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ABSTRACT

The purpose of this thesis is to develop a guideline template that should support
the industrial partner when designing lifting equipment. A newly updated standard
with focus on fatigue was the base of the project. The standard divides load cycles
into over and under 16 000 cycles and they have different requirements. This
project explains how to reach these requirements. By interpretation of needed
variables/calculation and how to solve these calculations. A workflow for Finite
element analysis is presented and analysis is done on lifting equipment. The result
a guideline template with focus on fatigue which indicates which requirements
needs which solution.
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1. Introduction
This chapter will present the background of the project as well as the aim and limitations
of the project.

1.1 Background

Lifting devices are used daily in a lot of different fields of work. What a lifting
device means is to lift or lower a load and there’s a lot of different types such as
elevators, work platforms and cranes for example, the Swedish Work
Environment Authority. With this comes the standards and they are continuously
updated.

The newly updated standard SS-EN 13155-2021 focuses on fatigue related to load
cycles more than the previous ones. Fatigue is when a material or component is
subjected to fluctuating cyclic loads(stresses) that can culminate in cracks or
complete fractures after a sufficient number of fluctuations. The word fatigue
started to be used in 1800 by people working with material technology,
Nationalencyklopedin. Nationalencyklopedin also writes that breakdowns caused
by fatigue depend for 47% on the manufacturing (process), 38% on the operating
conditions (function and environment), 11% for construction defects
(geometry/design) and 4% on material defects and that the breakdowns due to
fatigue often has serious consequences.

This project emerged due to the new standards focus on fatigue for lifting
equipment. For this, the industrial partner wishes for a guideline document that
will follow these updated standards and that the document is connected to FEM
analysis. The result from this project is going to be of use in the design of lifting
beams with a focus on fatigue.

1.2 Industrial partner — presentation

“We are experts in material handling” is what is first seen when entering IBC
international Handling AB's website. IBC works with both powder and lifting
equipment in which they have 40 years of experience. They offer both standard
and customized designs of their products. They have since the 1970s been proudly
delivering equipment to Scandinavian’s biggest customers in their respective
industries. The company focuses on reliability, ergonomic thinking and
environmental responsibility and is certified according to ISO 9001 and 1SO
14001 (I1BC, 2022).

1.3 Aim/” goal” of the project

Develop a guideline document for the design process of lifting beams with fatigue
as the focus. The document should present the relevant info from the calculation
criteria for fatigue on lifting beams according to standards and how to apply the
criteria to FEM analysis.



1.4 Problem definition

The problem with this project is a newly updated standard and that the industrial
partner has not worked with fatigue in the way this new standard requires. This
creates a problem for the company, and they want guidelines for how to follow
them. These guidelines should be able to help with hand calculations for their
lifting beams and Fem-analysis of them and follow the relevant standards.

1.5 Limitations
Limitations have to be made in order to scale the scope of the master thesis and
ensure the project will be done within the time given by Halmstad University.

e The project will be limited to three different models given by the industrial
partner, where the calculations/analysis will be done.

e The reference models will not be showing all specifications, due to it
being customer classified.

e From standards only relevant info on mechanical strength will be
presented

e No physical product is to be made

e This project is not CE-marking, even though some parts will be presented

e Welding and its properties if presented will be in a simplified way.

1.6 Individual responsibility

The group consists of two students with good relation with each other. The work
has been done both individually and together. Both members have participated in
all stages where the work was divided depending on skills and knowledge within
each area. Both members have studied the standards where one went deeper into
the calculations and one focused more on simulations for materials and lifting
equipment.

1.7 Study environment

The project has been written together where the group members have been active
either by distance or from the university. The meeting with the industrial partner
has mostly been done by distance by zoom meetings, though the first meeting was
done at the industrial partner’s location to meet each other for the first time when
planning the project.



2. Method

This chapter will present the method used for the project as well as other methods that
could be used as a replacement for the project.

2.1 Alternative methods

The traditional project method Bo Tonnquist describes in his book
“Projektledning ” (2018), projektledning is the Swedish word for project
management. This method consists of four phases: pre-study, planning, execution
and finalization. Tonnquist describes what is important for the phases but not in a
specified way, this can be used in all kinds of different projects. This method
could have been chosen as well and then the different phases would need a clear
definition of what to do in each one.

A method more focused on product development is Fredy Olsson”s method
“Princip och priméarkonstruktion”. This method is as said focused on product
development but could be adapted to other engineering projects. This could also
be a choice with a few adjustments to fit this particular project. (Olsson, 1995)

These two methods did not get chosen because both of them would have needed a
lot of adjustments and the members felt more comfortable with adjusting the
chosen method described in next section.

2.2 Chosen methodology for this project

For the project, a product development method has been chosen with a few
adjustments to fit this project. This is because in the project there is not a new
product who are going to be developed. Instead, a guideline template when
designing new products is what is going to be created. The method chosen is
based on Ulrich and Eppinger's method from their book Product design and
development (2011). As there is no new product for this project the product
planning bit of the method has been removed or adjusted. The method got chosen
because the members experience an understanding with the method and therefore
feel comfortable with the adjustments. Seen in Figure 2-1 is a flowchart for the
adjusted method with descriptions after.
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Figure 2-1: Flowchart of chosen method

2.2.1 Planning

Planning of the project and create a better overview of the upcoming stages are
essential for a successful project. By defining of the aim and limitations and
creating a Gantt-scheme for the upcoming fields to work with was the first steps
in the planning-phase.

2.2.2 System-level design
This part consists of quantitative research of the different fields that needs to be
covered to be able to come up with the result. The most important fields are:

e Lifting equipment- overall information, risks, different types, the three
assigned products and their materials

e Standards- the regulations from the standards that collides with this project

e Calculation criteria's- collection of calculations needed, with focus on
fatigue

e FEM (Finite element method)- how it works, how it is applicable to
fatigue



These will give the standing ground for the rest of the work.
Some welding may also be collected but not as much as the ones named above.
This is due to the limitation of welding.

2.2.3 Detail design

What the standards require for the specific lifting beams. After the standard has
been read through to better understand them and explained what they require for
calculations on mechanical strength and fatigue. Afterwards calculations will be
done on the existing references, based on the quantitative research done in the
previous stage.

This is the start of creating a guideline document, here mostly focus on the
standards and which clauses that are important.

