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[bookmark: _Toc231131351]Abstract
The aim of this report is to design a spreader beam to lift two 11,000kg slurry holding tanks into place at a local nickel refinery. The tanks will be transported from the fabricator in a horizontal position, before being lift into the air and rotated 90° and lowered onto a steel support structure.
The report begins with a literature review where the structural design approach is approached by researching Eurocodes, the analytical methods to structural engineering design, and regulations like LOLER and PUWER. As finite element analysis (FEA) will feature heavily in this report, that was also investigated and the forces that will be acting on the spreader beam were discussed. Two existing articles on lifting and spreader beam design with and without FEA are then analysed in a case study; to see how previous engineers have tackle spreader beam design and what approaches they used and how they can be applied to this project.
The next section consists of a beam sizing methodology where the most suitable section for use as the spreader beam for this lift was selected by running FEA simulations and comparing the performance against the cost, until a 203x203x46 Universal Column (UC) was chosen as most suitable.
The structural design of the spreader beam was then conducted, using the Eurocodes, to analyse the performance of the spreader beam at the point where the lifting force is the greatest, which was in the 90°, or vertical, position. The analytical study proved that the 203 UC 46, the lifting lugs, and the web stiffeners all performed to a safety factor of 2.5.
The final spreader beam design then underwent further investigation via FEA simulations in three lifting positions; 90°, 45° and 0°. The performance in the 0° and 45° were worse than in the vertical lift, even though the lifting force was much greater, which was expected as the angled forces cause a vertical bending moment in the beam that a vertical lift does not. Although the factor of safety checks suggested that the final design failed, as they were at locations that would be welded – sharp corners – which would have a greater yield strength then the base material, these were treated as mesh convergence and anomalous results.
Next, future spreader beam optimisation was discussed which included the use of generative design to maximise stiffness and minimise mass. Also, aspects of the design that were not investigated in this report were discussed, like a more in-depth investigation of the bolted connection or the modelling and FEA of the welds, before concluding that the report has successfully designed a spreader beam capable of lifting the slurry tanks into position.

