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Abstract

Lifting is an essential part of almost every offshore operation, which includes a variation of
structures with different sizes, shapes and weights. To ensure safe lifting operations, lifting
equipment must be utilized. Among these lifting equipment, pad eyes and shackles play a
significant role. These pad eyes must have high safety, reliability and appropriate costs. To test
and analyze the capacity of pad eyes, traditional checking methods, such as laboratory testing are
usually used, which can be exhausting, time-consuming and somewhat expensive. Therefore, a
simpler, equally precise, less time consuming and more cost effective would be a proper
alternative solution. This alternative approach to the traditional checking methods would be the
FE simulation software, Abaqus/CAE. The purpose of this thesis is to compare the FE simulation
results of the capacity of the pad eyes, with the experimental and theoretical results of the pad eye
capacity obtained from the previous study “Offshore Hook-up Project Management”[1].

To conduct the simulation analyses of the design load capacity of pad eyes, several tests had to be
made. Theses tests included different pinhole sizes in the pad eyes, different strain directions of
pad eye pinholes, and different loads that acted on the pad eyes. The purpose of this is to check
the importance of following the requirements given in related standards. Each of the simulation
tests that were carried out in two different cases. The first case was when the pad eye was without
a plate, while the second was when the pad eye was firmly welded to a base plate. The purpose of
this was to see how the addition of the plate to the pad eye affected the load capacity of the pad

eyes.

The results that were obtained showed that the addition of the plate to the pad eyes increased the
capacity of the pad eyes. They further showed that the larger the pinhole size, the less capacity
the pad eye had, which indicates the importance of following standard’s requirements. It was also
observed that a reduction of the load capacity was recognized for angled loading relative to the
vertical loading case, even though theoretical capacities provide the same for both cases. Finally,
when the results were compared, it revealed that some of the simulation results were close to the
experimental and the theoretical results, while others were somewhat far from them. Some

factors, including the uncertainty of material behavior, may have caused these deviations.
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1 Introduction.

1.1 Background and motivation.

Lifting operations in the Norwegian Continental Shelf include a variation of structures with
different sizes, shapes and weights, and most of those structures weigh under 50 tonnes. These
structures are lifted from the sea to the platform (or from the platform to the sea) using platform
cranes. Over two hundred different lifting operations can occur in a single vessel. We usually

divide the lifting operations into five phases:

e The lift-off from the deck.

e Lifting in the air.

e Crossing the splash zone.

e Lowering the structure through the sea water.

e The landing of the structure on the seabed.

To ensure that these lifting operations are carried out safely, lifting equipment must be utilized,
among which pad eyes and shackles play a significant role. In this thesis, we focus on the
capacity of pad eyes in the subsea lifting operations. To test and analyse the ability of pad eyes to
withstand external loads, we usually use traditional checking methods such as laboratory testing.
However, the problem with that type of approaches is that it can be exhausting, time-consuming
and somewhat expensive. Therefore, a simpler, equally presice, less time consuming and more

cost effective would be a proper alternative solution to the traditional checking methods.



1.2 The “offshore hook-up project management” thesis

The previous study [1] was about the offshore hook-up project management where different
issues and various parts of the hook-up project were addressed, such as testing the capacity of pad
eyes in the laboratory, risk analysis, the importance of safety and overall project management.
The offshore field, which that thesis was based on, was Ekofisk, and in particular, the platform
Ekofisk 2/4 L.

The approach that was used in the “offshore hook-up project management” project was based on
comparing the theoretical results with the experimental results to investigate the difference
between them. To be able to compare the results, the theoretical calculations were carried out first
and then several tests were done to analyze the experimental load capacities of the pad eyes and

to study their plastic stress behavior.



1.3 Objective

In this thesis, we will use a different approach than the one utilized in [1]. Engineers around the
world in many major oil and gas companies are efficiently using this method, namely the FE
software Abaqus/CAE. The primary objective of this master’s thesis is to compare the simulation
results of the capacity of 3.25-ton pad eye, when subjected to different load magnitudes in
different directions, to the experimental and theoretical results of the pad eye capacity, from the
previous study [1]. That table contained ten tests, which we are considering only six of them

(marked with red in the table below).

Table 1.1 — Comparison basis from [1] and [2]

Table 2. Comparison of test results with design load capacities

Test  Holediameter  Direction  Shackle SWL Load capacity (Tons) Remarks
Specimen (mm) of load (Tons)  Theoretical ~ Experimental

1 22 Vertical 3.25 26.2 >21.0 0.5mm displacement

2 32 Vertical 9.25 20.7 >21.0 1.5mm displacement

3 32 Vertical 3.25 20.7 >21.0 3.5mm displacement

4 42 Vertical 3.25 15.3 145 Large deformation of shackle

5 22 Angled 3.25 26.2 >14.0 Large deformation

b 32 Angled 3.25 20.7 >15.0 Large deformation

7 42 Angled 3.25 153 >14.5 Large deformation

8 22 Vertical 3.25 26.2 >25.5 Large deformation

9 32 Vertical 3.25 20.7 24.2 Large deformation of shackle
10 42 Vertical 9.25 15.3 18.0 Large deformation of shackle




1.4 Scope and limitations

In many cases, offshore structures can only be lifted by cranes with the help of slings and
shackles, which are attached to the pad eyes, which are formed on the structure. These pad eyes
must have high safety, reliability and appropriate costs. Transporting accidents have occurred in
the past because of the breakage of the pad eyes in the construction process in many shipyards.
Because of the lacing of a simple, safe and yet accurate method for stress and strain analysis in
pad eyes, designers are forced to use cumbersome and somewhat unsafe methods for pad eye
analysis and design [3]. A simpler method for the determination of stresses in pad eyes is
essential for promoting the safety of pad eyes, which would be the finite element analysis
software Abaqus/CAE.

The scope of this thesis we will be to use the finite element analysis software Abaqus/CAE to
verify the capacity of a 3.25-ton pad eye. We will test the pad eye three times where we increase
the hole diameter each time to see how the growth in hole diameter in the pad eye affect its

capacity and its plastic behavior.

1.5 Overview of the Thesis

The introduction to this thesis is described in chapter one while chapter two and three will present
the theoretical part and the relevant standard guidelines, which is the basis for the analysis of the
3.25-ton pad eye used in this thesis.

In chapter four, the methods employed to outline how the modelling and analysis of the pad eye
in Abaqus/CAE, are performed. This chapter will also include the FE simulation results.

Chapter five will present the comparison and discussions of the results while Chapter Six will

describe the conclusion and recommendations for future work.



2 Lifting Equipment — Pad eyes

2.1 Introduction:

In this chapter, we will cover the theoretical part of this thesis. In it, the terms “pad eyes” and
“shackles” will be explained, we will describe the conceptual approach to design load capacity,
and the pad eye analysis will be presented. We will also describe different types of pad eyes and
their relationship with shackles. And finally, the material properties of the pad eye will be

described.

2.2 Lifting equipment guidelines

It would be of great advantage and necessity if lifting operations would be in accordance with
standardized calculations. In 2012, NORSOK provided a new standard, R-002 “Lifting
equipment” [4]. The purpose of this design code is to make sure that there is a reasonable and
acceptable level of safety to human lives and injuries, environment and assets in the petroleum
industry, by providing technical requirements and regulations for lifting equipment, which are in
alignment with lifting operation requirements on the Norwegian Continental Shelf. Pad eyes and

shackles are two very important parts of lifting equipment.



2.3 Padeyes and Shackles

A pad eye (also called lug) is a device made of steel, which is used in both offshore and onshore
applications, as an attachment point, and is welded or fixed on a part (usually to the deck or the
hull) of the vessel. In offshore applications, pad eyes are typically used to assist a safe lifting

operation, which is done by connecting the slings to the pad eyes by shackles.

Figure 2.1 — the 3.25-ton pad eye [1]



Shackles are U-shaped metal pieces which are secured with a bolt to prevent unwanted openings
of the shackles. They are the main connecting links in all subsea lifting operations, from different
types of vessels to industrial crane rigging, as the quickly can be connected and disconnected.

‘ TOP LINK

MASTER LINK
ASSEMBLY

FORERUNNER/PENDANT

MASTER LINK

INTERMEDIATE LINKS

SLING LEGS

h

SHACEKLE

Figure 2.2 - A demonstration of the lifting set terminology [4]



2.3.1 Types of pad eyes:

There are three main types of pad eyes with different design geometries [4]:
e Type 1: The basic type manufactured from one single plate.
Typical for shackles with WLL < 8.5 tonnes and load angle between—90° < a < 90°.
e Type 2: Has one cheek plate fillet welded on each side of the plate.
Typical for shackles with WLL < 55 tonnes and load angle between—90° < a < 90°.
e Type 3: Has a boss partly welded to the plate with full penetration weld.

Typical for shackles with WLL < 55 tonnes and load angle between—90° < a < 90°.

Figure 2.3: Pad eyes type 1, 2 and 3 (Dotted lines indicate alternative designs) [4]



2.3.2 Padeye and shackle accommodation

According to NORSOK R-002 [4], “Lifting lugs (pad eyes) should be designed to match the
relevant standard shackle dimensions, and to account for tolerance deviation between the
different shackle types. The selected shackle shall house both lifting lug and selected sling or
hook”, (see Figure 2.4 and Table 2.1); this means that the design of the pad eye must take the size
and the shape of the shackles into consideration. Once we create the pad eye, there will be only
one size of shackle, which will fit. Therefore, the designer should determine the size of it and all
of its details, before designing the pad eye. In this thesis, we will neglect “Type 2” and “Type
3” and only focus on “Type 1” of the pad eye types given in Figure 2.3.

rl

Sling/hook

r Inside length

Figure 2.4 - Padeye vs. shackle interface. Type 1 lifting lug shown. [4]
Table 2.1 - Type 1 - single plate, relationship between shackles and pad eyes [1]

SWL dh tp R h L k aw

tonn mm mim mm mm mim mim mm
2 19 15 30 45 110 15 6
3.25 22 20 | 35 | s0 | 120 | 20 | 7
4,75 25 25 35 55 140 25 7
6,5 28 30 40 65 160 30 8
8,5 31 35 50 70 180 35 9
9,5 35 35 50 80 200 35 9




3 Theories and design guidelines of pad eyes

In this chapter, the theoretical part and the standardized regulations and guidelines about pad
eyes and shackles will be covered. In it, the material properties of the pad eye steel used in this
thesis, in reference to DNV will be described, and also the stress — strain relationship will be
explained. The measuring of stresses and strains will also be described. Finally, the theoretical
and experimental approaches from [1], to design the load capacity of pad eyes, will be reviewed,

as they are an essential part of this thesis.

3.1 Pad eye modelling according to DNV standard
3.1.1 General

The demand for non-linear, plastic analysis has increased in recently. Therefore, the first
requirement is that the selected material model should be able to represent the non-linear
behavior of the steel when we both increase and decrease loading so that it can describe the

structural response of the material sufficiently [5].

To obtain the correct representation of the non-linear behavior of the pad eye steel in this thesis,
the time-independent elastic-plastic model in Abaqus/CAE has to be used. The main component
in this case for such time independent elastic-plastic model is the yield surface, which shows

when the plastic strains are generated in the pad eye after we run the simulation. We usually use

the von Mises yield function for capacity analysis of steel structures.

3.2 Stress - Strain Relationships

When a pad eye is placed in a tension-compression-testing machine, each time the axial load gets
increased, the elongation over the gauge length is measured, this continuous until it reaches the
failure. This procedure describes the stress-strain relationship, which is important because it
allows us to derive the load-stress and load-displacement for the pad eyes considered in this
thesis. The relations are utilized to study the elastic and plastic material behaviors. The stress-
strain relationship is usually described by the stress-strain diagram, which varies for different

materials [6].

10



3.2.1 Material properties

A stress-strain diagram is typically used to determine some specific material properties of a
structure or a part of that structure. Let us consider a tensile specimen which is subjected to
strain, resulting from a load. If the strain in the specimen and the load which caused that strain,
returns to zero at the same time, then the material is within its elastic limit (no permanent
deformation, see part OA in Figure 3.1 (a)). However, if the load produces a stress that exceeds
the elastic limit (stress at point J in Figure 3.1 (a)), the strain does not disappear when the load
returns to zero (curve JK in Figure 3.1 (a)). The material has exceeded the elastic limit and is now

in the plastic zone, which means that the steel specimen is permanently deformed.