2.2.4 Testing and refinement

Continue with calculations and how to apply the calculation criteria to work with
FEM. This is the start of the FEM-analysis on the existing references. The method
used to approach and set up a workflow for finite element analysis comes from
Baguley & Hose, 1994: “How to Plan a Finite Element Analysis” which is taken
up by Hakan Petersson, 2016: “Template Based Design Analysis”. The workflow
will be used as a guideline of how to plan and perform a finite element analysis
step-by-step to succeed. This will then be combined with the calculations to the
document and how to apply the calculation criteria to work with FEM. The
simulations of finite elements will be done by using the software Altair
SimSolid™ which is a computerized tool for simulations. The software’s used for
the project are taken up in section 3.

2.2.5 Result

Collect the results from standards, calculation criteria’s and FEM-analysis and
make them into a guideline template. The industrial partner is going to be able to
use this guideline document in the development of their lifting equipment.



3. Theoretic review
This chapter will review the theoretical work that have been used for the project to come
up with the results in the later stage.

3.1 Lifting equipment

Lifting equipment can be described as a device used for lifting or lowering loads.
The devices can be used by various vehicles such as trucks, but also by cranes,
elevators and other types of mobile working platforms. Every year, approximately
700 reports of occupational accidents occurred by lifting devices are received by
the Swedish Work Environment Authority where half of the reports leads to a sick
leave longer than 14 days. Therefore, it is crucial for most of the lifting devices to
be inspected regularly to ensure its safety for the user. These devices must follow
the inspection regulations (AFS 2003:06) based on their type of machine or lifting
technique. Planning out and organize when working with lifting devices can
majorly decrease dangerous situations that may occur. AFS 2006:6 states in their
stipulations concerning usage of lifting devices that having one person in charge
of planning and conducting the lifting operations where several operations are
involved in order to avoid such dangerous situations. In many workplaces,
different types of lifting take place even for loads with lower weight to prevent
load injuries. Workplaces where repeatable actions of lifting various equipment
from place to place are done daily, there should always be considered to replace
existing human power for a lifting device to avoid ergonomic risks that can appear
(AV, 2022).

It’s the manufacturers full responsibility to make sure their machines and devices
are following the essential legislations according to the machine directive. Lifting
devices can sometimes be hard to determine what counts as a lifting equipment
and what represents the load when it comes to CE-marking of the product. CE
certificated machines and devices show that it meets all the requirements of being
on the European market and follows the Machine Directive and other relevant
criteria. Through CE-marking the manufacturer certifies that the machine meets
the requirements of EU’s health-, environmental- and safety criteria’s (SIS, 2022).
The Europe Commission have developed a guideline as a basis document for
application of lifting accessories and whether or not they are covered by the
Machine Directive 2006/42/EC. Regulations based on the European Machine
Directive that covers lifting equipment and aimed towards manufacturers,
importers and distributors are AFS 2008:3, Machines. The regulation applies to
machines, interchangeable equipment, safety components, lifting devices, chains,
webbings and partially completed machinery. Appendix 1 in AFS 2008:3
describes in the first part the general principles that covers all types of machinery.
The later parts are separated into subparts with specific areas of how to avoid such
things that can put the operators in a harmful situation (AFS 2008:3).



3.2 Materials

The materials presented here are the principal materials the industrial partner uses
for their lifting devices. The materials are bought from an external company
where the material is chosen depending on the product.

The most common material is steel due to its material properties and its wide area
of use when it comes to welding parts together and being able to withstand
pressure. The materials are also presented in a table with their mechanical
properties that are important for the calculations and analysis of this project.

S355 is a low carbon construction steel with good weldability and machinability,
easy to work with and most commonly used after S325 where more strength is
needed. S355 is a standardized according to SS-EN 10025-2 which is part of a
standard for technical delivery terms for flat and long products, but also semi-
finished products designed for further processing of hot rolled unalloyed quality
steel. The term of the material clarifies its minimum yield strength (MPa) which
for this material is 355 MPa. However, the minimum yield strength and tensile
strength can vary depending on the thickness of the part which results in a lower
strength which are shown in the Table 1.

The material impact resistance can be determined by a Charpy V-notch test, which
Is a standardized high strain-rate test to define the materials amount of energy
absorbed during fracture (Tibnor, 2022). According to SS-EN 10025-2:2019, the
impact resistance for S355 can be vary from JR, JO, J2 and K2 depending on
requirements of the impact energy of the material. A specific type of construction
steel that may be used for lifting equipment is S355J2H, which signifies that the
materials impact resistance shall be at minimum 27 Joule at -20°C. Meanwhile,
the letter “H” indicates that the product is designed with a hollow section. When
working with hot finished steel structural hollow sections, SS-EN 10210-1:2006 is
the standard to refer to due to SS-EN 10025-2:2019 does not cover hollow
sectioned structures that are used for beams in lifting structures.

Table 1: S355J2H mechanical properties based on thickness (EN 10210-1:2006)

Minimum yield strength (MPa) based on thickness (mm)

>16 > 40 > 63 >80 > 100
<16 <40 <63 <80 <100 <120
355 345 335 325 315 295

Tensile strength (MPa) based on thickness (mm)
<3 >3 >100
<100 <120
510-680 470-630 450-600




Typical applications of steel materials for demanding load-bearing structures, for
our case a lifting device are not restricted to one single material. SSAB, a Swedish
steel company with a globally leading position in high-strength steels and related
services offers several construction steels with high-strength material properties.
Hardox and Strenx from SSAB are two hardwearing construction steel with high
toughness, good bendability and weldability makes it good for constructions with
moderate wear and areas with constant pressures. The two construction steel
materials exist with a variety of different material characteristics depending on its
usage. One of the steel products SSAB manufactures is Strenx 700 E that meets
the requirement of S690QL which is a versatile high-strength, low alloy structural
steel with good weldability and bending properties often chosen where lighter
constructions are needed. Strenx 700 E exists with a width up to 3350 mm and
lengths up to 14630 mm and depending on the plate thickness between 4-160 mm.
On the other hand, Hardox is one of the world’s leading abrasion-resistant steel.
With a hardness up to three times higher than normal steel that does not weaken
its structural performance. The steel is hard through and through from the surface
deep down to the materials core whichs results in an extended service life in the
most challenging environments. Hardox 500 is a bendable and weldable abrasion-
resistant steel most suitable where high durability is required. Structural properties
such as high strength, a hardness up to 500 HBW (Hardness-Brinell-Wolfram)
and guaranteed toughness in a single wear plate. With a thickness between 4-103
mm for sheet, tubes, pipes and round bars applications such as trucks and forklifts
other attachments where greater payload and increased durability are needed. The
newer product from SSAB called Hardox 500 Tuf combines the best mechanical
properties from older products to come up with the latest upgrade in the Hardox-
family, resulting in a wear plate with no real competition on the market based on
its high strength, extreme hardness and guaranteed toughness, all within the same
plate. Hardox 500 Tuf is mainly used in tipper bodies and dippers for mining
related works where the steel needs to be able to take on heavy impacts (SSAB,
2022).