Table of Contents
Abstract	iii
1	Introduction	1
1.1	Background	1
1.1.1	Total Technology Design Partnership Limited (Totec Design)	1
1.1.2	What do Totec Design do?	1
1.2	Problem	2
1.2.1	Why use a Spreader Beam?	3
1.3	Aims	3
1.4	Objectives	4
1.5	Timescale	4
2	Literature Review	5
2.1	Structural Engineering Approach	5
2.2	Eurocodes	5
2.3	Lifting Operations and Lifting Equipment Regulations 1998 (LOLER)	6
2.4	Provision and Use of Work Equipment Regulations 1998 (PUWER)	6
2.5	Finite Element Analysis	7
2.5.1	Generative Design	7
2.5.2	Which FEA Software to Use?	8
2.6	Forces Acting on the Spreader Beam	10
2.6.1	Axial Compression	10
2.6.2	Tension	13
2.6.3	Shear	13
2.6.4	Torsion	13
2.7	Design Parameters	14
2.8	Case Studies	15
2.8.1	Design and Construction of Lifting Beams	15
2.8.2	Advanced Design and Simulation of Spreader Bar for Safe Lifting of 80 Tons Pressure Vessel by Using Finite Element Analysis	17
2.8.3	Conclusion	18
3	Beam Sizing Methodology	19
3.1	What sections would be most suitable for a spreader beam?	19
3.1.1	Universal Beams & Columns	19
3.1.2	Hollow Structural Sections	19
3.1.3	Section Shape Decision	20
3.2	Design Load	20
3.3	Axial Load	21
3.4	Factor of Safety	21
3.5	Beam Sizing	22
3.5.1	Hand Calculations vs FEA	22
3.5.2	FEA Simulations	22
3.5.3	Member Costing	26
Section Size	26
Stock Length (m)	26
Cost (£)	26
Cost/m (£)	26
3.5.4	Phase 2 of Beam Slelection	27
Section Size	27
vM Stress (Pa)	27
Equivalent Strain	27
Factor of Safety	27
BFS	27
3.5.5	Beam Sizing Conclusion	31
Section Size	32
Stock Length (m)	32
Cost (£)	32
4	Spreader Beam Design	34
4.1	Lifting Beam	34
4.1.1	Design Parameters	34
4.1.2	Cross-section Classification	34
4.1.3	Beam Deflection	35
4.1.4	Tension Resistance	36
4.1.5	Shear Resistance	37
4.1.6	Buckling Resistance	38
4.2	Bolt Connections	42
4.2.1	Shear force per bolt	42
4.2.2	Bolt Shear Resistance	42
4.2.3	Bolt Tension Resistance	43
4.2.4	Combined Shear and tension	43
4.3	Lifting lugs	45
4.3.1	Plate Check	45
4.3.2	Weld Design	47
4.4	Web Stiffeners	49
4.4.1	Web Bearing and Buckling Check	49
5	Final FEA	51
5.1	Final Spreader Beam Design FEA Results	52
5.1.1	von Mises Stress	52
5.1.2	Equivalent Strain	52
5.1.3	Factor of Safety	52
5.1.4	Buckling	53
5.1.5	Final FEA Results	53
203 UC 46 Design	53
vM Stress (Pa)	53
Equivalent Strain	53
Factor of Safety	53
BFS	53
203 UC 46 Design	53
vM Stress (Pa)	53
Equivalent Strain	53
Factor of Safety	53
BFS	53
203 UC 46 Design	53
vM Stress (Pa)	53
Equivalent Strain	53
Factor of Safety	53
BFS	53
5.1.6	Discussion	53
6	Future Spreader Beam Optimisation	55
6.1	Implementation of Generative Design	55
6.2	Further Investigations	56
6.2.1	Investigating the spreader beam from 45° to 90°	56
6.2.2	Welded Connection Study	56
6.2.3	Bolted Connection Study	56
6.2.4	What if there was no cost limitation?	56
7	Conclusion	58
8	References	59
9	Appendix A: Tank Fabrication Drawings	66
10	Appendix B: FEA Simulation Results	68
10.1	203 UC 46	68
10.1.1	von Mises Stress	68
10.1.2	Displacement	68
10.1.3	Equivalent Strain	69
10.1.4	Factor of Safety	69
10.2	254 UC 73	70
10.2.1	von Mises Stress	70
10.2.2	Displacement	70
10.2.3	Equivalent Strain	71
10.2.4	Factor of Safety	71
10.2.5	Buckling	72
10.3	150x5 SHS	73
10.3.1	von Mises Stress	73
10.3.2	Displacement	73
10.3.3	Equivalent Strain	74
10.3.4	Factor of Safety	74
10.3.5	Buckling	75
10.4	203 UC 46 – Angled at 0° and 45°	76
10.4.1	0° Lift – Horizontal Position	76
10.5	254 UC 73 – Angled at 0° and 45°	76
10.5.1	0° Lift – Horizontal Position	76
11	Appendix C: Spreader Beam Final Design	78
11.1	Spreader Beam Fabrication Drawing	78
11.2	Additional Spreader Beam Final Design FEA Simulation Results	79
11.2.1	90° Lifting Scenario	79
11.2.2	45° Lifting Scenario	84
11.2.3	0° Lifting Scenario	88
12	Appendix D: Additional Generative Design Concepts	92
12.1	Concept 1	92
12.2	Concept 2	93
12.3	Concept 3	94
12.4	Concept 4	95
12.5	Concept 4	96
13	Appendix E: Lifting Lug Loadings Table	1