600 800
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(@) (b)

Figure 3.1 — Engineering stress-strain diagram of a tension steel specimen [7]

A critical parameter from the stress-strain relationship is called yield strength (point L in Figure
3.1), which is the stresses that lead to a specific amount of deformation. Another critical
parameter is called ultimate tensile strength, which determines the strength of a material and it’s

ability to withstand external loads, [6] (point C in Figure 3.1 (b)).

11



In this thesis, we will steel type S355, which is widely used in structural applications. Note that
higher steel class gives higher yield strength. For example S355 has higher yield strength than
S235, see Tables Table A.2 in APPENDIX A. The material properties of the pad eye used in this
thesis are based on the previous study [1] and DNV-RP-C208 [5], (see Table A.2)

Table 3.1 - Non-linear properties for S355 steel (Engineering stress-strain) [5]

Thickness [mm] 20

E [MPa] 210000
Tprop [MPa] 310.5

Oyieta [MPa] 345
Oyietaz [MPa] 348.4

o [MPa] 470
Epy1 0.004

Ep y2 0.02

Ep ult 0.15

The following graph explains the parameters in Table 3.1

Gu]l

Gyield

prop

€5 un £,€,

Figure 3.2 - Parameters in stress-strain curve [5]
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3.2.2 Cyclic stress—strain curves

Cyclic stresses and strains are the distribution of stresses and strains that change over time in a
repetitive manner. It is required that we apply the cyclic stress-strain curves of the materials. We
can use the true stress-strain curves from Figure 3.3, unless we know the actual cyclic behavior of
the material. The curves in Figure 3.3 are described according to the Ramberg-Osgood relation
[5]:

=gt (E)
Where K is a constant that depends on which material we are considering, the value of K is given
in the following table:

Table 3.2 - Value of coefficient K [5]

Table 5-3 Ramberg-Osgood parameters for base material
Grade K (MPa)
S235 410
S355 600
S420 690
S460 750

The curves in the following figure are based on Table 3.2, are given below:

§235 =——=G355 =meS420 S460
500
500 — I
/__...—-"""_—_
— 400 ————
(1]
[=8
E /d"wla
7 300
e
=
“ 200 -
100
0
D 0.01 0.02 0.03 0.04 0.05

Strain

Figure 3.3 - True cyclic stress-strain curve for typical offshore steel grades [5]
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3.2.3 Stress and strain measures
We can measure stresses and strains in several ways, but the two most important ways applicable
in our case are:

e Engineering stress

e True stress
Let us assume that we place the pad eye a tension-compression-testing machine, the load that is
divided by the cross-sectional area is stress. Before we started pulling the pad eye we had a
particular cross section, the Engineering stress is the load divided by this original cross section.
While the tension-compression-testing machine is pulling the pad eye, deformations occur and
geometries changes, at any load, the load divided by the cross-sectional are at that instant is

called True stress [8]. When we test materials, the results are often given as “Engineering”
stress-strain, while the FE software input is often “True” stress-strain. We will focus only

engineering stress and strain in this thesis.
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3.3 Design load capacity — Theoretical Approach
The theoretical pad eye analysis was an essential part of the previous study [1], and since we are
going to compare our simulation results to the theoretical (and the experimental) results from that

thesis, it is important to have a brief review of it.

The analysis of pad eyes is complicated to some extent because several interacting failure modes
are affecting the pad eye simultaneously. Those failure modes occur in different areas of the pad

eye, see Figure 3.4.

Figure 3.4 - Different failure modes in a pad eye [9]

As shown in Figure 3.4 - Different failure modes in a pad eye [9]above, several failure modes
occur in a single pad eye under loading; the numbers corresponds to the numbered sections,

which we have listed below:

Tension failure
Tear-out failure

Bearing failure

i

Hoop tension failure
In this section, we focus only on the tear-out failure and the bearing failure, which are both

essential and very commonly used design criteria for prediction of load capacities of pad eyes and
shackles.
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3.3.1 The design of tear-out loads of pad eyes

Here we describe the design load capacity of pad eyes without their cross sections being

subjected to tear out. The design tearing-out load can be derived as [2]:
Py = 2 TpaAsn

Where:

TRa = %\/? is the design shear strength.

fy is the tensile yield strength of plate material.
Ym,1 IS the partial safety factor and is defined by Table 3.3.
Ash= (R — %)tp is the tearing-out area.

R is the outer radius.
dn is the hole diameter of the pad eye plate.
tp the thickness of the plate.

Table 3.3 - Material safety factors section 6.1 from [10]

Type of calculation Material factor 1) Value
Resistance of Class 1.2 or 3 cross-sections Taio 1.15
Resistance of Class 4 cross-sections Tl 1.15
Resistance of member to buckling ™l 1.15
Resistance of net section at bolt holes Tz 1.3
Resistance of fillet and partial penetration welds Tadw 1.3
Resistance of bolted connections Tatb 1.3
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3.3.2 The design of bearing load of pad eyes

Here we describe the design load capacity of pad eyes without them being subjected to bearing

failure. The design-bearing load can be derived as [2]:

Py = fpraterrd

Where
ford= 1.5yf—y is the design shear strength.
m,1

fy is the tensile yield strength of plate material.
Ym,1 IS the partial safety factor.
tefr = tp is the effective thickness of the plate.

d is the diameter of the shackle bolt as shown in Figure 2.4
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3.4 Design Load Capacity- Experimental Approach

The other essential part of the previous study [1] was the experimental approach for the
determination of the load capacity. Ten different tests of pad eyes were made in the laboratory.
The majority of them (eight) were pad eyes with the Safe Working Load (SWL) of 3.25 tons,
while only two of the ten tests were pad eyes with SWL of 9.25. The ten pad eye specimens
differed in the pinhole size, the SWL and the load direction (Quasi-static load test), which acted

on the pad eyes.

The pad eyes were then welded to the plates by using full penetration welding technique. To
ensure that the pad eyes were firmly and correctly welded to the plates, some NDT techniques
were utilized. The capacity of the pad eye specimens was then tested in combination with the
shackles, the tension cylinders, and the dynamometer (measure the force on the samples), see

Figure 3.5.

Figure 3.5 — Test set-up of the vertical and angular strain test [1]
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4 Design Load Capacity — Simulation Approach

4.1 Introduction — FE Analysis of pad eyes

After the capacities of the pad eye specimens were determined by using the theoretical and
experimental approaches in the previous thesis [1], the design load capacity will be taken a step
further. In this chapter, the load capacity of the pad eyes will be determined by the FE simulation
approach, the FEA software Abaqus/CAE. Before going on with the procedure, it is important to

have an idea about the finite element method, as it is an essential term in this thesis.

In the current modern and technological world, the engineers are challenged to accomplish
increasingly complicated and costly projects, which are expected to have a high level of safety
and reliability. These projects exist in some of the most important fields in our modern world,
such as structural engineering applications, space travel, automobile industry, the airline industry,
etc., where the safety and reliability are of immense importance. To be able to understand those
complicated systems, the analysis needs numerical techniques so that they can simulate the
behavior of those physical systems.

Some engineering tools (mechanics of solids, thermodynamics, etc.) are used to describe the
behavior of physical systems in the form of partial differential equations, which are complicated
non-linear equations that describes the nature of those systems. One of the most commonly used

tools to solve such equations is FEM [11].

In other words, FEM is a way that engineers invented to solve engineering differential equations,
for example, structural equations. Those differential equations may solve/answer questions like:
e What are the stresses in a bridge if a big truck drives across that bridge?
e If alarge structure is in motion due to external forces such as the wind, what are the
stresses in that structure and will it withstand those external forces?
e Can a ship with specific geometries and material types withstand storms at sea?
e What are the stresses and displacements in a pad eye under a particular external force and
can this pad eye withstand this loading?
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To be able to apply this method (FEM) we must use computer software. These types computer
software can solve several types of problems such as linear and non-linear regions in both one-,
two and three-dimensions. The proposed alternative solution, in this project, to the traditional
checking methods, is a finite element software known as Abaqus/CAE. We can find the
regulations for the finite element methods (FEM) in DNV-RP-C208 “Determination of
Structural Capacity by Nonlinear FE Analysis Methods” [5].

4.1.1 The FEA software Abaqus/CAE

Abaqus/CAE is an engineering simulation software based on finite element methods that provide
a simple, yet highly efficient way of analyzing and simulating the behaviors of a wide variety of
some of the most common materials used in engineering applications such as metals, rubber,
polymer, reinforced concrete, etc. Those material behaviors might be both linear and non-linear.
Although we will mainly use Abaqus/CAE in this thesis for analyzing stress and displacements of
the pad eye, it can also be used to study several other problems than mechanical problems (stress,
strain, deflections, elasticity, plasticity, etc.). Those problems might be thermal (conductivity,
heat generation, heat fractions, etc.), electrical/magnetic (electrical conductivity, magnetic
permeability, etc.) and other problems such as mass diffusion, pore fluid, etc. With Abaqus/CAE,
we can practically model any geometry, accurately and efficiently. [12]

Abaqus/CAE provides a simple approach for creating, submitting, observing and then evaluating
results from Abaqus/Standard and Abaqus/Explicit simulations. The difference between
Abaqus/Standard and Abaqus/Explicit is that Abaqus/Standard can solve simple finite element
models, for example examining a static response of a model under loading. While
Abaqus/Explicit is more suited for complex problems such as studying the dynamic response of a

model under immediate loading [13].

Abaqus/CAE provides a practical and systematic approach to the modelling process to get the
results for our inputs. This systematic process contains several modules that start from Part,
Property, Assembly, Step, Interaction, Load (which also includes Boundary Condition),
Mesh, Optimization, Job, Visualization and then ends with Sketch. We will describe these
modules in details later in this chapter.
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4.1.2 A simple Abaqus/CAE example.

To get acquainted with the finite element analysis (FEA) software Abaqus/CAE, modelling a
simple design was carried out before starting with the pad eye modelling. This model was a plate
with an elliptical hole in the middle with a major axis 2a, and the minor axis 2b, see Feil! Fant
ikke referansekilden..

A uniform tensile stress of 1000 N/mm? is applied at the top end of the plate, 150 mm above the
centre of the ellipse, and distributed tensile stress is directed perpendicularly to the major axis 2a.
See Figure 4.1

[TTTTTTTTTY

o=10°N/mm?

Y

150 nes

20 mn

l»—?l] e =

eddilidll]

Figure 4.1 - Geometries of the plate with ellipse
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The magnitude of the stress at the ends of the major axis of the ellipse will be calculated, which
logically will be the most critical zone (zone with highest stresses). Those magnitudes will be
determined by the following formula [14]:

a
O-Bﬁ(max) =0l 1+ 2\/i

p
Where

p is the radius of the curvature of the ellipse at the end of the major axis and is deined by:

Where a and b are the major and the minor axis of the ellipse.
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b
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Figure 4.2 — Distribution of agg around an elliptical hole in an infinite plate [14]
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From the above formulas we get:

Hence:

a 20mm
o, =0 1+2ﬂ—) =1000N/ o[ 1+2 . = 21000/,

Now we module the plate in Abaqus/CAE with elastic analysis to find the critical zone of the

plate.