3.3 Relevant standards

SIS the Swedish institute for standards explains a standard as a jointly agreed
solutions to a recurrent problem. That standards can be found in every area from
the simplest nail and screw to data communications, healthcare and the
environment. That the purpose of a standard is to create uniform and transparent
routines that is agreed upon.

Here the project will present legislations and standards that impacts the aim of the
project.



Machine directive 2006/42/EG

The machine directive indicates health and safety requirements for machines
meant to be released on the EU market.

One way to meet the requirements of the directive is to follow harmonized
standards. SIS explains that a harmonized standard means that the standard has
been developed from the directive's requirements.

AFS 2008:3 Machines

The machine directives requirements are implemented in Swedish legislation thru
Arbetsmiljoverkets regulation: AFS 2008:3 Machines. This is in other words the
equivalent of the Machine directive 2006/42/EG. It contains specific requirements
that has to be followed for the product to be CE-marked. These could be
requirements regarding the machine’s appearance, function, maintenance and
mechanical strength for example.

SS-EN 13155-2021 Crane- Safety- Non-fixed load lifting attachments

In the introduction of this standard, it says that this has been prepared to be a
harmonized standard. This standard provides the means for non-fixed load lifting
attachments to conform the health and safety requirements of the Machinery
directive. The non-fixed load lifting attachments include:

a) Plate clamps

b) Vacuum lifters

c) Lifting magnets

d) Lifting beams

e) C-hooks

f) Lifting forks

g) Clamps

h) Lifting insert systems for use in normal weight concrete

Lifting beams and lifting forks is mentioned and therefor this is relevant for this
project.

This standard treats mechanical strength and fatigue for up to 16000 load cycles
and over 16000 load cycles. For over 16000 load cycles it states that it should be
in accordance with EN 13001-1, EN 13001-2 and EN 13001-3-1.

SS-EN 13001-1-2015

This standard is to be used together with EN 13001 2 and EN 13001 3. This
standard also says in the introduction that this is harmonized.



All of them specify conditions and requirements on design to prevent mechanical
hazards of cranes and method of verification for those requirements. This part 1 of
the 13001 series is called general principles and requirements.

SS-EN 13001-2-2021

This is part two of the 13001 series, and it specifies load actions and load
combinations for the calculation of load effects. This standard is harmonized. It
provides means for mechanical design and theoretical verification of cranes.

SS-EN 13001-3-1:2012+A2-2018

This is part three of the 13001 series, part three is divided into five parts 3-1, 3-2,
3-3, 3-4, 3,5. Only part 3-1 will be presented in this project as it is about steel
structures. This standard is harmonized. This part of the series is called limit states
and proof competence of steel structure. It treats proof of static strength and proof
of fatigue strength.

3.4 Eurocode

Principles and criteria’s that are considered when working and calculating beams
are done with support of Eurocode which is an European standard that consists of
various relevant information when it comes to security, serviceability and
dimensioning of supporting structures. Eurocode’s standards are separated in 10
different standards with EN 1990 bringing up the basics of the structural design
and EN 1991-1999 (Eurocode 1-9) covers structural designs depending on the
material of the constructions and consists of parts of action and loads for the
specific material. Eurocode brings all European countries together with the same
standards which affects the international competition which results in lower costs.
Eurocode is intended to be used together with EN 1991-1999 for dimensioning of
buildings and facilities, including geotechnical aspects and dimensioning of
supporting structures in situations of fire and earthquakes are involved (SIS,
2022). A brief description of all Eurocodes can be found in Table 2. EN 1990, EN
1991 and EN 1993 will be investigated due its relevance for the project and are
marked blue in Table 2.
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Table 2: Eurocode and all its included parts (European commission).

EN 1992

Eurocode 2

Eurocode number

Description of the standard

Design of concrete structures. Contains of 3 parts applied
to the design of buildings and civil engineering works in
concrete with requirements for safety and serviceability of
structures.

EN 1994 Design of composite steel and concrete structures.

Eurocode 4 Contains of 2 parts that describes designing of composite
structures for bridges and buildings.

EN 1995 Design of timber structures. Contains of 2 parts applied to

Eurocode 5 timber related engineering works such as solid timber,
sawn or wood-based panels jointed together with
adhesives.

EN 1996 Design of masonry structures. Contains of 3 parts for

Eurocode 6 designing of building and other civil engineering works in
unreinforced, reinforced, prestressed and confined
masonry.

EN 1997 Geotechnical design. Contains of 2 parts for application of

Eurocode 7 geotechnical aspects of buildings and other civil
engineering works.

EN 1998 Design of structures for earthquake resistance. Contains of

Eurocode 8 6 parts of how to design and construct buildings in seismic
regions where earthquakes are possible.

EN 1999 Design of aluminum structures. Contains of 1 part that

Eurocode 9 concerns of requirements for resistance, serviceability and
fire resistance of aluminum structures.
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3.5 Finite element method (FEM)

When designing complexed constructions, a common problem may occur due to
the strength calculations of the construction might end up being too complicated.
For thing kinds of calculation situations, using an analysis method will facilitate
with the strength calculations and sometimes even make them possible due to
some calculations are almost impossible to solve by hand. Modern technological
advances challenge engineers to accomplish more and more complexed and
expensive projects. Most of them with stress-analysis related problems, engineer
seeks to establish and calculate displacements and stresses throughout the
structure (Gouri Dhatt, 2012). Daryl L. Logan (2007) points out the that it can be
difficult for some structures, to determine the distribution of the deformation
when using a conventional method. Therefore, it is necessary to get to know how
the finite element method are used.

