0 & 'I
Buckiing length: Lk= [16000  mm i
. psd= 0002 +f| —
Moment factor - Support: km1=[12,0 Stifener profile .
éw|  -Field km2 =[24,0 BF 240%10,0 =
. A
Recommended values 1123 km1 =12 km2 =24 Stiffener continuos through girder (Eg 8.4) [
" - - r ction Scantling
r~ Effective width of plate (ref ch 8.4 in DNV-RP-C201) Considervesdivrd =05 [ Diagram of Usage Factors
Stiffened plate effective against Sigy-stress: Optimize z* I
@ Yes (Method 1) @] " Mo (Method 2) Buckling + Yield Only point 2. [~ More Results
~Result
Contral | Interaction Ra... | Reference
GIRDER BUCKLING CONTROL: (1= Support, 2 = field g = girder, p = plate)
Le=17650mm Sigxsd=-170,0 MPa p0=0,030 MPa z*=-592,0 mm
UF1g=NsdMNksRd+(M15d-NSd*z){Ms 1Rd*(1-NsdiNe)) = 0,0/9951,8+(2600,3-0,0%-0,592)/(3385,8+(1-0,0/69276, 1)) = 0,77 < 1,00 (Eq7.50)
UF1p=Nsd/MNkpRd-2*NSdMNRd+(M15d-NSd*zWMp1Rd*(1-NsdMe)) = 0,0/10063,1-2*0,011117,7+(2600,3-0,0*-0,592)/(5852,3*(1-0,0/692... 0,44 =1,00(Eq7.51)
UF2g=NsdNksRd-2*NSdNRd+{M2Sd+NSd*2)(Mst2Rd*(1-Nsdife)) = 0,0/0951 8-240,0/11117 7+({1300,1+0,0%-0,502)/(3385,8+(1-0,0/692 0,38 <1,00(Eq7.52)
UF2p=Nsd/MkpRd+(M2Sd+NSd z}(Mp2Rd*(1-NsdiMNe)) = 0,0/10063,1+(1300,1+0,0°-0,592)/(5852,3%(1-0,0/69276,1)) = 0,22 =<1,00(Eq7.53)
Shear control Vsd/Vrd = 60,81526,4 = 0,04 =050 (Ch7.8)
Recommended maximum distance between tripping brackets to avoid lateral torsional buckling = 6545 mm  (Eq 8.31)
< >
8 DNVGL-G: C:\Program Files (x36)\StruProg 2020\STIPLA DNVGL\Girder Check.drpg
File Profile Print Help
~ General Input - Geometry & Stresses/Local forces
Project name: — Geometry (mm) r Stiffened plate
IF'"”“l Girder spacing: L1 =|3800 Y
Identification Lx
[Test 12 =[3800
- Bafety format Girder span Lg=|16000 I i1 I I I
Material Factor: gm = | —
f, \Lv\rRs? Bz e 1.00 Length of panel: Lo =[15200 | i, | ‘
All ble U Factor, UF = |1 00 ! !
= owable L1sage Fadtor, = Dist betw lat support &”|Lt = [3000 ls — Lt
- Material (MPa) Laf 12 | | ‘
Plate WL / DNVGL-0S-B101 j fyp: |235 Stiffener spacing 5= |a00 | H } } ‘
Girder: [y / DNVGL-OS-B101 j va: [235 Plate thickness: t= [150 | ll | ‘7‘
Youngs modulus E: 2, 10E+5 ~Stress MPa) | | Sigx EIRERT: pid
Lp L
Continuous girder | Sniped girder | Sigx1= -170,0
= -170,0
Use recommended values for moment ST
factor and buckling length: @ Yes " Mo Sigy= 0.0 Wl Girder profile: 5
Tau= 0,0 Built-up: T 930x450x12,5x30,0 \j ’I
Buckling length: Lk= |‘IEDDU mm 00z
Moment factor - Support km1=[12,0 [Bi= = il Stiffener profile: .
éw|  -Fleld: km2=[240 BF 240x10,0 T
- ) v
Recommendedvalues: 1123 km1=12 km2=24 e L | M
- - - Buckling/Section Scantling
- Effective width of plate (ref ch 8.4 in DNV-RP-C201) " Buckling ConsiderVsdrd = 05 [0 Diagrarm of Usage Factors
Stiffened plate effective against Sigy-stress * Yield Optimizez: ™
@ Yes (Method 1) &w| © No(Method2) " Buckling + Yield Onlypointz: I~ STERELE
~Result
Contral | Interaction... | Reference "
GIRDER YIELD CHECK:
(check at points 1-2, plate(p) and girder(g)). Effective width Le = 2889,0, ref DNV 0S5 C101, sec 5, G400
Point 1p: UF = Sigjdffyd = 172,1/2350 = 0,73 =1,00
Point1g: UF = Sigyfyd = 10,9/2350 = 0,05 =100
GIRDER SECTION MODULUS CHECK (DNVGL-O5-C101,Ch.2, Sec.4, [7.6]:
(check at points 1-3, plate(p) and girderig)) Effective width Le = 2889,0 mm calculated according to DMV 03 C101, sec 5, G400, Np=5
Point 1p: Sigjd = 170,0 MPa UF =Zs/Wp = 2 404E+5/3,880E+7 = 0,06 =1,00
Point 1g: Sigyd = 0,0 MPa UF =Zs/\Ws = §,899E+5/1,481E+7 = 0,05 =100 v
< >