Material properties:
Material behavior: Elastic
Modulus of Elasticity, E = 210000 MPa

Poisson's ratio, v =0.3

Boundary Condition is fixed at the bottom end.
Load is equal 1000 N/mm2

And for the meshing it is important to note the by changing the element size, both globally (of

the hole plate) and the locally (at areas of interest, which is the elliptical hole in this case) slightly

different results will be obtained.
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After putting the

data above in Abaqus/CAE, the following results in Figure 4.3 were determined:

5, Mises

(Avg: 75%)
+7.972e+03
+6.967e+03
+6.363e+03
+5.755e+03
+5.153e+03
+4.548e+03
+3.943e+03
+3.33%e+03
+2.734e+03
+2.129e+03
+1.524e+03
+9.196e+02
+3.148e+02

Max: +7.572e+03

Mode: 148
Min: +3.148e+02

Mode: 186

Elern: PART-1-1.421

Elern: PART-1-1.633

A

QDB: FlateGlobal.odb  Abaqus/Standard 6.13-1 Mo Vest-Europa {sommertid) 2016

Step: Step-1

Increrment L1 Step Time =  2.2200E-16

Frimary War: 5, Mises

Ceformed Var: U Deformation Scale Factor: +1.933e+01

Figure 4.3 - Global meshing

In Feil! Fant ikke referansekilden. only the global meshing size was applied, which means the

same element sizes for all of the nodes at the plate. It is also obvious from the figure above that

the highest stress magnitude is at the end of the major axis of the ellipse, in the black circle (same

stress at both ends because of symmetry) as we assumed. The results obtained was o =

7572 MPa, which is much lower than the theoretical result ogz(max) = 21000 MPa.
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Now, more local

elements will be added around area of interest, which is the ellipse, to see how

that affects the stress magnitudes:

S, Mises

(Avg: 75%)
+1.021e+04
+9.383e+03
+8.555e+03
+7.726e+03
+6.898e+03
+6.070e+03
+5.242e+03
+4.414e+03
+3.586e+03
+2.758e+03
+1.930e+03
+1.101e+03
+2.733e+02

Max: +1.021e+04

Mode: 21
Min: +2.733e+02

Mode: 320

Elern: PART-1-1.1907

Elern: PART-1-1.1474

A~

ODB: PlateLocal.odb Abagqus/Standard 6.13-1 Mon st-Europa {sommertid) 2016

Step: Step-1

Increment 1: Step Time = 2.2200E-16
Prirnary VYar: S, Mises

Deformed VYar: U Deformation Scale Factor: +1.931e+01

Figure 4.4 - Global and local meshing

As seen from Figure 4.4, the change in element size leads to a change in the stress magnitude that

we get, which is

circle), which o

more exact. The highest stress is at the end of the major axis of the ellipse (black

= 10210 MPa and is closer to the theoretical result which we got which

was 0BpB(max) = 21000 MPa.
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4.1.3 The modelling procedure
The process of modelling the 3.25-ton pad eye will be divided in two different cases:
The first case: The pad eye is welded firmly to a structure at the bottom end, without the use of a

plate. See Figure 4.5.
dh
A 0
""" N 72 N I
= —f—aw
E —/
™4
| ! |
Type 1

Figure 4.5 - Pad eye without plate

The second case: The 3.25-ton pad eye will be welded to a 20 mm thick plate with full

penetration welding [15]. The plate consists of four bolt-holes through which four bolts of 26 mm
diameter will be placed.
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Figure 4.6 — The pad eye with the plate (view from above) [1]
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The reason that the pad eye is designed with and without the plate is to see how the addition of a
plate to the pad eye changes the global deformation of the pad eye. Each case (with and without
the plate) will be done with three different hole sizes and in each case, both the elastic and plastic
behavior of the pad eye will be studied. Abaqus/Standard will be applied for elastic behavior

while Abaqus/Explicit will be utilized for the dynamic behavior.

As mentioned in section 1.4 of this thesis, the pad eye will be tested three different times where

the pinhole diameter will be increased each time (see Table 4.1) to see how the growth in hole

diameter in the pad eye affect its capacity and its plastic behavior.

Table 4.1 - Geometries of the different Type 1 pad eye tests [1]

SWL Hole Plate Radius, R | Height, | Length, | Height2, | Weld,
[Tonnes] | diameter, | thickness, tp | [mm] h L Kk aw
dn [mm] [mm] [mm] [mm] [mm]
[mm]
3.25 22 20 35 50 120 20 8
3.25 32 20 35 50 120 20 8
3.25 42 20 35 50 120 20 8
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4.1.4 Some simplifications
To be able to simplify the modelling of the pad eye in Abaqus/CAE without affecting the quality
of the results, the following assumptions are made:
e Instead of including complicated interaction between the pad eye and the bolt in this
model, distributed pressure on the upper half of the pin hole will be applied.
e The pressure variation around the pinhole will not be considered, and instead, we use a
uniform pressure.
e The weld aw (see Table 4.1) will be neglected when interacting the pad eye to the plate,
which may cause larger stresses around the interaction area between the pad eye and the

plate, but this will not affect results obtained at the upper part of the pinhole.

4.2 The elastic analysis of the pad eye using Abaqus/Standard

In this section, the focus will be on the elastic behavior of the pad eyes in all of its forms, both
with and without the plate and with all of the three different pinhole sizes. However, since the
pad eyes in this, thesis are identical, except the pinhole sizes, only the pad eye with the pinhole
diameter of 22 mm will be viewed (the other models will be viewed in the appendixes) for
simplicity’s sake (except the Meshing Visualisation modules). In each module; both, the pad eye
with and without the plate will be considered. For details on how the modulus work and for

further understanding of them see [13].
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4.2.1 The Part module

This step creates the entire analysis model for this problem. The first phase of modelling is
defining the geometries. A 3D deformable part, with a solid and extruded base feature, will be
created. First, the 2D profile of the pad eye will be sketched, and then it will be extruded with the
depth of the model. In Abaqus/CAE, the units which are going to be used has to be decided.The

Sl system of millimeters, megapascal, and kilogrammes.are utilized.

The first case (pad eye without plate): In this step, the pad eye model with three different hole

sizes will be designed, starting with the 22 mm diameter and then move on to 32 mm diameter

and 42 mm diameter. The geometries of this pad eyes are based on Table 4.1.

The second case (pad eye with plate): We will create the pad eye plate, the geometries of the

pad eye plate are based on Figure 4.6 — The pad eye with the plate (view from above)

4.2.2 The Property module

The second step in creating the model is to define and assign the material and section properties
to the pad eye. Our pad eye model has to be referred to a section property, which includes the
material properties of the pad eye that we defined. We will create an elastic material with a
Young’s modulus of E=210000 MPa and a Poisson’s ratio of v = 0.3. Both the pad eye and the

plate consists of the same material properties. See Table 3.1.
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4.2.3 The Assembly module

The assembly module contains the parts of the finite element model. Each part of the model is
oriented in its coordinate system and is independent of the other parts of the model. Even though
a model may contain several parts, it only contains one assembly. We define the geometry of an
assembly by creating instances of a part and then directing them toward each other in a global
coordinate system. An instance can be either dependent or independent. We mesh independent
part instances individually while we mesh dependent part instances in association with the mesh
of the original part.

The first case (pad eye without plate): We only have one single part instance, the pad eye. See
APPENDIX B for the pad eyes without the plate.

The second case (pad eye with plate): We have two part instances, the pad eye, and the pad eye

plate, which we are going to include in our model. We will direct and move those two part
instances in the right positions to each other so that the pad eye is located in the middle of the
plate. To obtain that we utilised the tool “create constraint: face to face” in the Assembly module

tool set.

Figure 4.7 - Pad eye with 22 mm pinhole diameter connected to the plate

For the cases where the pinhole diameter is 32 mm and 42 mm, see APPENDIX B
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4.2.4 The Step module

Now that we have created our assembly, we can arrange our analysis by starting to define our
analysis steps. Since both interactions, loads and boundary conditions are step-dependent; we
must determine the analysis steps first before we specify them. In this module, we will also
determine our output requests in the “Edit Field Output Request” window for this analysis for
each step that we want so that we can have the desired values in areas of interest from our model,

in a report.

The first case (pad eye without plate): Since this is a single event, we will define a single static,

general step for this simulation. In the “Edit step”, we set the setting to default. Thus, we will
have two phases in our analysis:
e Aninitial step, which Abaqus/CAE generates automatically, where we will apply BC.

e An analysis step, where we will implement the load.

The second case (pad eye with plate): Since this is also a single analysis step, the same points

from above are applicable.

% Step Manager >
Mame Procedure Migeom  Time
(Pl Initial (Initial} MSA M/ A
v Apply load Static, General QM 1
Create... Mlgeom... Disrmniss

Figure 4.8 — Analysis steps
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4.25 The Interaction Module
In this module, we can interact to or more parts so they can be a permanent part of the same
model and behave as one part. In the first case, when we only have the pad eye without the plate,

which means we only have one part and therefore do not need the application of “Interaction.”.

The second case (pad eye with plate): In section 3.2.2 “The Assembly module”, we assembled

the pad eye to the plate and connected them into one piece. However, that connection is not
sufficient to firmly “weld” the pad eye to the plate and make them two inseparable parts of the
same model. To obtain a firm connection between the two parts, we first defined the surfaces

which we want to connect, (see Figure 4.9), and then we utilised the “Constraint” tool.

Figure 4.9 — The surfaces which we want to connect firmly together (22 mm pinhole

diameter)

For the surfaces in the pad eyes with 32 mm and 42 mm pinhole diameter, see APPENDIX B
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The constraint type used in this analysis is “Tie” which can be a restriction against both
translational (x,y and z-axis) and rotational (rotations in all directions) degrees of freedom in the
contact area between the bottom surface of the pad eye and the upper face of the plate. In another
word, the tie constraint will function as a fixed boundary condition in all directions. Figure 4.10

shows the constraint utilised for connection between the pad eye and the plate.

5 Constraint Manager >

Name Type
Yl Tic Constraint-1 i

Create... Edit... Copy... Rename... Delete... Disrniss

Figure 4.10 — Constraint Manager
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4.2.6 The Load Module

In this module, we can define several types of loads and boundary conditions for an assembled
model. The loads, which we are considering, are both vertical and angled loads which pulling the
pad eye upward. We will consider the following loads and directions for this analysis, and then
later we compare our simulation results to the theoretical and experimental load from Table 4.2

below.

Table 4.2 — Basis of our load (only 3.25-ton shackles) and load direction choices [1]

Test | Pinhole diameter of Load Theoretical Experimental
number | the pad eye [mm] direction | load capacity | Load capacity
[Tonnes] [Tonnes]
1 22 Vertical 26.2 > 21
3 32 Vertical 20.7 >21
4 42 Vertical 15.3 14.5
5 22 Angular 26.2 >14
6 32 Angular 20.7 >15
7 42 Angular 15.3 >14.5
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The pulling load, which is given as tones, is considered as a concentrated load, pulling the pad
eye from the upper part of the pinhole upward in both vertical and angled (45°) directions. This
kilogram-force, given as tons, will be converted to uniform pressure, which is working on the

upper half of the pinhole [7]

F
The vertical strain: P=
Dxt
Where
P is the internal pressure acting upwards on the top horizontal half of the pinhole.
F is the force
D is the diameter of the pinhole
t is the thickness of the pad eye
_ F
The angular strain: P=—rr—
0.85*xDxt

Hence, the uniform pressures that we get for the different tests from Table 4.2 are as follows:

Table 4.3 — Input load in Abaqus/CAE

Test number | Pinhole diameter Load Input unifrom pressure
of the pad eye direction | in Abaqus/CAE [MPa]
[mm]
1 22 Vertical 500
3 32 Vertical 350
4 42 Vertical 169.3
5 22 Angular 400
6 32 Angular 300
7 42 Angular 250

For calculations, see 1.a)i)(1)(a)APPENDIX B
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Boundary Conditions (BC)

In structural analysis, the boundary conditions are applied to the regions of the model where the
displacements and/or the rotations are known. We may consider remaining these areas fixed
(having zero displacements and rotations) during our simulation, or may allow some particular

non-zero displacements and/or rotations in some regions.

The first case (pad eye without plate): In this instance we will apply the pressure on the top of

the pinhole in “Test 1”” from Table 4.2 in the “Edit load window, see Figure 4.11.

!
-_r

Mame: Applied pressure load
Type: Pressure

Step: Apply load (Static, General)
Regicn: Upper hole half [

Distribution: | Uniform e fix}

Magnitude: I I

Amplitude: | (Ramp) o hi
QK Cancel

Figure 4.11 — Determination of loads

Moreover, regarding the boundary conditions, we will fix the bottom surface of the pad eye:

= Edit Boundary Condition Y
MName: fixed at bottorm end

Type: Symmetry/Antisymmetry/Encastre

Step: Padeye loading (Static, General)

Region: Set-1 [z

CS¥S: (GSloballd [p L

() XSYMM (U1 = UR2 = UR3 = 0)

) ¥SYMM (U2 = URT = UR2 = 0)

) ZSYMM (U3 = UR1 = URZ = 0)

() HASYMM (U2 = U2 = URT = O; Abaqus/Standard only)
() YASYIMM (U1 = U3 = UR2 = 0; Abaqus,/Standard only)
() ZASYMM (U1 = U2 = UR3 = 0; Abaqus,/Standard only)
) PINNED (U1 = U2 = U3 = 0)

(@) EMNCASTRE (U1 = U2 = U3 = URT1 = UR2Z = UR3 = 0)

Lol.4 Cancel

Figure 4.12 — Fixed BC
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We illustrate Figure 4.11 and Figure 4.12 with the following illustration:

(a) (b)
Figure 4.13 — Fixed pad eye subjected to (a) vertical and (b) angled uniform pressure
(22 mm pinhole diameter)
The second case (pad eye with plate):

The only difference between this case and the first one is that here we will fix the holes in the
plate so that the neither move translationally nor rotationally, while in the first case we fixed the
bottom of the pad eye. The fixed holes represent the bolts. See Figure 4.14.