List of Figures
Figure 1 Totec Design offices in Llansamlet, Swansea (Total Technology Design Partnership Limited, no date).	1
Figure 2 Site photos of slurry tanks in-situ	2
Figure 3 An image showing the stresses caused when lifting a pressure vessel (Grasp Engineering, 2018)	2
Figure 4 Independent project proposal Gantt chart	4
Figure 5 FEA results showing deflection on a beam (CAE Assistant, 2025)	7
Figure 6 An example of generative design. The original component (outline) has been significantly reduced in mass (Revolution in Simulation, 2024)	8
Figure 7 Example of SOLIDWORKS Simulation FEA analysis of a beam (Chang, 2015)	8
Figure 8 Example of a displacement analysis on Design Studio	9
Figure 9 Example of Fusion 360 FEA static stress simulation (CAD Mad, 2021)	9
Figure 10 A schematic diagram of a spreader beam used in a lifting operation, indicating the conversion of lifting loads (shown by the vertical red arrows) into compressive forces (shown by the horizontal blue arrows) in the beam and tensile forces in the slings (Wheatley, et al., 2022).	10
Figure 11 Slurry tank in horizontal lifting position, with arrows showing the lifting locations	11
Figure 12 Shell ovalisation diagram (Mukherjee & Singha Roy, 2024)	11
Figure 13 Slurry tank when suspended vertically, with arrows showing the lifting locations	12
Figure 14 Slurry tank in transitioning from horizontal to vertical position, with arrows showing the direction of movement	12
Figure 15 Slurry tank lifting bracket detail	14
Figure 16 Hand sketches used in the article (Ricker, 1991)	16
Figure 17 Design layout of spreader bar lifting scenario (Kusuma, et al., 2025)	17
Figure 18 von Mises stress result from one the article's FEA simulations (Kusuma, et al., 2025)	17
Figure 19 Comparison of UBs and UCs (Smartbuild Engineering, 2022)	19
Figure 20 Examples of various HSS sections (KDM Fabrication, 2024)	20
Figure 21 Slurry Tank FEA results: von Mises stress	21
Figure 22 Axial force output from FEA	21
Figure 23 von Mises stress results of the 152 UC 23 FEA simulation	22
Figure 24 Displacement results of the 152 UC 23 FEA simulation	23
Figure 25 Equivalent strain results of the 152 UC 23 FEA simulation	24
Figure 26 Factor of safety results of the 152 UC 23 FEA simulation	25
Figure 27 Buckling results of the 152 UC 23 FEA simulation	26
Figure 28 Examples of a 203 UC 46 with parallel transverse web stiffeners	27
Figure 29 Diagram of the forces acting on the spreader beam during the 0° lift	28
Figure 30 Figure 28 Diagram of the forces acting on the spreader beam during the 45° lift	28
Figure 31 Factor of safety FEA simulation results for the 203 UC 46 0°, or horizontal, lift	29
Figure 32 Factor of safety FEA simulation results for the 203 UC 46 45° lift	29
Figure 33 Factor of safety FEA simulation results for the 254 UC 73 0°, or horizontal, lift	30
Figure 34 Factor of safety FEA simulation results for the 254 UC 736 45° lift	30
Figure 35 Factor of safety FEA simulation results for the 150x5 SHS 0°, or horizontal, lift (left) and 45° lift (right)	31
Figure 36 Example of a SHS with an internal diaphragm	32
Figure 37 Fabrication drawing of the final spreader beam design (see Appendix C for larger image).	51
Figure 38 von Mises stress results of the final spreader beam design 90° lift FEA simulation	52
Figure 39 Equivalent strain results of the final spreader beam design 90° lift FEA simulation	52
Figure 40 Factor of safety results of the final spreader beam design 90° lift FEA simulation	52
Figure 41 Buckling results of the final spreader beam design 90° lift FEA simulation	53
Figure 42 Factor of safety failures: 0° lift, left, and 45° lift, right.	54
Figure 43 Generative design outcome 1	55
Figure 44 Final spreader beam design modelled in SolidWorks	58
Figure 45 Fabrication details of slurry tanks No.1 and No.2	67
Figure 46 Fabrication details of main shell fittings	68
Figure 47 von Mises stress results of the 203 UC 46 FEA simulation	69
Figure 48 Displacement results of the 203 UC 46 FEA simulation	69
Figure 49 Equivalent strain results of the 203 UC 46 FEA simulation	70
Figure 50 Factor of safety results of the 203 UC 46 FEA simulation	70
Figure 51 von Mises stress results of the 254 UC 73 FEA simulation	71
Figure 52 Displacement results of the 254 UC 73 FEA simulation	71
Figure 53 Equivalent strain results of the 203 UC 46 FEA simulation	72
Figure 54 Factor of safety results of the 203 UC 46 FEA simulation	72
Figure 55 Buckling results of the 254 UC 73 FEA simulation	73
Figure 56 von Mises stress results of the 150x5 SHS FEA simulation	74
Figure 57 Displacement results of the 150x5 SHS FEA simulation	74
Figure 58 Equivalent strain results of the 203 UC 46 FEA simulation	75
Figure 59 Factor of safety results of the 150x5 SHS FEA simulation	75
Figure 60 Buckling results of the 150x5 SHS FEA simulation	76
Figure 61 Factor of Safety results of the 203 UC 46 0° lift FEA simulation – Isometric View 1	77
Figure 62 Factor of Safety results of the 254 UC 73 0° lift FEA simulation – Isometric View 1	77
Figure 63 Factor of Safety results of the 254 UC 73 0° lift FEA simulation – Side Elevation	78
Figure 64 Factor of Safety results of the 254 UC 73 0° lift FEA simulation – Isometric View 2	78
Figure 65 Final spreader beam design fabrication drawing	79
Figure 66 von Mises stress results of the Final Spreader Beam Design FEA simulation	80
Figure 67  Displacement results of the Final Spreader Beam Design FEA simulation. The bottom view is the deformed result.	81
Figure 68 Equivalent strain results of the Final Spreader Beam Design FEA simulation	82
Figure 69 Factor of safety results of the Final Spreader Beam Design FEA simulation	83
Figure 70 Buckling results of the Final Spreader Beam Design FEA simulation. The bottom view is the deformed result.	84
Figure 71 von Mises stress results of the Final Spreader Beam Design FEA simulation in the 45° lift	85
Figure 72 Displacement results of the Final Spreader Beam Design FEA simulation in the 45° lift (deformed result)	86
Figure 73 Equivalent strain results of the Final Spreader Beam Design FEA simulation in the 45° lift	86
Figure 74 Factor of safety results of the Final Spreader Beam Design FEA simulation in the 45° lift	87
Figure 75 Buckling results of the Final Spreader Beam Design FEA simulation in the 45° lift (deformed results)	88
Figure 76 von Mises stress results of the Final Spreader Beam Design FEA simulation in the 0° lift	89
Figure 77 Displacement results of the Final Spreader Beam Design FEA simulation in the 0° lift (deformed results)	90
Figure 78 Equivalent strain results of the Final Spreader Beam Design FEA simulation in the 0° lift	90
Figure 79 Factor of safety results of the Final Spreader Beam Design FEA simulation in the 0° lift	91
Figure 80 Buckling results of the Final Spreader Beam Design FEA simulation in the 0° lift	92
Figure 81 Generative design concept 1 images and datasheet	93
Figure 82 Generative design concept 2 images and datasheet	94
Figure 83 Generative design concept 3 images and datasheet	95
Figure 84 Generative design concept 4 images and datasheet	96
Figure 85 Generative design concept 5 images and datasheet	97
Figure 86 Figures showing dimensions "a-d" and "a'-d'" in table 13, previous.	101
 