Finite element method (FEM) is a computerized method which is a numerical
technique used to perform FEA (Finite Element Analysis) of any given physical
phenomenon by solving partial differential equations (PDEs). This method has
become an essential part in design and development of technical systems (Ajay
Harish, 2020). Bruce Archambeault et. al (2001) points out the primarily feature
of FEM is its ability to describe the geometry or the media of the problem being
analyzed with great flexibility. By using FEM, simulations of how a phenomenon
is affected when exposed by a force that causes a deformation. The method is
utilized by a body modeled up into subparts called elements. The elements are
interconnected with each other in nodes. The calculations are then done
numerically by each element and node to estimate the geometry step by step. A
body with more complexed elements, the longer the calculations will be. For
strength calculations the displacements are shown for each node and the tension in
each element that arises from the loaded force. This can then be presented in a
computer software of how the entire body are changing while pressured (Logan,
2007).

To come up with calculations to solve the deformation, it will take several steps to
manually calculate the deformation around the affected area, which are simplified
by using FEM as a computerized method instead by hand. A FEM computer
software will have high accuracy when calculating each step and will be done in
just a several minutes depending on complexity of the product and the computers
performance will have an impact of how fast the software will solve it (Ajay
Harish, 2020). By using a FEM analysis early in the designing stage, it will make
up for a lot of reworks that would instead occur later. Therefore, by using FEM
analysis in combination with CAD software such as CATIA, SimSolid or Inspire
during the design process, it is easier to check for failures or miss dimensions of
the product and quickly solve it (Boucher, 2011).
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FEA is a tool which differs from FEM in that it’s used to perform construction
analysis more efficient. FEA was independently emerged by engineers due to the
fact of mechanical problems related to aerospace and civil engineering. The main
difference is that FEM make use of product by performing a mesh, while FEA is
using existing elements of the product to perform analysis. This will make the
analysis more realistic in such a way that the engineer has the ability within the
CAD software to insert virtual connections between the parts such as bolts and
even connect them with welds (Eriksson, 1999). A mesh is a complexed geometry
that is subdivided into hundreds of thousands of small cells for analysis. It is
heavily decreasing the computer’s performance and can often fail in the case of
large deformations. A meshless approach is a way to free engineers for difficult
tasks of generating mesh to their analyses that would require connections between
nodes. This allows users to save time and the analyses are done much faster by
eliminating various steps in the setup (Kenneth Wong, 2016).

3.6 Strength of materials

Strength of materials describes the relationship between mechanical forces and
deformable bodies. The influence of a construction affected by a load/force is
depending on the constructions design, material and what kind of force it is
affected by. With the strength of materials, the constructions can be designed,
dimensioned to be able to withstand the forces the construction is affected by. The
most common is tension, shear, bending and twisting/torsion.

(Lonnelid & Norberg, 2009)

Karl Bjork and his book Formler och tabeller fér mekanisk konstruktion, in
English formulas and tables for mechanical constructions describes these.

3.7 Altair SimSolid™

SimSolid is an analysis software designed specifically for engineers when
working with structural problems. Compared to other analysis CAD software like
Catia V5 Generative Structural Analysis where FEM calculations are performed,
SimSolid uses FEA to analyze larger constructions with more complexed models
in a simplified way. SimSolid’s unique technology eliminates geometry
simplifications and meshing, which are two of the most time-consuming stages
done in traditional structural analysis. Chad Jackson 2020 describes why SimSolid
Is different to other analyze software’s where the conclusion is the meshless
method of calculating stresses and deflections of models where solving problems
are done incredibly fast with high accuracy. The software reads all common
CAD/PLM file formats and have an integrated online cloud service for users to
manage materials and other Altair softwares in one place called Onshape (Altair,
2022).
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3.8 Microsoft Excel

Microsoft Excel is a software used to manage calculations and data in
spreadsheets, by using a grid of cells arranged in rows and collums to organize
data operations. Excel is a computerized tool for presenting results for various
jobs related where it can show diagrams, graphs and tables in a better view. The
software is able of programmable features, giving the user the opportunity to
change values depending on its inputs (Microsoft, 2022).
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4. Results

This chapter will present the results that have been achieved from the standards and
simulations with support of the chosen method and the information taken up in the
theoretical review.

4.1 IBC handling equipment

For this project, the lifting devices that will be focused on are different styles of
below-the-hook devices such as frame beams, spreader beams, triangle beams and
some forklifts (the analysis and calculations are applied to three lifting devices,
see limitations, this could maybe be applied to their whole collection). By
distributing the load of the lift to more than one point, the stability is increased,
and the loads applied during hoisting are decreased. These devices have their own
unique area-of-use based on the load, balance and lift height required for its work,
which can be anything from handling concrete elements, timber or reinforcement.
Depending on the lift-height, lifting beams are recommended as lifting device due
to their design with having a lower crane-hook-point attached on the beam itself
to enable lifting inside or narrow(confined) spaces. They can be categorized into
different groups based on their amount of hook points the device has; 2-point lift,
3-point lift and 4-point lift. Their usage is depending on the context for
performing work but also loads size and balance requirements will have a major
impact for what lifting equipment will be chosen for a specific work.

IBC has these styles of beams both as a standardized product, but they can also be
customized to fulfill costumer specific needs. All products are delivered CE-
marked with a complete certificate and a third-party certificate based on customer
requirements. The lifting devices are constructed with the latest CAD-technology
and later verified with a FEM-analysis that follows the regulations and standards
set for lifting equipment. (IBC, 2016)

4.2 Standards

Here the interpretation from the standard SS-EN 13155-2021 and SS-EN 13001
series (SS-EN 13001-1-2015, SS-EN 13001-2-2021, SS-EN 13001-3-1:2012+A2-
2018) will be presented. The interpretation is done towards fatigue in these
standards.

4.2.1 SS-EN 13155-2021

Before explaining the relevant info in the standard from 2021 an explanation of
the major differences with the old standard from 2009. In the standard SS-EN
13155+A2:2009 under the title scope states, “This standard does not cover the
hazards related to mechanical strength of structural elements of attachments
designed for more than 20 000 lifting cycles” and that the clause 5.1.1 ensures that
no fatigue verification is needed. Clause 5.1.1 in the standard from 2009 says that
the mechanical strengths shall fulfil to be able to withstand a static load of three
times the working load without releasing the load even if permanent deformation
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occurs and withstand a load of two times the working load without permanent
deformation.

Compared to the new standard from 2021 SS-EN 13155-2021 where it is divided
to maximum 16 000 load cycles and for more than 16 000 load cycles.