Figure 4.14 — The vertically applied pressure and fixed BC on the pad eye with the plate (22

mm pinhole diameter)

For the models with 32 mm and 42 mm pinhole diameter, for both cases (with and without the

plate) see FIGURES in APPENDIX B
37



4.2.7 The Meshing Module

We will now create the finite element mesh. This module enables the designer to generate meshes
in the whole model or parts of the model, which we assembled in the assembly module. We can
choose the meshing technique, the element shape, and the element type to create the mesh. First,
we need to consider the element type that we are going to use before we start building the mesh
for a particular problem. In this analysis, we will use an Abaqus/Standard since we only are
interested in the static response. We will use 20-node hexahedral elements with reduced
integration. The selections made in Figure 4.15 are based on DNV-RP-C208 [5].

allls
-

Elerment Library Family
@ standard O beplicit | [
Acoustic
Geometric Order Cohesive
() Linear (® Quadratic Continuum Shell v

Hex | Wedge Tet

] Hybrid formulation Reduced integration

Element Controls

Viscosity: (®) Use default () Specify
Element deletion: (@) Use default () Yes () No
Max Degradation: (®) Use default () Specify

C3D20R: A 20-node quadratic brick, reduced integration,

Note: To select an element shape for meshing,
select "Mesh-=Controls” from the main menu bar.

0K Defaults Cancel

Figure 4.15 — Choosing element type
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Mesh density
Now that we have chosen the element type, we can start the design for the pad eye. The most

important decision regarding the mesh design for this analysis is how many element we are going
to use around the pinhole. We distinguish between global seeds and local seeds; see Figure 4.16.
Global seeds mean the element sizes in the whole model, while the local seeds mean the local

element sizes in some specific areas of interest in which we want to have finer mesh.

For both the ductility and stability evaluations, we should have a sufficient number of elements
(both local and global elements) to have good strain estimates and to capture failure modes. This
information is based on section 4.5 “Mesh density” in DNV-RP-C208 [5].

To be more specific, we choose the “Approximate global size” to be between three and four for
all our pad eye cases, while the “Number of elements” in the “Local Seeds” window increases

with the size of the pinhole.
R %

Si:ing Controks Basic Constraints

i , Method Bias
Approamate global size:
) By size (® Mone () Single O Double
I Curvature control ® By number

Maxdmum deviation factor (0.0 < hiL < 1.0): 0.1 Sizing Controls

(Approximate number of elements per circle: §) Number of elernents a
Minimum size control
(® By fraction of global size (0.0 < min< 1) 0.
Set Creation

(0 By absolute value (0.0 < min < global size) 04
[ Create set with name: Edge Seeds-1

0K Apply Defaults Cancel OK Apply Defaults Cancel

Figure 4.16 — Global and Local seeds
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The following figure, will show an illustration of what global and local seeds are, which will be a
further understanding of the text and figures in section 0. The black circles at the edges of the pad
eye are the “Global Seeds”, which determine the size of the elements in the whole model. While
the pink circles, around the upper half in the pinhole, are the “Local Seeds”, which we use to

have sufficiently accurate results in areas of interest.

Figure 4.17 — Global and local seed elements

Meshing technigues

Abaqus/CAE suggests several meshing techniques to mesh models with different topologies.
These different meshing techniques offer varying stages of automation and user control. Figure

4.18 shows the four types of meshing techniques.

& Mesh Controls =
Element Shape
(® Hex () Hex-dominated () Tet OWedge

Technigue The techniques currently assigned
Asic to the selected regions will be left unchanged.

e [

Structured .

Sweep |:|
Bottom-up |:|

tiple

Assign Stack Direction...

oK Defaults Cancel

Figure 4.18 — Meshing techniques
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Free meshing: This is the most flexible meshing technique that uses no pre-established mesh

patterns and can be applied to almost every model.

Structured Meshing: We must portion complex models into simpler regions to use this

technique.

Swept meshing: Abaqus/CAE creates swept meshes by internally generating the mesh on an
edge (or a face), and then sweeping it along a sweep path, or resolves it around an axis of
revolution. Swept meshing is also limited to models with distinct topologies and geometries, like
structured meshing.
Bottom-up meshing: This technique uses the part geometry as a guideline for the outer bounds
of the mesh.
When we enter the mesh model, Abaqus/CAE automatically colors the regions of the model
according to the methods it will use to produce a mesh. These colors have the following
meanings:

e The green color of the region means that the region can be meshed with structured

meshing.

e The yellow color of the region means that the region can be meshed with swept meshing.

e Pink color of the region means that the region can mesh with free meshing.

e Orange color means that a region in the model can not be meshed using the default

assignment of the element shape and it has to be portioned more.

Figure 4.19 — Portioning process
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As we can see from Figure 4.19 — Portioning processe has regions with both yellow and green
color, which means that the swept meshing and the structured meshing technique will be utilized.
The horizontal line at the middle of the pinhole is drawn to portion the pinhole in two in the
horizontal direction so that we can be able to apply the uniform pressure at the upper part of the

pinhole. While the vertical line is drawn to simply get a better mesh.

Viewing the meshed models:

In this section, we will view all of the pad eye models that we have meshed in this chapter, both

with and without the plate and in all diameter sizes.

First case (pad eye without plate):

Figure 4.20 shows the pad eye without plate meshes of the pinhole diameters of (a) 22 mm,
(b) 32 mm and (c) 42 mm:

(b)

Figure 4.20 — Meshes of pad eyes without plate
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First second (pad eye with plate):

Figure 4.21 — Meshing of the whole model (22 mm pinhole diameter)

Figure 4.22 - Meshing of the whole model (32 mm pinhole diameter)

Figure 4.23 - Meshing of the whole model (42 mm pinhole diameter)
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4.2.8 The Job Module
Now we have come to the stage where the only task remaining to complete the simulation is to
define the job. We can then submit the job in Abaqus/CAE. The software then monitors the

simulation progress interactively.

4.2.9 Simulation results of the elastic analysis of the pad eye.

In this section, we will view the results of the procedure in section 4.2 “The static analysis of the
pad eye using Abaqus/Standard”, which are given in the Visualization Module. The idea is to
identify the critical zones (the zones with maximum stresses, which are about to yield) in every
pad eye (with different pinhole sizes, with and without the plate). Abaqus/CAE generates
automatically the output data for the entire model, but we are only interested in the upper part of
the pad eye pinhole, which we will call our “area of interest” (see. To be able to view the stresses
in the areas of interest, we use the tool “Display Groups” in the Results tree, to highlight and
isolate those areas. This tool will help us to neglect the stresses (and other variables) in the areas

we are not considering.

N i

Na I
'._\h-;- ]
= i /—[—aw
! s
i /
1 L
L
Type 1

Figure 4.24 — Our area of interest (red marking) [1]
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First case (pad eye without the plate):

To find the critical zones in our area of interest, we search for the nodes which have the highest
stresses in that area. Those nodes with the corresponding stresses are shown in.
1.a)i)(1)(a)APPENDIX C We obtained the following results of the static simulation from
Abaqus/Standard:

Table 4.4 - Critical zones (red dots) in the pad eyes without the plate

(b)

(f)

(d)

e Figure (a) shows the pad eye without plate from Test 1 (from Table 1.1 — Comparison
basis from [1] and [2]
e Figure (b) shows the pad eye without plate from Test 3

e Figure (c) shows the pad eye without plate from Test 4
e Figure (d) shows the pad eye without plate from Test 5
e Figure (e) shows the pad eye without plate from Test 6

e Figure (f) shows the pad eye without plate from Test 7
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Second case (pad eye with the plate):

Similarly, as the first case, we search for the nodes which have the highest stresses in our area of
interest in the pad eyes with the plates, to find the critical zones. Those nodes, with the
corresponding stresses are shown in 1.a)i)(1)(a)APPENDIX C , We obtained the following
results from Abaqus/CAE:

Table 4.5 - Critical zones (red dots) in the pad eyes with the plate

(9)

(h)

(i)

e (g) represents the pad eye with the plate from Test 1
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(h) represents the pad eye with the plate from Test 3
(1) represents the pad eye with the plate from Test 4

4.3 The elastic-plastic analysis of the pad eye using Abaqus/Explicit
In this section, we will focus on the elastic-plastic response of the 3.25-ton pad eye, when the

same loads (which was used in the static response simulations) varies with time. The results in
this section will be our comparison basis with the theoretical and experimental results from [1].

The same procedure used in Section 4.2 “The elastic analysis of the pad eye using

Abaqus/Standard.” will again be used here, expect some small modifications, which are:

Material Properties: In the “Property Module”, we will add the density (in kg/mm?) and

the plastic material behavior of steel S355. The plastic material behavior contains the
addition of a hardening model, which defines how the plastic strain affects the yield
surface of steel S355. A combination of both isotropic hardening (adding hardening to the

material to expand the yield surface) and kinematic hardening (useful for the cyclic

behavior of S355) is utilized in this case.

[5] and [16]
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Figure 4.25 — Material properties for dynamic behavior
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Step: In the “Step Module”, we will replace the Abaqus/Standard to Abaqus/Explicit. In
addition to that, we will enter the “time period”, which is the total duration of a particular

step, while the “Increment size” is the time period of each iteration during that particular

step.

Load: In the “Load module” we use the “Amplitude toolset” to specify the time or
frequency variations of the applied load throughout a step. This tool is utilized in

correlation with “Time Period” and “Incrimination” tools. We choose the “Tabular” type

of amplitude in the “Create Amplitude” window.

Mesh: In the “Mesh Module” we change the element type used in the model. The

following selections are based on [5] and my trials of finding out which selections would

give me the best results.

allle.
-

Element Library
(O Standard @ Explicit

Geometric Order
@ Linear () Quadratic

Wedge Tet

Family

EEC I
Acoustic

Cohesive

Continuum Shell v

[J Reduced integration| [ ] Incompatible modes

Element Controls
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Second-order accuracy: () Yes (@ Mo
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Defaults Cancel

Figure 4.26 — Element type selections in Abaqus/Explicit
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4.3.1 Simulation results of the elastic-plastic analysis of the pad eye.

In the static analysis, which was performed with Abaqus/Standard, the critical zones in the pad
eye were identified. In this section, we will take it a step further. First, the critical zones will be
identified, and then the force which will lead to failure will be determined. That Failure force will
be the capacity of the pad eye, which later will be compared to the experimental and theoretical
results from the previous thesis. To be able to identify the failure force, the ultimate yield
strength criteria for steel S355 [5] must be utilized. The criteria is defined as:

Opon < Oyt = 470 MPa

gp < &y = 0.15

This will be done with the aid of graphs. Theses graphs will be used to identify the pressure
failure loads (which we will convert to the failure forces) at the points where the ultimate von
Mises stress and ultimate plastic strain are located. In addition to that, the corresponding
displacements will also be determined. Since we will obtain to different failure forces, from both
pressure-stress curve and pressure-plastic strain curve, we will use the smallest one of those to
values, as our failure force:

F,
Ffailure = Min maxl]

Fmaxz

The failure force will be determined by the following formula (see section 4.2.6):

: : F
Vertical strain: Prax = Jye = Fmax = Pmax * D * t
: F
Angular strain: Prax = ggean; = Fmax = 0.85% Prgy ¥ D ¥ t

This procedure will be used for all of the tests of the pad eyes described below (with and without
plate). The numbering of the tests below is based on the tests given in Table 4.2. For the details
about the critical zones and node numbers, which describes the maximum von Mises stress and
the corresponding equivalent plastic strain and displacements, in each of the tests below, see
APPENDIX D
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Test 1: Pad eye without plate.