Figure 50- Girder yield check
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File Profile Print Help

-~ General Input
Projectname

|Project
Identification

ITe st
—Safety format

@ LRFD Material Factor gm = W
©WED  mowable Usage Factor, UF = 1,00

Material (MPa)

Plate:  [vispnveLosBl01 v B0 [235
Girder: [V /DNVGL-0SB101 -] B [235

Youngs modulus E: 2, 10E+5

Continuous girder | Sniped girder |

Use recommended values for moment

factor and buckling length @ Yes  No
Buckling length Lk= [16000 mm
Moment factor - Support: km1=[12,0

w| - Field: km2=]24,0
Recommended values: 1123 km1=12 km2=24

&8 DNVGL-G: C:\Program Files (x86)\StruProg 2020\STIPLA DNVGL\Girder Check.drpg

- Geometry & Stresses/Local forces

-~ Geometry (mm})

Girder spacing:

Girder span

Length of panel

Stiffener spacing:
Plate thickness:

Dist betw lat support: &w”|Lt = |3000 La

- Stifened plate

L1=|3800 ¥
Lx

L2 =|3800

Lg =[16000 I I I I
=N | ——

| —i—
| I
B | i

r Stress (MPa)

| S pid
Sigri= 70,0 Lo

Sige3= -170,0
Sigy= 00 adl Girder profile: Zp
Tau= 0,0 Built-up: T 930x450x12 5%30,0 \;'I
psd= 0,002 +_;|
Stiffener profile: Zs
BF 240x10,0 J—[
Stiffener continuos through girder (Eg 3.4} [

 Buckling/Section Scantling

~ Effective width of plate (ref ch 8.4 in DNV-RP-C207) © Bucking Considervsifvrd = 05 I | piagram of Usage Factors
Stiffened plate effective against Sigy-stress:  Yield Optimize 22
@ Yes (Method 1) & © Mo (Method2) @« onlypoint2: I Mare Results
~Result
Control | Interaction, | Reference

Shear control Vsdird = 60,8M5264 =

Point 1p: UF = Sigjdfyd = 172,1/235,0 =

GIRDER WEB AREA: (DNVGL-0S-C101, Ch.2, Sec.4, [7.6]):
Web area at support: twit =057/125=

GIRDER BUCKLING CONTROL: (1= Support, 2 =field g = girder, p= plate)
UF1g=NsdMNksRd+M15d-NSd*z)/(Ms 1Rd*(1-MsdMe)) = 0,0/9951,8+(2600,3-0,0*-0,592)/(3385,8*(1-0,0/69276,1)) = 0,77 =1,00 (Eq7.50)

GIRDER YIELD CHECK:{check at points 1-2, plate{p) and girder(g)). Effective width Le = 2889,0 , ref DNV OS C101, sec 5, G400

GIRDER SECTION MODULUS CHECK (DNVGL-0S-C101, Ch.2, Sec.4, [7.6]: (check at points 1-3, plate(p) and girder(g))
Point 1p: Sigjd = 170,0 MPa UF =Zs/Wp = 2 494E+6/3 889E+7 =

0,04 =<0,50 (Ch7.8)
0,73 =1,00
0,06 =1,00
0,05 =<1.00

Figure 51 Girder yield and buckling check
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