Clause 5.1.2.1 is for maximum 16 000 load cycles and states that elastic
condition: the load bearing shall be designed to withstand a static load of two
times the load they are required to without permanent deformation, for yielded
condition: shall be designed to withstand a static load of three times the load they
are required to without releasing the load even if permanent deformation occurs,
for load bearings designed for under 16 000 cycles the proof of fatigue strength is
not necessary.

Clause 5.1.2.2 is for more than 16 000 load cycles. This clause states that “the
proof of both static strength and fatigue strength shall be based in accordance with
EN 13001-1, EN 13001-2 and EN 13001-3-1" and that for the static strength the

value of the risk coefficient defined in EN 13001-2, shall be 1,4.

The information this standard gives us is shown in Table 3.

Table 3: Relevant information and proposed solution for standard SS-EN 13155-2021

Relevant info and proposed solution for standard SS-EN 13155-2021

Requirement .

Equipment Measure Solution

Descriptor Clause proposal

number

Mechanical load Elastic condition: 2 x | See

bearing parts 5191 Static load, yielded simulation

<16 000 load bearing T condition: 3 x Static | execution in

. cycles load report

Lifting forks Mechanical load

bearing parts 5122 Given in SS-EN 13001 | See 13001

>16 000 load bearing T series excel sheet

cycles

Mechanical load Elastic condition: 2 x | See

bearing parts 5121 Static load, yielded simulation

<16 000 load bearing o condition: 3 x Static | execution in

. cycles load report

Lifting beams Mechanical load

bearing parts Given in SS-EN 13001 | See 13001

. 5.1.2.2 .
>16 000 load bearing series excel sheet
cycles
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Conclusion from
SS-EN 13155-
2021

For under 16 000 the proof of
fatigue strength is not needed, it
is covered by global safety
factor.  According to SS-EN

For over 16 000 the proof of fatigue
strength and the proof of static
strength according to SS-EN 13001
series is to be done.

13155:2021 (Clause 5.1.2.1)

So, for the lifting beams and forks that are intended for under 16 000 load cycles
there is no requirement for proof of fatigue strength as it is covered by the global
safety of the proof of static strength. For the ones intended for over 16 000 load
cycles it should be in accordance with EN 13001-1, EN 13001-2 and EN 13001-3-
1.

4.2.2 SS-EN 13001 series (SS-EN 13001-1-2015, SS-EN 13001-2-2021, SS-EN
13001-3-1:2012+A2-2018)

The 13001 series is designed for whole cranes and does not specify lifting beams
or lifting forks which are the references for this project. This makes it harder to
interpret than the standard SS-EN 13155 which clearly defines our references.
Therefor from this SS-EN 13001 series of standard all that will be used is what is
mentioned in the SS-EN 13155. The result gotten on proof for both static strength
as well as the proof for fatigue strength is presented in 4.3 Results on proof of
competence.

4.3 Simulation results on existing references according to SS-EN 13155
(under 16 000 load cycles)

4.3.1 Simulation method

The simulations were done on the existing references provided by IBC by using
Altair SimSolid™ as the chosen software due to previous experience and by being
familiar of how it is working from the group members. The software was utilized
to perform a structural linear analyze of how the lifting beam were affected by
their working load limit (WLL) in terms of deformation, stresses and safety
factors found in the affected standards for lifting equipment taken up in the
previous chapter. The simulations were done on specifically the beam without any
attachments to it such as the hooks to only focus on the crucial part of the
equipment. The approach of the method workflow inspired by Baguley & Hose
(1994) used for FEA started off with preparation and preliminary calculations of
the material and model specifications, then estimating and allocating resources.
By performing a model check in order to spot any failure conditions and
dimensions on existing references. If any defects are found in early stages, they
are solved before they would become a problem in the simulations which saves
time since there would not be any remodifications needed.
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Following step is focused on applying structure supports and force conditions to
the models. When working with a meshless software as SimSolid, the model
preparations and simulations are done in minutes which speeds up the process.
Lastly, executing the simulations and validating the results against calculations
proven from standards by interpreting the results.

4.3.2 Material, model and forces
The material properties used for S355 are following EN 10210-1 and Eurocode 3
for the creation of the material in SimSolid in the preparation stage;

E =210 GPa
p = 7850 kg/m®
fy = 355 MPa
fu= 500 MPa
v=0.3
g=1981

Since all models have a thickness less than 16 mm (seen in Table 4), no changes
to the mechanical properties had to be made to meet certain requirements of
relevant standards. This can also later be changed to other values depending on
what material is being analyzed such as SSAB’s materials Hardox and Strenx
taken up in section 3.2. Force metrics applied are based on a Newton (N) value of
9,81/kg to estimate the simulations for all results. The exposed forces have a
negative direction of 0° vertically while the models are being structural supported
0° horizontally. Forces originally in kilos were then multiplied by N and applied
evenly on each side of the model. An even load is crucial for proper results but
also an important part when using lifting equipment in real life. An uneven load
can create dangerous situations where the equipment, load and most importantly
human are putting themselves in a risk of harm.

4.3.3 Simulation execution

The analyses were done in multiple studies to evaluate different forces applied to
the equipment based on required safety factors under 16 000 load cycles
according to SS-EN 13155 85.1.2.1. The maximum loading capacity of the lifting
devices where then multiplied by with the safety factors to calculate the
deformations and displacements to gain information if they are meeting the
requirements set for the standards or if improvements are needed. When it comes
to solutions for defects and if such problems that prohibit the model from
proceeding the simulation stage with acceptable results can be found in the
guideline template document together with all the related figures of simulations
which can be found in the Appendix section in the end of the report.
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Lifting yoke

The first study was made on the lifting yoke, the weakest lifting equipment in
terms of load capacity. The study was carried out in 3 simulations for under

16 000 load cycles to analyze stresses when forces are applied. The first study for
a WLL without any safety factor, the maximum load capacity is 2 000 kg which
was converted to a force of 9810 N on each side. The forces were then in the next
studies evaluated regarding safety factors which was 19 620 N and 29 430 N on
each side of the model, resulting in three studies with a total force of 2 000 kg,

4 000 kg and 6 000 kg simulated. The results of all studies were successful as they
did not exceed the requirements according to 13155-2021.