Table 4.6 - Data diagrams of pad eye without plate from Test 1

Pressure vs. Stress

Pressure vs. Starin
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Vertical displacement U2 [mm]
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Table 4.6 shows that the capacity (Friire) Of the pad eye in “Test 17, in the case of pad eye

without plate is equal to

0.060 mm.

25.575 tons, and the corresponding vertical displacement (U2) is equal to

For details, see APPENDIX D section “Test 1 (pad eye without plate)”.
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Test 1: Pad eye with plate.

Table 4.7 - Data diagrams of pad eye with the plate from Test 1

Pressure vs. Stress Pressure vs. Strain
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Table 4.7 shows that the capacity (Frailure) of the pad eye in “Test 17, in the case of pad eye with

plate is equal to 26.247 tons, and the corresponding vertical displacement (U2) is equal to
0.250 mm.

For details, see APPENDIX D section “Test 1 (pad eye with plate)”.
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Test 3: Pad eye without plate.

Table 4.8 - Data diagrams of pad eye without plate from Test 3

Pressure vs. Stress Pressure vs. Strain
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From Table 4.8 it is observed that the capacity (Frailure) of the pad eye in “Test 3,” in the case of
pad eye without the plate is equal to 22.179 tons, and the corresponding vertical displacement
(U2) is equal to 0.180 mm.

For details, see APPENDIX D section “Test 3 (pad eye without plate)”.
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Test 3:

Pad eye with the plate.

Table 4.9 - Data diagrams of pad eye with the plate from Test 3

Pressure vs. Stress

Pressure vs. Strain
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From Table 4.9 it is noticed that the capacity (Fraiure) of the pad eye in “Test 3”, in the case of pad

eye with the plate is equal to 24.464 tons, and the corresponding vertical displacement (U2) is
equal to 0.750 mm.

For details, see APPENDIX D section “Test 3 (pad eye with plate)”.
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Test 4: Pad eye without plate.

Table 4.10 - Data diagrams of pad eye without the plate from Test 4

Pressure vs. Stress Pressure vs. Strain
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Table 4.10 shows that the capacity (Frailure) of the pad eye in “Test 4”, in the case of pad eye
without plate is equal to 21.406 tons, and the corresponding vertical displacement (U2) is equal to
0.800 mm.

For details, see APPENDIX D section “Test 4 (pad eye without plate)”.
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Test 4: Pad eye with the plate.

Table 4.11 - Data diagrams of pad eye with the plate from Test 4

Pressure vs. Stress Pressure vs. Strain
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Table 4.11 illustrates that the capacity (Frailure) of the pad eye in “Test 4”, in the case of pad eye
with the plate, is equal to 23.547 tons, and the corresponding vertical displacement (U2) is equal
to 0.850 mm.

For details, see APPENDIX D section “Test 4 (pad eye with plate)”.
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Test 5: Pad eye without the plate.

Table 4.12 - Data diagrams of pad eye without the plate from Test 5

Pressure vs. Stress Pressure vs. Strain
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Table 4.12 illustrates that the capacity (Fraiure) of the pad eye in “Test 5,” in the case of pad eye
without the plate, is equal to 22.493 tons, and the corresponding vertical displacement (U2) is
equal to 0.0085 mm.

For details, see APPENDIX D section “Test 5 (pad eye without the plate)”.
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Test 6: Pad eye without plate.

Table 4.13 - Data diagrams of pad eye without the plate from Test 6
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Table 4.13 shows that the capacity (Frailure) of the pad eye in “Test 6”, in the case of pad eye

without the plate, is equal to 21.904 tons, and the corresponding vertical displacement (U2) is

equal to 0.150 mm.

For details, see APPENDIX D section “Test 6 (pad eye without the plate).”
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Test 7: Pad eye without the plate.

Table 4.14 - Data diagrams of pad eye without the plate from Test 7
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In Table 4.14 it is observed that the capacity (Fraiure) of the pad eye in “Test 77, in the case of pad

eye without the plate, is equal to 20.379 tons, and the corresponding vertical displacement (U2) is
equal to 0.600 mm.

For details, see APPENDIX D section “Test 7 (pad eye without the plate)”.
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5 Comparison

5.1 Introduction

In this chapter, we will cover the objective of this thesis, which is the comparison between
simulation results, done in this thesis, with the theoretical and experimental results from the
previous thesis [1]. For this purpose, plastic analysis of the stresses, strains and displacements in
the upper part of the pinhole were made for pad eyes in various tests. These analyses determined

the capacities in the different pad eye tests, which we are going to use as our comparison basis.

5.2 Design load capacity — Theoretical results

The theoretical approach for determining the capacity of the pad eyes was described in section
3.3. The primary focus was on the pad eye calculations, but some calculations for shackles and
beams were also done [1], which we are neglecting in this thesis as we only are intrested in the
pad eye calculations. The theoretical calculations were conducted for the entire set of tests, which
were ten. In this section, only the test results, which are relevant to our comparison, are
considered. The relevant results from the theoretical calculations, for determination of the pad

eye capacity, are shown in the table below:

Table 5.1 — Theoretical calculation results of the pad eye capacity [1]

Test number | Pinhole diameter Load Theoretical load
of the pad eye direction capacity
[mm] [Tonnes]
1 22 Vertical 26.2
3 32 Vertical 20.7
4 42 Vertical 15.3
5 22 Angular 26.2
6 32 Angular 20.7
7 42 Angular 15.3
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5.3 Design load capacity — Experimental results

The experimental approach for determining the capacity of the pad eyes was described in section
3.43.3. Similar to the theoretical approach, the experimental approach in the previous thesis was
also conducted for the entire set of tests, which were ten. Again, only six of those experimental
tests for our comparison are considered. The relevant results from the experimental calculations,

for determination of the pad eye capacity, are shown in the table below:

Table 5.2 - Experimental results of the pad eye capacity [1]

Test Pinhole diameter Load Experimental Deformation
number of the pad eye direction Load capacity remarks
[mm] [Tonnes] [mm]
1 22 Vertical >21 0.5
3 32 Vertical >21 3.5
4 42 Vertical 14.5 Large deformation
5 22 Angular >14 Large deformation
6 32 Angular >15 Large deformation
7 42 Angular >14.5 Large deformation

We can see from Table 5.2 that the smallest deformations are observed in test one and test three.
Test four from the experimental load capacity, with the largest pinhole diameter, is smaller than
the theoretical load capacity, and therefore, is more subjected to fracture. For the tests specimens
five, six and seven, which were subjected to angular loads, could withstand less loads than the
theoretical design load, without them being subjected to local buckling. This concludes that:

e The pad eyes had less load capacity than theoretically predicted when the load direction
was angled since the plate was most vulnerable to local buckling.

e The pad eyes, which were prepared according to the standard, could withstand larger
forces than they were designed for, and got minimal deformations, which showed the
importance of following the standards. While the pad eyes that were not prepared
according to the specifications, got much larger deformations, and some of them even

failed altogether.
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The following pictures taken in the laboratory under the testing of the pad eye capacity [1],
illustrates the values given in Table 5.2.

Table 5.3 — Experimental pad eye tests [1]

Test 1 Test 3 Test 4




5.4 Design load capacity — FEA simulation results

In this section, our final FEA simulation results will be shown, which are based on the
methodology in Chapter 4 “Design Load Capacity — Simulation Approach” These test results
include six tests. The first three tests, test one, two and three, were conducted in two cases, which
were the pad eyes with and without the plate. While for the last three cases, only the case of the
pad eyes without the plates was done, because of time limitation. However, even though all of the
simulation tests were not done, the scope of this thesis will still be covered and the conclusion of
this thesis will still be made from the available simulation results as the undone simulation tests
follows exactly the same procedure as the conducted tests. These simulation results, which are
going to be compared to the experimental and theoretical results [1], are from the dynamic
simulation part, from section 4.3.1 “Simulation results of the elastic-plastic analysis of the pad
eye.” where Abaqus /Explicit was used.

Table 5.4 — Design Load Capacity — Simulation Results

Simulation Load Capacity
Pad eye with the plate Pad eye without the plate
Test number Load capacity Corresponding Load capacity Corresponding
[Tons] deformation [Tons] deformation

[mm] [mm]

1 26.247 0.250 25.575 0.060
3 24.464 0.750 22.179 0.180
4 23.547 0.850 21.406 0.800
5 - - 22.493 0.0085
6 - - 21.904 0.150
7 - - 20.379 0.600
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5.5 Comparison and discussion

In this section, the comparisons of all of the three different types of approaches for designing load

capacity of the pad eyes in this thesis are carried out. Where both the experimental, theoretical

and finally simulation results of the capacity of the 3.25-ton pad eyes are organized in a table

(Table 5.5). These results will then be explained and discussed. Each one of the six tests in the

table below will be discussed and explained individually. Then in the next chapter, where the

conclusion will be made, the results from these different tests will be explained as a whole, to be

able to see and understand the big picture.

Table 5.5 — Final comparison of the design load capacities of pad eyes

Test Simulation Load Capacity Theoretical Experimental load
number load capacity capacity
Pad eye with the plate Pad eye without the plate | Pad eye with Pad eye with plate
plate
Load Corresponding | Load | Corresponding Load Load | Corresponding
capacity deformation | capacity | deformation Capacity Capacity | Deformation
[Tons] [mm] [Tons] [mm] [tons] [tons] [mm]
1 26.247 0.250 25.575 0.060 26.2 > 21 0.5
3 24.464 0.750 22.179 0.180 20.7 > 21 3.5
4 23.547 0.850 21.406 0.800 15.3 14.5 Large
deformation
5 - - 22.493 0.0085 26.2 >14 Large
deformation
6 - - 21.904 0.150 20.7 >15 Large
deformation
7 - - 20.379 0.600 15.3 >14.5 Large

deformation
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We can see from Table 5.5 that:

In Test 1, in the case where the pad eye is without the plate, the capacity from the FEA
simulation load capacity is larger than both the theoretical and the experimental load
capacities, while the displacements are much smaller than the experimental deformation.
In the case of the pad eye with the addition of the plate, the test specimens can carry the
same amount of load as the theoretical design load, without going to failure, and can
withstand larger loads than the experimental. This shows that when following the
standards (as the pad eye geometries which test 1 is based on, is in accordance with
NORSOK R-002, [17], while tests two and three are not totally based on NORSOK R-
002), very reliable and precise simulation results can be obtained. Moreover, it is
observed from the table that the displacement for the pad eye with the plate is much
larger and closer to the experimental results than for the pad eye without the plate, which
IS because that this deformation of the plate is now also a part of the global deformation
of the pad eye. It can be seen from the table that the experimental load capacity has no
particular value, as it is >21 tons, which means that it can carry more than 21 tons

without being subjected to failure.

In Table 4.6, which represents the pad eye without the plate, in the “Pressure vs. Stress”
graph, there is a red marking on the curve, which represents the start of the yielding in the
pad eye. The “Pressure vs. Strain” graph shows that the yielding starts at a pressure value
around 375 MPa. While in “Stress vs. Strain”, the yielding begins at a von Mises stress
value of approximately 360 MPa. In the “Pressure vs. Displacement” graph, it is observed
that the displacement follows an approximate proportional incrimination, which is
reasonable as the displacement should increase with increased applied pressure, until a
certain point before it is subjected to fracture. In Table 4.7, which represent the pad eye
with the plate, it is noticed an increment in the pressure applied to the pad eye, which was
helpful to get the desired results, and at the same time did not lead to failure of the pad
eyes. To obtain the wanted pressure, many tests were carried out to find the right amount
of pressure. The increment in the pressure led to larger capacity in the pad eyes with the

plates than in the pad eyes without the plates.
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In Test 3, in the case where the pad eye is without the plate, the capacity from the FEA
simulation load capacity is larger than both the theoretical and the experimental, while
the displacements are again far from the experimental. In the case of the pad eye with the
plate, the simulation load capacity is even larger. Regarding the displacements, it is again
observed that the displacement for the pad eye with the plate is much greater than for the
pad eye without the plate, and are closer to the experimental result.

In Table 4.8 and Table 4.9, the same patterns of graphs (except some small changes) are

observed as in Table 4.6 and Table 4.7, which are described above.

In Test 4, in the case where the pad eye is without the plate, the capacity from the FEA
simulation load capacity is much larger than both the theoretical and the experimental. In
the case of the pad eye with the plate, the simulation load capacity is even greater.
Regarding the displacements, it is not possible to compare the results at this stage since
there is no particular value of the deformation as it is only noted “large deformation.”

In Table 4.10 and Table 4.11, the same patterns of graphs (except some small changes)

are observed as in Table 4.6 and Table 4.7, which are described above.

In Test 5, which only contains the pad eye without plate, the capacity from the FEA
simulation load capacity is smaller than the theoretical and larger than the experimental
load capacities. It is also noticeable that the load capacity in Test 5 (22.493 tons), which
is an angled loading, is smaller than the load capacity in Test 1 (25.575 tons), which is a
vertical loading. In Table 4.12, the same patterns of graphs (except some small changes)
are observed as in Table 4.6 , which are described above. The only difference is in the
“Pressure vs. Displacement” graph, which shows an increment of the graph in a negative
direction. The reason is that the angled loading has led to a strain which has caused the

critical zone to move in the opposite direction of the loading direction U2, which is a

negative vertical displacement.
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In Test 6, which only contains the pad eye without plate, the capacity from the FEA
simulation load capacity is close to the theoretical and much larger than the experimental
load capacities. In Table 4.12, the same patterns of graphs (except some small changes)

are observed as in Table 4.6 , which are described above.

In Test 7, which only contains the pad eye without plate, the capacity from the FEA
simulation load capacity is much larger than both the theoretical and the experimental
load capacities. In Table 4.12, the same patterns of graphs (except some small changes)

are observed as in Table 4.6 , which are described above.
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6 Conclusion

The primary purpose of this master’s thesis was to show the difference between the design
capacity results of the 3.25-ton pad eye, with different approaches, being the experimental, the
theoretical, and the FE analysis simulation. The FEA simulation software, which was utilized to
carry out the pad eye tests, was Abaqus/CAE. To get acquainted with the software, | started with
a simple example, and then moved on the main problem, which was to design and to analyze the
3.25-ton pad eye in Abaqus(CAE. It took a lot of time to build a basic knowledge in Abaqus/CAE
so that | could comfortably and successfully carry out the simulation tests that was based on the
NORSOKS standard “Lifting Equipment” [17].

The comparison results showed positive signs to some extent, as some of the simulation results
were very close to the theoretical and the experimental results, while others were a bit far from
them. There are several factors which can be the cause of the deviation from the results of the
three different approaches. The factors can be:
¢ In reality, the real material behavior can withstand more load than the than the
assumptions made in the DNV standards generally, and more specifically, in our thesis,
the DNV-RP-C208 [5]. The reason is that the requirements in the DNV standards include
safety factors, which leads safer designs.
e The uncertainty of the material behavior may have caused these deviations.
e The uniform applied pressure acting on the upper part of the pinhole, instead of an actual

pin, may also have caused the differences in the results.

Even though there was some deviation between the numerical results obtained from the different
approaches, the result patterns were the same. It is observed in our comparisons that the capacity
of the pad eyes reduces when the pinhole diameter size increase, which demonstrates the
importance of following the standard requirements. Furthermore, the results show that the pad
eyes with the base plate have greater capacity than the pad eyes without the plates. Finally, a
reduction of the load capacity is recognized for the angled loading case when compared to the
vertical loading case, even though the theoretical capacities provide the same results for both

cases.
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For further studies, it would be interesting to investigate the following cases:

Because the uncertainty of material behavior may lead to deviations in the results, its is
advisable to attend probabilistic FE simulation for more precise comparison as future
studies.

Although reasonably good results were obtained by applying the uniform pressure on the
pad eye pinhole, it may give even better results if a multi-model pad eye were designed
and analysed. Where both, the pad eye and the pin were designed and interacted with
each other so that the pin is pulling the up (in a vertical or an angled direction) instead of

the uniform pressure.
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APPENDIX A DATA TABLES

Table A.1 - Yield strength of steel type S235 [5]

Table 4-2 Proposed non-linear properties for S235 steels (Engineering stress-strain)

235
Thickness [mm] t<16 16<1<40 40 <t<63
E [MPa] 210000
aprop’:o-}-'ield 0.9
E,/E 0.001
Oryop [MPa] 2115 202.5 193.5
Oyic1d [MPa] 235 225 215
Cielaz [MPa] 238.4 228.4 218.4
Gy [MPa] 360 360 360
& y1 0.004
& y2 0.02
‘-Cp_ult 0.2
Eo/E 0.0032 0.0035 ‘ 0.0037
Table A.2 - Yield strength of steel type S355 [5]
Table 4-3 Proposed non-linear properties for S355 steels (Engineering stress-strain)
5355
Thickness [mm)] t<16 16<t<40 40<1<63
E [MPa] 210000
O-pmp 0, yield 0.9
E.i/E 0.001
Orop [MPa] 319.5 3105 3015
Oyic1g [MPa] 355 345 335
Oyicld2 [MPa] 3584 348.4 3384
0, [MPa] 470 470 450
& y1 0.004
& 12 0.02
"cp ult 0.15
Ep/E 0.0041 0.0045 0.0041




APPENDIX B FIGURES FROM ABAQUS/CAE

(@) (b) (©)

e (a)isthe pad eye with 22 mm pinhole diameter

e (b) is the pad eye with 32 mm pinhole diameter

e (c) is the pad eye with 42 mm pinhole diameter

Assembly figures for the pad eyes without plate:

(d)

e (d) is the pad eye with 32 mm pinhole diameter

e (e) is the pad eye with 42 mm pinhole diameter

Assembly figures for the pad eyes with plate
B.2



*%

b g

e (f) is the pad eye with 32 mm pinhole diameter
e (0) is the pad eye with 42 mm pinhole diameter

Surfaces of the pad eye with plate that we want to tie together firmly
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e (h) is the pad eye with 32 mm pinhole diameter

e (i) is the pad eye with 42 mm pinhole diameter

Pad eyes without plate subjected to vertical uniform pressure and fixed BC

(k)

e (j) is the pad eye with 32 mm pinhole diameter
e (k) is the pad eye with 42 mm pinhole diameter

Pad eyes without plate subjected to angled uniform pressure and fixed BC
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(1)

e (I) is the pad eye with 32 mm pinhole diameter

e (m) is the pad eye with 42 mm pinhole diameter

Pad eyes with plate subjected to vertical uniform pressure and fixed BC
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Converting mass into vertical uniform pressure:

1 kilogram-force = 9.81 N

Test1:
F x 9.81N*21000k N
p=—t = LM _ 9 — 468.20—— = 468.20MPa ~ 500MPa
Dxt Dxt 22mmx*20mm mm
(since the capacity is >21 tons)
Test 3:
* . * k
p=— = g _ 28210009/ _ 371,90 = 321.90MPa ~ 350MPa
Dxt Dxt 32mmx*20mm mm
(since the capacity is >21 tons)
Test 4.
* . *14500k
=L _gm _ 2BINAS0KI] _ 1693 = 169.3 MPa
Dxt Dxt 42mmx*20mm mm
Converting mass into angled uniform pressure:
Test 5:
* . * k
=L ___gm _ SN0 _ 36722 = 367.22 MPa ~
0.85*D*t 0.85*Dxt 0.85+22mm=*20mm mm
400 MPa (since the capacity is >14 tons)
Test 6:
* . *15 k
- _gm _ 9SNNS _ 37050 —— = 270.5 MPa ~
0.85%Dxt  0.85xDxt  0.85*32mm=*20mm mm?2
300 MPa (since the capacity is >15 tons)
Test 7:
* . * k
F___om _ SBINVIA0OKIS _ 19922 =199.22 MPa ~

T 0.85%D*t  0.85%D*t  0.85+42mm*20mm mm2

250 MPa (since the capacity is >14.5 tons)
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APPENDIX C ELASTIC ANALYSIS RESULTS

Simulation results of the static analysis of the pad eyes using Abaqus/Standard.

Test 1 (pad eye without plate):

NB! The numbering of the figures in this appendix are based on

5, Mises

(Awvg: 759%)
+&8.309e+02
+7.618e+02
+6.92Z27e4+02
+65.236e+02
+5.545e+02
+4.854e+02
+4.163e+02
+3.472e+02
+2.781e+02
+2.090&+02
+1.400e+02
+7.086e+01 '
+1.760e+00 e AL (o) (2

Max: +&.309e+02
Elermn: PADEYE-1.4137
Mode: 381

g . =]
Elem: PADETE-1.631
MNode: 85
(@)
S, Mises
(AvQ: 75%)
+5.545e+02
+5.319e+02
+S.093e+02
+4.867e+02
+4.641le+02
+4.415e+02
+4.153e+02
+3.962e+02
— +3.736e+4+02
+3.510e+02
+3.284e+02
+3.058e+02
+2.832e+02
Max: +5.54S5e+02
Elem: PADEYE-1.4977
Node: 44
in: +2. e+
Elemn: PADEYE-1.4446
Face: 4
(d)
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S, Mises

(Avg: 75%)
+7.22%+02
+6,62%+02
+6.02%+02
+5.428e+02
+4,826e+02
+4,228e+02
+3.628e+02
+3.028e+02
+2.428e+02
+1.826e+02
+1.228e+02
+6.278e+01
+2.775e+00

Max: +7.229e+02
Elem: PADEYE-32MM-DIAMETER-1.44%4
Node: 23923

“Tn: +2.775e+00
Elem: PADEYE-32MM-DIAMETER-1.1317
Node: 172

g, Mises

[Avg: 75%)
+4 636e+02
+4 471e+02
+d J0Ee+02
+4.141&+02
+3.976e+02
+3.811e+02
+3 6d6e+02
+3480e+02
+3.315e+02
+3.150e+02
+2.985e+02
+2.8208+02
+2.655e+02

Max: +d.636e+02
Elem: PADEYE:

Mode: 3301

Min: +2.655e+02
Elerm: PADEYE4ZMM-1.3928
Mode: 237

Tl FE

.
25082

25095

(©)
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S, Mises

(Avg: 75%)
+5.31%e+02
+5.051e+02
+4.783e+02
+4.515e+02
+4.246e+02
+3.978e+02
+3.710e+02
+3442e402
+3.173e+02
+2.905e+02
+2.637e+02
+2.36%9e+02
+2.100e+02

Max: +5.31%e+02
Elem: PADEYE-32MM-DIAMETER-1.3954

in: +2.100e+
Elem: PADEYE-3ZMM-DIAMETER-1 4393
Face: 6

(€)

S, Mises

(Avg: 75%)
+7.565e+02
+7.077e+02
+6.589e+02
+6.100e+02
+5.612e+02
+5.124e+02
+4.635e+02
+4.147e+02
+3.6592+02
+3.170e+02
+2.682e+02
+2.194e+02
+1.705e+02

Max: +7.565e+02
Elem: PADEYE42MM-1.4528

Min: +1.705e+02
Elem: PADEYE42MM-1.4180
Node: 21970
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Second case: pad eyes with the plate

S, Mises

(Avg: 75%)
+2.489e+02
+9.011le4+02
+3.532e+02
+35.0S4e+02
6e+02
e+02
e+02
e+02
e4+02
e+02
6e+02

+
o
NHEORMON

7
b
1
4
=
b=
o

NWHOD

+4.228e+02
+3.7S0e+02

mn: +3.750e+02
Elem: Pad Eye-1.1925
Node: 1330

Max: +9.48%9e+02
Elem: Pad Eve_ 20
Node: 1470

=, Mises
(Avag: 7S%)
+7.98Se+02

+5.500e+02

+S.43Se+02
7ie4+02

+<3 O7e+02

+4 .34

+3

. Se+02
.978e+02
+3.614=e+02

Max: +7.98Se+
Elermnm: Pad -1.67S
Node: 135S

Min: +3.613e+02
Elermm: Pad Eve-1.112S
Node: 16384

+ <. 3e6e+02

Max=: +5.1LZ2%=4+02
Elerm: Pad Eve
MNode: 1769

Min: +2.366e+02

Elem: Pad Eye-1.2217
Mode: 15452

(i)
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APPENDIX D ELASTIC-PLASTIC ANALYSIS RESULTS

Simulation results of the dynamic analysis of the pad eyes using Abaqus/Explicit.