Lifting beam

The second study was made on the lifting beam, similar lifting technique as the
lifting yoke but with a higher load capacity. With similar simulations as the lifting
yoke, forces applied to the lifting beam was analyzed for under 16 000 load cycles
in three studies regarding the WLL of the equipment. A WLL of 5 000 kg without
any safety factor, which was converted for a force of 24 525 N on each side. The
forces were then in the next studies evaluated regarding safety factors which was
49 050 N and 73 575 N on each side of the model, resulting in three studies with a
total force of 5 000 kg, 10 000 kg and 15 000 kg simulated. The result of the
studies of the lifting beam were successful as all the studies with different forces
applied did not exceed maximum forces required from SS-EN 13155-2021.

Forklift

The last study was made on the forklift which has a different way of how to apply
supports and forces due to its complexity in model geometry. Support structures
was applied and related forced on the “forks”. A WLL of 2 500 kg without any
safety factor, which was converted to a force of 24 525 N applied to the forks. The
forces in study 2-3 were multiplied with respective safety factor 2-3 which ended
up with a total force applied to the forks of 49 050 and 73 575 N. The results of all
studies were successful and did not exceed the requirements of 13155-2021.

Table 4: Thickness on existing equipment

Product Thickness (mm)
Lifting yoke 5

Lifting beam 10

Lifting fork 8
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4.4 Results on proof of competence

4.4.1 Execution of proof of static strength according to 13001-series

This proof of static strength has been done according to SS-EN 13001-3-1 clause
5.3.1.

The proof shall prove that:

0sda < frao (1)

Where:
Osa (2)

Is the design stress and that is here the maximum von Mises stress from Finite
element analysis, executed with loads given in Appendix 7.

fRda (3)
Is the limit design stress and is calculated in accordance with Appendix 7 and is

seen calculated on in Figure 4-1.

This execution was done as the following, first identification and interpretation of
variables and calculations needed (see Appendix 7), second the calculate the limit
design stress (see Figure 4-1) and lastly show that the limit design stress is bigger
or equal to the design stress (see Figure 4-1)

Figure 4-1 presents how to execute the proof of static strength here with
Mathematica and Figure 4-2 shows the used von Mises for the execution.

This execution is done with the lifting yoke as reference and as seen in Appendix
2. This proof is material based and the material used in this execution is S355 and
its material properties presented in section 4.3.2.

As seen in Figure 4-1 the proof is passing the requirement.
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Execution of the proof for static strength

inf1001:= Remove["Global™ "] ;

Shall be proven according to 5.3.1 (13001-1-3):0¢4 = Trys
NOTE: in case von Mises is used fpy, is the limit design stress.

.F

i L . i .
In[101;= Frae = =3 (=1imit design in structural members, normal stressesx)

¥Rm

Vem = ¥m X ¥sms

inf103}= fy = 355; («materials yield strengthx)
¥m = 1.1; (xgeneral resistance factor, 13001-2 table 13«)
¥sm = ©.95; (=for rolled material, 13001-3-1 5.2.2+)

IN[106]= Frao

ouf106]= 339.713

fd = ¥y x¥pxF; (+To be used as f in Finite element analysisx)

In[83]= ¥p = 13 (xSee note execution of static strength=)
¥p = 1.34;
f = 2000 < 9.81;

ingsr= fd

Ouljsél= 26290.8

IN[107]:= Ogq = 1883 (xvon Mises from Finite element analysis«x)

IN[108)= Osq S Frao

ouif108]= True

Figure 4-1, Execution of the proof for static strength

Von Mises
Stress [MPa]
Max 1.8842e+02

1.5073e+02
1.3754e+02
1.2436e+02
1.1117e+02
9.7978e+01
B.4789€+01
7.1600e+01
5.8411e+01
4.5222e+01
3.2033e+01
1.8844e+01

Min 2.9516e-03

Figure 4-2, Von Mises used for the proof for static strength
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4.4.2 Execution of proof of fatigue strength according to 13001-series

This project was not able to prove the proof of fatigue strength. This due to not
being able to interpret or calculate some of the factors needed for the proof. The
following is what the project was not able to identify:

e Characteristic fatigue strength

e The slope constant log Ac — log N

e Fatigue strength specific resistance factor

e Stressrange i

e The number of occurrences of stress range i

Even though these variables were not identified the project has done a table for
the needed calculations and variables needed with these five marked red, see
Appendix 8. If these variables are identified the execution of the proof of fatigue
could be done. The execution should have been done with the use of Appendix 8
in a likewise manner as the execution of static strength.

These variables the project has not been able to identify is important to many of
the other variables and calculations seen in Appendix 8.

4.5 Results for guideline template
The guideline template has been constructed since we started working with the
result part of this project and has been done in excel.

The guideline template consists of the Table 3, Appendix 3, Appendix 7 and
Appendix 8.

It is thought to be used in the design phase of the lifting attachments for the
industrial partner.

First excel sheet is Table 3 and for the constructor indicates which standard to
follow depending on how many loadings cycles the lifting attachment under
construction are meant for.

If it is to be used for under 16 000 load cycles the constructor is to construct after
Appendix 3 in cooperation with the proposed simulation execution section 4.3.2 in
this report.

If the lifting attachment is to be used for over 16 000 load cycles the constructor
are to design in accordance with Appendix 7, Appendix 8 and section 4.4 in this
report shows how it should be done.

Note: Appendix 8 is not fully complete
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5. Discussion
This chapter will present discussions based on the results and method used for this
project.

When it comes to the theoretical review, the standards were something the group
members didn’t have that much previous experience when it comes to what parts
of each standard are relevant for the project and what parts can be excluded.
Halmstad University has access to SIS website where we were able to download
them for free. The supervisors from IBC also gave us paperwork of what
standards they recommended us to start with since they were fundamentals for
lifting equipment’s structures in steel. However, we had some trouble getting
access to some article’s we found interesting and may have given us important
information, but Halmstad University did not have access to all these articles
which may have affected the outcome of the theoretical review.

5.1 Result discussion

The aim of the project was to come up with a guideline template for how relevant
standards are affecting calculation criteria when it comes to proof of mechanical
strength. A summarization of affected standards is brought up in the result part
where the most important calculations are considered when calculation stresses
for lifting equipment. Analyses have been performed on existing lifting equipment
provided by our industrial partner where the calculations successful and met the
requirements of SS-EN 13155.