Test 1 (pad eye without plate):

Critical zone (yellow circle) in pad eye pinhole, without plate (Test 1)

S, Mises

{Avaq: 75%)
+5.097e+02
+4.993e+02
+4.890e+02
+4.787e+02
+4.683e+02
+4.580e+02
+4.476e+02
+4.373e+02
+4.270e+02
+4.166e+02
+4.063e+02
+3.959%e+02
+3.856e+02

Max: +5.097e+02
Elem: PADEYE-1.5867
Node: 522

Min: +3.856e+02
Elem: PADEYE-1.4564
Node: 1777

€
[
¢

=

N 7T Lk

s

o oy
AT

-

&Y

i

Pad eye pinhole, for pad eye without plate (Test 1)
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Field Output Report, written Wed Jun 88 18:18:48 2816

Source 1

0DB: C:/Temp/excel.odb
Step: Padeye loading
Frame: Increment 1848: Step Time = 6.0000E-83)

Loc 1 : Nodal walues from source 1

Output sorted by column "Node Label™.

Field Output reported at nodes for part: PADEYE-1
Computation algorithm: EXTRAPOLATE_COMPUTE_AVERAGE

lveraged at nodes
Averaging regions: ODB_REGIONS

Node u.uz PEEQ S.Mises 5.511 5.522 5.533

Label @Loc 1 @loc 1 @loc 1 @loc 1 @loc 1 @loc 1

22 24.0645E-83 283.832E-83 587.364 -167.616 -93.8108@ -41.5879

521 176.157E-83 187.994E-83 488.621 -486.749 -28.8464 -77.9734

522 77.7026E-83 223.204E-83 589.669 -371.574 -68.1862 -73.8064

1954 22.5417E-83 8.94123E-86 218.689 119.789 -14.5953 48.8221

Minimum 22 .5417E-83 8.94123E-86 218.689 -486.749 -93.81886 -77.9734
At Node 1954 1954 1954 521 22 521
Masximum 176.157E-83 223.204E-83 589.669 119.789 -14.5953 48.8221
At Node 521 522 522 1954 1954 1954

Stress, Strain and Displacement values at node 522

Calculations based on graphs in Table 4.6

Von Mises (from Pressure vs. Stress graph)

1 Newton = 0.101972 Kilogram-force

N
mm?

Fax1 = Pmax1 *D xt =570 * 22mm * 20mm = 250 800 N = 25.575 tons

Plastic equivalent strain PEEQ (from Pressure vs. Strain graph)

N
mm?

Fax2z = Pmax2 * D xt = 580 * 22mm * 20mm = 255 200 N = 26.023 tons

We can see from the calculations above that, Fmaxi is smaller than Fmaxz, which means:

Fraiture = Fmax1 = 25.575 tons (Capacity)

Vertical displacement, U2 (From Pressure vs. Displacement graph) at pressure failure load

(Pmax1=570 —) is equal to 0.060 mm.

N
m
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Test 1 (pad eye with plate):

Although there might be higher stress values than the stresses in the yellow circle, for example
in the bolt-holes, but we only highlight the critical zones in the upper part of the pad eye

pinhole as it is our area of interest.

Critical zone (yellow circle) in pad eye with plate (Test 1)

S, Mises
(Ava: 75%)
+6.146e+02
+6.011e+02
+5.877e+02
+5.742e+02
+5.607e+02
+5472e+02
+5.338e+02
1 +5,203e+02
4. +5.068e+02
+4.934e+02
+4.,799e+02
+4.664e+02
+4.529e+02

Max: +6,146e+02
Elem: Pad Eyes
Node: 11

Min: +4.529%9e+02
Elem: Pad Eye-1.2153
MNode: 1848

Pad eye pinhole, for pad eye with plate (Test 1)
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Source 1

0DB: C:/Temp/liri22mmpadeyeplate.odb
Step: Apply load
Frame: Increment 2198: Step Time = 6.0800E-83

Loc 1 : Nodal values from source 1

Output sorted by column "Node Label™.

Field Output reported at nodes for part: Pad Eye-1
Computation algorithm: EXTRAPOLATE_COMPUTE_AVERAGE

Averaged at nodes
Averaging regions: ODB_REGIONS

Node u.u2 PEEQ S.Mises 5.511 5.522 5.533

Label @loc 1 @loc 1 @loc 1 @loc 1 @loc 1 @Loc 1

11 147.784E-83 778.4808E-03 614.599 -99.8984 -488.483 -183.313

171 36.8447E-83 347.987E-83 559.29a -248.467 -285.466 -97.8729

172 228.312E-83 1.88251 604,889 -446.887 -229.6835 -213.883

1188 156.259E-83 591.227E-83 585.137 -509.465 -156.965 -138.529

Minimum 36.8447E-03 347.987E-03 559.29@a -5@9.465 -408.483 -213.883
At Node 171 171 171 1188 11 172
Maximum 228.312E-83 1.88251 614.599 -99.8984 -156.965 -97.8729
At Node 172 172 11 11 1138 171

Calculations based on graphs in Table 4.7

Von Mises (from Pressure vs. Stress graph)
1 Newton = 0.101972 Kilogram-force

N
mm?2

Fmaxlzpmaxl*D*t:585

* 22mm * 20mm = 257 400 N = 26.247 tons

Plastic equivalent strain PEEQ (from Pressure vs. Strain graph)

N
mm?2

Fax2 = Pmax2 * D xt =590 *22mm * 20mm = 259 600 N = 26.471 tons

We can see from the calculations above that, Fmax1 is smaller than Fmax2, which means:

Fraiture = Fmax1 = 26.247 tons (Capacity)

Vertical displacement, U, (From Pressure vs. Displacement graph) at pressure failure load

(Pmax1= 585 ——) is equal to 0.25 mm.
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Test 3 (pad eye without plate):

Critical zone (yellow circle) in pad eye pinhole, without plate (Test 3)

S, Mises

(Avg: 75%)
+5.005e+02
+4.922e+02
+4.338e+02
+4.755e+02
+4.672e+02
+4.58%e+02
+4.505e+02
+4.422e+402
+4.33%e+402
+4.256e+02
+4.172e+02
+4.089e+02
+4.006e+02

in: +4. e+
Elem: PADEYE-1.5773
Node: 2369

Yz

A
S——

Pad eye pinhole, for pad eye without plate (Test 3)
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Source 1

0DB: C:/Temp/35STEPS+@11.0db
Step: Padeye loading
Frame: Increment 38261: Step Time =  ©.10860

Loc 1 : Nodal values from source 1

Output sorted by column "Node Label™.

Field Output reported at nodes for part: PADEYE-1
Computation algorithm: EXTRAPOLATE_COMPUTE_AVERAGE

Averaged at nodes
Averaging regions: ODB_REGIONS

Node u.u2 PEEQ S.Mises 5.511 5.522 5.533

Label @loc 1 @loc 1 @loc 1 @loc 1 @loc 1 filoc 1

20 236.673E-83 134.404E-83 468.499 -65.8796 266.786 8.17879

596 326.843E-83 193.903E-83 500.484 -148.648 252.733 -9.758381

597 438.992E-83 198.372E-83 49@.233 -231.898 264,460 -17.46889

2369 79.3266E-03 32.9215E-83 488.574 -97.5582 289.700 43.6202

Minimum 79.3266E-83 32.9215E-83 408.574 -231.899 252.733 -17.4889
At Node 2369 2369 2369 597 596 597
Maximum 438,992E-83 198.372E-03 50@.484 -65.8796 289,700 43,6202
At Node 597 597 596 20 2369 2369

Calculations based on graphs in Table 4.8

Von Mises (from Pressure vs. Stress graph)

N
mm?

Fiax1 = Pmax1 * D xt = 340 * 32mm * 20mm = 217 600 N = 22.179 tons

Plastic equivalent strain PEEQ (from Pressure vs. Strain graph)

N
mm?2

Frax2 = Pmax2 * D xt = 350 * 32mm * 20mm = 224 000 N = 22.831 tons

We can see from the calculations above that, Fmax1 is smaller than Fmaxz2, which means:

Fraiture = Fmax1 = 22.179 tons (Capacity)

Vertical displacement, U2 (From Pressure vs. Displacement graph) at pressure failure load

N
mm?

(Pmax1=340—) is equal to 0.180 mm.
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Test 3 (pad eye with plate):

Critical zone (yellow circle) in pad eye with plate (Test 3)

5, Mises

(Avg: 75%)
+5.830e+02
+5.747e+02
+5.665e+02
+5.582e+02
+5.499e+02
+5416e+02
+5.334e+02
+5.251e+02
+5.168e+02
+5.086e+02
+5.003e+02
+4 . 920e+02
+4,837e+02

1
Max: +5.830e4+0
Elern: Pad E A373
Mode: 179

Min: +4.837e4+02
Elem: Pad Eye-1.3255
Mode: 2323

Pad eye pinhole, for pad eye with plate (Test 3)
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ODB: C:/Temp/0825+8steps.odb
Step: Apply load
Frame: Increment 851@: Step Time =  2.58080E-82

Loc 1 : Nodal values from source 1

Output sorted by column "Node Label™.

Field Output reported at nodes for part: Pad Eye-1
Computation algorithm: EXTRAPOLATE_COMPUTE_AVERAGE

Averaged at nodes
Averaging regions: ODB_REGIONS

Node u.u2 PEEQ S.Mises 5.511 5.522 5.533

Label @loc 1 @loc 1 @loc 1 @loc 1 @loc 1 @loc 1

11 1.19178 486.729E-83 548.628 -3.37486 65.6654 4.83485

179 1.52217 633.949E-83 583.013 -186.351 114.368 -6.38948

188 2.12821 598.446E-83 5708.328 -348.361 209.604 -25.6050

1782 912.126E-83 182.339E-03 483.806 -99.4871 194.23@ 1.98294

Minimum 912.126E-83 183.339E-83 483.806 -349.361 65.6654 -25.6050
At Node 1782 1782 1782 188 11 180
Maximum 2.12821 633.949E-83 583.813 -3.37486 209.604 4.83485
At Node 180 179 179 11 180 11

Calculations based on graphs in Table 4.9

Von Mises (from Pressure vs. Stress graph)

N
mm?

Fax1 = Pmax1 *D xt = 375 * 32mm * 20mm = 240 000 N = 24.464 tons

Plastic equivalent strain PEEQ (from Pressure vs. Strain graph)

N
mm?

Frax2 = Pmax2 * D *t = 385

* 32mm * 20mm = 246 400 N = 25.117 tons

We can see from the calculations above that, Fmax1 is smaller than Fmax2, which means:

Fraiture = Fmax1 = 24.464 tons (Capacity)

Vertical displacement, U2 (From Pressure vs. Displacement graph) at pressure failure load

(Pmax1=375—-) is equal to 0.750 mm.
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Test 4 (pad eye without plate):

Critical zone (yellow circle) in pad eye pinhole, without plate (Test 4)

S, Mises

(Ava: 75%)
+5.338e402
+5.260e+402
+5.181e+02
+5.103e+02
+5.025e+02
+4.946e+02
+4.668e+02
+4.78%e+02
+4.711e+02
+4.632e+02
+4.554e+02
+4.475e+02
+4.397e402

Max: +5,338e+02
Elem: PADEYE
MNode: 4586

Min: +4.5397/e+02
Elem: PADEYE4ZMM-1.5488
Node: 306

Pad eye pinhole, for pad eye without plate (Test 4)
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0DB: C:/Temp/5step+88375.odb
Step: Padeye load
Frame: Increment 15155: Step Time =  3.7588E-02

Loc 1 : Modal walues from source 1

Output sorted by column "Node Label™.

Field Output reported at nodes for part: PADEYE42MM-1
Computation algorithm: EXTRAPOLATE_COMPUTE_AVERAGE

Averaged at nodes
Averaging regions: ODB_REGIONS

Node u.u2 PEEQ S.Mises 5.511 5.522 5.533

Label @loc 1 @loc 1 @loc 1 @loc 1 @loc 1 @loc 1

4585 2.28137 352.156E-83 533.786 -212.745 394._070 281.154E-83

4586 2.83786 351.769E-83 533.826 -210.019 395.242 -385.123E-83

4587 1.77012 348.983E-83 533.486 -202.676 394.197 -1.80422

9335 843 .462E-83 242,188E-83 583.337 -147.872 488.550 37.3@835

9338 583.299E-83 204 .486E-83 496.266 -123.249 399.651 45,2898

Minimum 583.299E-83 204 .486E-83 490.266 -212.745 394._670 -1.80422
At Node 9338 9338 9338 4585 4585 4587
Maximum 2.28137 352.156E-83 533.826 -123.249 488.558 45.2898
At Node 4585 4585 4586 9338 9335 9338

Calculations based on graphs in Table 4.10

Von Mises (from Pressure vs. Stress graph)

N
mm?