When it comes to the proof of static strength the results were good and were able
to prove the proof of static strength. The proof of competence for static strength is
material based so what this result tells us is that if the design stress from finite
element analysis can be as high as 339 MPa, if a lifting attachment similar to the
references here, which material is S355 with the same material properties used
here and the load action from Appendix 8.

For the proof of fatigue strength this project was not able to fully identify all
variables needed to prove the proof. The variables that did not get identified was
because of the three first mentioned in section 4.4.2 are to be interpreted in
accordance with SS-EN 13001-3-1 from Annex D, Annex H and Table 9 and the
project members does not possess the knowledge to interpret this with absolute
certainty. For the other two variables the project members do not understand the
exact meaning of i and therefor cannot identify these values. This is the reason for
Appendix 8 not being fully complete.

For the guideline template it is nearly completed only misses the same variables
as Appendix 8, as Appendix 8 is a part of the guideline template.

The industrial partner also pondered about if Eurocode could be of help with this.
This project has tried to use Eurocode and maybe sees it as a possible help to
some extent. Eurocode has been used briefly for this project.
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5.2 Method discussion

The primary method used to approach the project was inspired by Ulrich and
Eppinger. Their method has provided us good guidance throughout the project,
but we decided to make a few adjustments to be for suitable for what this project
aims for which is not to develop a new product, instead developing a guideline
template that the industrial partner can make use of when designing new products
with focus on lifting equipment. The FEM methodology originally from Baguley
and Hose has provided helpful information of how to perform the analysis phase
of existing references.

For the planning stage of this project the project members did not think the
Standards would take as much time as it did otherwise the planning was followed
fairly okay.
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6. Conclusion

Here, the group finally presents the conclusions presented by the work. The conclusions
that have been made are summarized where the most important findings in the report are
addressed.

6.1 Conclusions

e SS-EN 13155-2021 has been interpreted and relevant info regarding
fatigue had been brought in to be a part of a guideline template

e The guideline template explains how to follow SS-EN 13155-2021 clause
5.1.2.1and5.1.2.2

e A proposed workflow FEA model to use for analysis of lifting attachments
when Finite element is applicable

e SS-EN 13001- series has been interpreted and relevant info regarding
fatigue had been brought in to be a part of a guideline template

e An approach on how to execute the proof of static strength and the proof
of fatigue strength has been presented

e A guideline template that is to be used in the design of lifting attachments
has been presented, the guideline template is to be used for when
constructing lifting attachments that is meant for both under and over
16 000 load cycles

e For full use of the guideline template a few more identifications of
variables are needed for it to be fully completed

6.2 Recommended for future activities

The aim of the project was to develop a guideline template that is based of fatigue
from relevant standards. There are some limitations that were well needed for this
project time frame. Those limitations even if well needed provides future
activities for improvements to the guideline template.

The project members can see two different directions for the guideline template to
be improved.

6.2.1 Identification of the last variables
For the full use of the guideline template there is still a few variables that needs to
be identified. This is the main future work.
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6.2.2 Standard SS-EN 13155-2021

As said, we see two different directions of how to improve the guideline template.
This is the direction were the other factors then fatigue from the standard SS-EN
13155-2021 comes in and they are added into the guideline template.

6.2.3 Welds
This is the other direction in which we can see that the guideline template
improves and that is to include fatigue on welds.
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7. Critical review

7.1 Working environmental and Social aspects

A guideline template as support will facilitate the work and studies that otherwise
would have taken up time for the engineer, resulting in much quicker solutions for
orders. The guideline will also simplify the process, making it a process that can
be used over and over. By already knowing what needs to be looked up regarding
dimensional and calculation criteria’s, the engineers working environment will be
improved significant. It shall be prioritized to follow the directives and standards
regarding improvement of the working environment of a company.

7.2 Economic and Environmental aspects

The development of a guideline template for the company seeks to reduce the
costs in early stages of product development. However, the implementation may
consist of initial costs that the company needs to consider but aims to in the long-
term to reduce the total costs. The project does not initially have any connection
regarding the environment, but can to some extent save the company unnecessary
resources that was needed without the template.

7.3 Ethical and Human aspects

The template is designed to simplify the constructor’s job by providing
calculations that would otherwise have to be gathered by themselves. This will
eliminate error occurrences drastically and will ease up the operator’s main focus
of designing the product, not evaluating if it meets certain requirements for related
standards.

When it comes to working with standards as much as this project has it is good to
know that standards are there for safety for operator and other persons nearby. In a
human safety aspect project like this is needed.
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Appendix 1. IBC Lifting equipment description

Table 5: IBC lifting products from their collection (IBC, 2022)

similar loads

Device Hook-points | Area-of-use Customizable Standard
Spreader | 2-point lift | Where higher lift- | Can be equipped | SS-EN
beam height is needed. | with steel wire, 13155
Better balanced chain or synthetic
lift due to higher | material at bottom
pendulum point.
Lifting 2-point lift | Where lift-height | Number of lifting | SS-EN
beam is limited. points and 13155
position can be
adjusted
Triangle 3-point lift | Loads with 3 Can be equipped | SS-EN
beam existing lifting with steel wire, 13155
points chain or synthetic
material at bottom
Frame 4-point lift | Loads with 4 Can be equipped | SS-EN
beam existing lifting with steel wire, 13155
points chain or synthetic
material at bottom
Forklift Lifting pallets or SS-EN

13155




Appendix 2. Existing equipment references provided by IBC
Lifting devices that will be used as reference for this project are presented here.

The first one is a lifting yoke that is able to carry 2 ton with a weight about 26kg,
seen in Figure Al. The second one is a lifting beam able to carry 5 ton and a
weight about 138kg, see Figure A2. In Figure A2 it is seen with a belonging
wagon, the wagon will not be a part of this project. The third is a pallet fork able
to carry 2500 kg and weights about 348kg, seen in Figure A3.

Figure A2-1, Lifting yoke isometric view. Figure A2-2, Lifting beam
isometric view.