Frax1 = Pmax1 * D *t = 255

* 42mm * 20mm = 214 200 N = 21.834 tons

Plastic equivalent strain PEEQ (from Pressure vs. Strain graph)

N
mm?

Fax2 = Pmax2 * D * t = 250

*42mm * 20mm = 210 000 N = 21.406 tons

We can see from the calculations above that, Fmax2 is smaller than Fmax1, which means:

Fraiture = Fmax2 = 21.406 tons (Capacity)

Vertical displacement, U2 (From Pressure vs. Displacement graph) at pressure failure load

(Pmax1= 250 ——) is equal to 0.800 mm.
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Test 4 (pad eye with plate):

Critical zone (yellow circle) in pad eye pinhole, with plate (Test 4)

S, Mises

(Avg: 75%) =
+5.152e+02 A
+5.077e+02 .\\\\\\“
+5.0036+02 \
+4.929e+02
+4.3556+02
+4.781e+02
+4.706e+02
+4.6326+02
+4.558e+02
+4.484e+02
+4.409e+02
+4.3356+02
+4.261e+02

Max: +5.152e+02
Elermn: Pad Eyes.2345
Mode: 2042

Min: +4.261e+02

Elem: Pad Eye-1.1808
Mode: 255

Pad eye pinhole, for pad eye without plate (Test 4)
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0ODB: C:/Temp/3steps+802+42mm.odb
Step: Apply load
Frame: Increment 6292: Step Time =  2.0080E-82

Loc 1 : Nodal wvalues from source 1

Output sorted by column "Node Label”.

Field Output reported at nodes for part: Pad Eye-1
Computation algorithm: EXTRAPOLATE_COMPUTE_AVERAGE

Averaged at nodes
Averaging regions: ODB_REGIONS

Node u.u2 PEEQ 5.Mises 5.511 5.522 5.533

Label @loc 1 @loc 1 floc 1 floc 1 loc 1 @loc 1

338 982.418E-83 208.674E-03 493.978 -50.2486 331.487 36.8722

1883 688.516E-83 84.6120E-83 431.118 -78.4635 344.879 56.9537

2041 1.64480 272.683E-83 513.183 -214.749 353.788 -13.8708

2042 1.27988 263.131E-83 515.171 -155.234 343.513 10.1992

Minimum 688.516E-83 84.6120E-83 431.118 -214.749 331.487 -13.8708
At Node 1803 1803 18@3 2041 EEL 2041
Maximum 1.64480 272.683E-83 515.171 -50.2486 353.788 56.9537
At MNode 2e41 2p41 2042 338 2041 1883

Calculations based on graphs in Table 4.11

Von Mises (from Pressure vs. Stress graph)

N
mm?2

Fmaxlzpmaxl*D*t:275

*42mm * 20mm = 231 000 N = 23.547 tons

Plastic equivalent strain PEEQ (from Pressure vs. Strain graph)

N
mm?2

Fmax2:PmaX2*D*t:280

*42mm * 20mm = 235 200 N = 23.975 tons

We can see from the calculations above that, Fmax1 is smaller than Fmaxz2, which means:

Fraiture = Fmax2 = 23.547 tons (Capacity)

Vertical displacement, U, (From Pressure vs. Displacement graph) at pressure failure load

N
mm?2

(Pmax 1= 275

y is equal to 0.850 mm.
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Test 5 (pad eye without plate):

Critical zone (yellow circle) in pad eye pinhole, without plate (Test 5)

S, Mises

{Avg: 75%)
+6.075e+02
+5.928e+02
+5,781e402
+5.634e+02
+5.467e+02
+5.341e402
+5.1%94e+02
+5.047e+02
+4.,900e+02
+4.753e+02
+4.606e+02
+4.459%e+02
+4.312e+02

Max: +6,075e402

Elem: PADEYE-1.4144

Node: 14

Min: +4.312e+02
Elem: PADEYE-1.4327
Node: 6367

Pad eye pinhole, for pad eye without plate (Test 5)
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0DB: C:/Temp/angledloading22mmpdwithoutplate.odb
Step: Padeye loading
Frame: Increment 2771: Step Time =  9.00@0E-83

Loc 1 : Nodal values from source 1

Output sorted by column "Node Label".

Field Qutput reported at nodes for part: PADEYE-1
Computation algorithm: EXTRAPOLATE COMPUTE AVERAGE

Averaged at nodes
Averaging regions: ODB_REGIONS

Node u.u u.u2 U.03 PEEQ S.Mises 5.5 §.522 5.5

Label filoc 1 floc 1 flloc 1 floc 1 faloc 1 floc 1 filoc 1 floc 1

14 1.02876  -165.742E-03 486.335E-03 749.951E-03 667.500 -94.7948 -354.663 -73.5294

379 3.35082 479.890E-03 1.56037 653.233E-03 583.911 -598. 561 -55.3616 -196.727

380 2.91416 117.764E-63 1.21193 681.806E-03 587.380 -536.596 -89.8036 -185.231

381 2.4291  -167.783E-€3 948.964E-83 865.314E-03 587.793 -356.718 -222.716 -161.893

Minimum 1.02876  -167.783E-€3 486.335E-03 653.233E-03 583.911 -598. 561 -354.663 -196.727
At Node 14 381 14 379 379 379 14 379
Maximum 3.35082 479.890E-03 1.56037 865.314E-03 667.508 -04.7943 -55.3616 -73.5294
At Node 379 379 379 381 14 14 379 14

Calculations based on graphs in Table 4.12

Von Mises (from Pressure vs. Stress graph)

N
mm?2

Frax1 = 0.85%* Pp.cq *D %t =0.85%590 * 22mm * 20mm = 220 660 N = 22.493 tons

Plastic equivalent strain PEEQ (from Pressure vs. Strain graph)

N
mm?2

Fraxz = 0.85 % Py, %D *t =595

* 22mm * 20mm = 222530 N = 22.684 tons

We can see from the calculations above that, Fmax1 is smaller than Fmax2, which means:

Fraiture = Fmax2 = 22.493 tons (Capacity)

Vertical displacement, U2 (From Pressure vs. Displacement graph) at pressure failure load

N
mm?

(Pmax1= 590 —) is equal to 0.0085 mm.
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Test 6 (pad eye without plate):

Critical zone (yellow circle) in pad eye pinhole, without plate (Test 6)

S, Mises

+5.
+5.
+5.
+5,
+5.
+5
+4
+4
+4
+4
+4
+4
+3.

(Avg: 75%)

868e+02
699e+02
S29e+02
360e+02
191le+02

02Ze+02
.85Ze+02
.683e+02
Slde+02
.345e+02
A76e+02
.006e+02

837e+02

Max: +5.8686+02
Elem: PADEYE-1.4044
Node: 3992

Min: +3.837e+02
Elem: PADEYE-1.4093
Node: 7309

Pad eye pinhole, for pad eye without plate (Test 6)
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0DB: C:/Temp/angled32mmwithoutplate.odb
Step: Padeye loading
Frame: Increment 58978: Step Time = ©@.1500

Loc 1 : Nodal values from source 1

Output sorted by column "Node Label”.

Field Output reported at nodes for part: PADEYE-1
Computation algorithm: EXTRAPOLATE_COMPUTE_AVERAGE

Averaged at nodes
Averaging regions: ODB_REGIONS

Node u.n u.u2 u.u3 PEEQ S.Mises 5.511 5.522 5.533

Label @loc 1 @loc 1 @loc 1 @loc 1 @loc 1 @loc 1 @loc 1 @loc 1

14 1.11715 532.533E-03 -183.073E-03 420.181E-83 547.147 15.8899 76.7929 17.4947

397 2.66671 1.26789 222.672E-03 454.497E-83 552.886 -343.795 227.579 -28.3519

398 2.36553 1.080233 116.427E-03 514.341E-03 562.535 -272.308 195.782 -16.7224

399 1.88771 719.850E-03 -32.1006E-03 604.895E-03 586.776 -106.864 164.104  -418.615E-83

Minimum 1.11715 532.533E-03 -183.073E-03 420.181E-83 547.147 -343.795 70.7929 -28.3519
At Node 14 14 14 14 14 397 14 397
Maximum 2.66671 1.26789 222.672E-03 604.895E-03 586.776 15.8899 227.579 17.4947
At Node 397 397 397 399 399 14 397 14

Calculations based on graphs in Table 4.13

Von Mises (from Pressure vs. Stress graph)

N
mm?2

Frax1 = 0.85 * Ppacq * D %t = 0.85 * 395 *32mm * 20mm = 214 880 N = 21.904 tons

Plastic equivalent strain PEEQ (from Pressure vs. Strain graph)

N
mm?2

Frax2 = 0.85 % Py, D *t =405 * 32mm * 20mm = 220 320 N = 22.458 tons

We can see from the calculations above that, Fmnax1 is smaller than Fmaxz2, which means:

Fraiture = Fmax2 = 21.904 tons (Capacity)

Vertical displacement, U, (From Pressure vs. Displacement graph) at pressure failure load

(Pmax1=590—-) is equal to 0.150 mm.
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Test 7: Pad eye without the plate

S, Mises

(Avag: 75%)
+5.500e+02
+5.357e+02
+5.214e+02
+5.071e+02
+4.928e+02
+4.,785e+02
+4.642e+02
+4 .499%e+02
+4.356e+02
+4.213e+02
+4.,070e+02
+3.927e+02
+3.784e+02

Max: +5.500e+02
Elem: PADEYE42MM-1.4044
Node: 3299

Min: +3.784e+02
Elemn: PADEYE42MM-1.3872
Node: 387

Pad eye pinhole, for pad eye without plate (Test 6)
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QDB: C:/Temp/angled42mm.odb
Step: Padeye load
Frame: Increment 12928: Step Time =  3.0000E-02

Loc 1 : Nodal values from source 1

OQutput sorted by column "Node Label™.

Field Output reported at nodes for part: PADEYE4A2MM-1
Computation algorithm: EXTRAPOLATE_COMPUTE_AVERAGE

Averaged at nodes
Averaging regions: ODB_REGIONS

Node u.u1 u.u2 u.u3 PEEQ S.Mises 5.511 5.522 5.533

Label @loc 1 @loc 1 @loc 1 @loc 1 @loc 1 @loc 1 @loc 1 @loc 1

275 1.55488 1.08441 -412.573E-83 311.594E-83 536.269 -12.3181 296.948 17.56885

2192 864.972E-83 512.017E-83 -166.160E-83 185.112E-83 485.289 -49.3887 368.584 55.7724

3299 2.88535 1.35867 -386.265E-83 389.909E-83 549,954 -94,1204 307.012 15.8478

7750 1.11264 721.653E-03 -169.561E-83 249,622E-83 589.115 -84.2563 389.063 58.0944

Minimum 864.972E-83 512.817E-03 -412.573E-83 185.112E-83 485.289 -94.1204 296.948 15.8478
At Node 2192 2192 275 2192 2192 3299 275 3299
Maximum 2.88535 1.35867 -166.160E-83 389.909E-83 549,954 -12.3181 389.063 58.0944
At Node 3239 3299 2192 3299 3299 275 7758 7750

Calculations based on graphs in Table 4.14

Von Mises (from Pressure vs. Stress graph)

N
mm?2

Fax1 = 0.85 %P1 *D *t = 0.85 % 280 * 42mm * 20mm = 199 920 N = 20.379 tons

Plastic equivalent strain PEEQ (from Pressure vs. Strain graph)

N
mm?2

Frax1 = 0.85 %P1 * D *t = 0.85 * 280 * 42mm * 20mm = 199 920 N = 20.379 tons

We can see from the calculations above that, Fmax1 is equally large as Fmaxz, which means:

Fraiture = Frmax1 = Fmax2 = 20.379 tons (Capacity)

Vertical displacement, U, (From Pressure vs. Displacement graph) at pressure failure load

N
mm?2

(Pmax1= 280 —) is equal to 0.600 mm.
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