Figure A2-3, Pallet fork isometric view



Appendix 3. Simulation results

Table 6: Results from simulation on existing references

Requirements from
standard 13155-2021 <355 Mpa <500 Mpa
Clause 5.1.2.1
Lifting yoke 2000 kg
Force applied (KN) 19,62 39,24 58,86
Safety factor 1 2 3
Max Van Misus Stress
{Mpa) 140,6 281,2 421,8
Max Displacement
Magnitude (mm) 0,62 1.25 1,87
Appendix reference Appendix 4 Appendix 4 Appendix 4
Lifting beam 5000 kg
Force applied (KN} 49,05 93,1 147,15
Safety factor 1 2 3
Max Von Misus Stress
(Mpa) 106,4 212,9 319,3
Max Displacement
Magnitude (mm) 1.36 2.72 4,08
Appendix reference Appendix 5 Appendix 5 Appendix 5
Forklift 2500kg
Force applied (KN) 24,53 49,05 73,58
Safety factor 1 2 3
Max Von Misus Stress
{Mpa) 105 210 315
Max Displacement
Magnitude (mm) 1,3 2,6 3,9
Appendix reference Appendix 6 Appendix 6 Appendix &




Appendix 4. Lifting yoke simulations

SIMSOLID

6.

Design study 1 | Structural 1

Figure A4-1, Lifting yoke Study 1: Displacement result

SIMSOLID

Design study 1| Structural 1

Figure A4-2, Lifting yoke Study 1: Von mises stress result



SIMSOLID

Design study 1 | Structural 1

Figure A4-3, Lifting yoke Study 2: Displacement result

SIMSOLID

Design study 1 | Structural 1

Figure A4-4, Lifting yoke Study 3: Displacement result



SIMSOLID

-

.
Design study 1 | Structural 1

Figure A4-5, Lifting yoke Study 2: Von Mises stress result

SIMSOLID

Design study 1 | Structural 1

Figure A4-6, Lifting yoke Study 3: Von Mises stress result



Appendix 5. Lifting beam simulations

SIMSOLID

Design study 2 | Structural 1

Figure A5-1, Lifting beam Study 1: Displacement result

SIMSOLID

Von Mises
sStress [MPa]
Max_1.0643e+02

yticenn
e

i
[

6.2792e401

Design study 2 | Structural 1

Figure A5-2, Lifting beam Study 1: Von mises stress result



SIMSOLID

i
Design study 2 | Structural 1

Figure A5-3, Lifting beam Study 2: Displacement result

SIMSOLID

Design study 2 | Structural 1

Figure A5-4, Lifting beam Study 2: Von mises stress result



SIMSOLID

Design study 2 | Structural 1

Figure A5-5, Lifting beam Study 3: Displacement result
SIMSOLID

Design study 2 | Structural 1

Figure A5-6, Lifting beam Study 3: Von mises stress result



Appendix 6. Forklift simulations

SIMSOLID

|
)&J/— z
Design study 3 | Structural 1

Figure A6-1, Forklift Study 1: Displacement result

SIMSOLID

Design study 3 | Structural 1

Figure A6-2, Forklift Study 2: Displacement result



SIMSOLID

Design study 3 | Structural 1

Figure A6-3, Forklift Study 3: Displacement result



Appendix 7. Table for execution of static strength

Execution of proof of static strength

Symbol Meaning Value Formula ) dentification Solution
[standard, clause)
God = fade For execution this Tod = fads 13001-3-1, 5.3.1
shall be proven
Fsd von Mises from
The design stress Finite Element 153001-3-1, 5.3.1 Finite element analysis
analysis
Limit design stress L_m
fraa = ! From calculation — 13001-3-1, 5.2.2 Calculation
for normal stresses YRm
The materials Yield
.m.. Material specific 13001-3-1, 5.2.2
strength
Vam ¥m # Yam 13001-3-1,5.2.2 Calculation
Specific resistance
Yem P ) Material specific 13001-3-1, 5.2.2 Interpretation 5.2.2
factor for material
Interpretation Table 13,
¥Fm Resistance coefficient 11 13001-2, Table 13 11in all load cases 13001-
2
Force to be used in finite element analysis, to solve Fsd
Design value of Toad
fi action with partial ¥Yn * 3.._*__,.
safety factor and risk
Y o ] From calculation 13001-2, 432 Calculation
coefficient (To be
applied to Finite
element]
¥n Risk coefficient 14 13155
Interpretation, Table 14 A3
13001-2, Table 14, Tabl ’
¥p Partial safety factor 1,34 ! m_”_mm - 1aniE lifting attachments, Table
13 mass of hoist load
F n:mﬁmnnmﬁ._m_“._n.cm__._m of mee
load action
[ here is only f and not f; since interpretation of table 13 (mass of hoist)
1 =@ — factor
Note

Risk coefficient 1,4 said in S5-EN 13155 will not be used as industrial partner does not
handle; hot molten metal, radicactive material, nuclear power plant cranes
For example of execution of static strength risk coefficient=1

MNote

Note



Appendix 8. Table for execution of fatigue strength

Execution of proof of fatigue strength
Sumbal Meani Vsl F | Identification Soluti
ymbal =aning alue armula (standard, clause] alution
Amgy < Ay Far erecution this Aergy < Aoy {A001-3-1 B4
shall be proven T
i For enecution this
Sd = MX o =ming lrgy = Max o —min o 13001-3-1. 6.4
shall be proven :
1ergy Maximum stress [P p— 13001-3-1, 6.4 and
range o 3.3
i Limit design stress . ) Ag .
AT Rd From calculation,  9%Ra =~ 13001-3-1,6.5.2 Calculation
range Fmr %Yo
A, Characteristic 130071-3-1, Arnex D
fatigue strength and AnnexH
Slope constant of 13007-3-1. Annex O
" legAs — log N and Annes H
Your F atigue strength
) specific resistance 130071-3-1, Table 3
factar
Stress history . 1 =k ;
Fm From calculation m m 13001-3-1.6.3.3 Calzulation
parameter
K Stress spectrum 1T,
factar, dependant on| From caloulation! *= E rrl TI_ 13001-3-1,6.3.3 Calculation
m
Relative total number o
¥ of occurances of | From caloulation Hrat 153001-3-1.6.3.3 Caleulation
stressrange
A, Stress range ¢ 13001-3-1.6.3.3
A Maximum stress . 13001-3-1, 6.4 and
range h E.3.3
The number of
my occurances of stress 13001-3-1.6.3.3
range
the tatal number of
N, oeeurances of stress Vo= 2m 13001-3-1,6.3.3 caloulstion
ranges during the
designs life
L reference numberol |5 ge 13001-3-1,6.3.3 Given
! cucles
The red marked columns in this Table this project has not been able to either identify or caloulate
Mate

130071-1figure 10 and Table B

IF 5 walue is low er than values shownin the tables than the

fatigue assessment is not required

130071-3-1figure 3 andtable B
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