List of Tables
Table 1 von Mises stress results from FEA simulation	23
Table 2 Displacement results from FEA simulation	23
Table 3 Equivalent strain results from FEA simulation	24
Table 4 Factor of safety results from FEA simulation	25
Table 5 Buckling results from FEA simulation	26
Table 6 Stock steel prices for various section sizes (Parker Steel, 2026)	26
Table 7 Comparison of the three best performing sections	27
Table 8 Table of von Mises Stress results from 0° and 45° lift FEA simulations.	31
Table 9 Cost of 150 SHS sections	32
Table 10 Comparison of the final FEA results (stiffened) vs unstiffened 203 UC 46 FEA simulation results during the 90° lift	53
Table 11 Comparison of the final FEA results (stiffened) vs unstiffened 203 UC 46 FEA simulation results during the 45° lift	53
Table 12 Comparison of the final FEA results (stiffened) vs unstiffened 203 UC 46 FEA simulation results during the 0° lift	53
Table 13 Spreader beam lifting lugs loadings table	98

2

[bookmark: _Toc231131352]Introduction
This independent project is going to be the design of a lifting/spreader beam for an open-topped tank, which will be lifted from horizontal, off the back of a flatbed lorry, then rotated mid-air through ninety degrees into the vertical, then craned over to, and then lowered onto, an existing steel support structure.

[bookmark: _Toc231131353]Background
[bookmark: _Toc231131354]Total Technology Design Partnership Limited (Totec Design)
[image: ]Totec Design is a family-owned engineering design consultancy based in Swansea, South Wales. Since 1973, they provide engineering and mechanical design services to the oil and gas, water (drinking and wastewater), food and process, and heavy engineering industries (Total Technology Design Partnership Limited, no date).[bookmark: _Toc231132724]Figure 1 Totec Design offices in Llansamlet, Swansea (Total Technology Design Partnership Limited, no date).


[bookmark: _Toc231131355]What do Totec Design do?
As an engineering design consultancy, Totec are involved with the design of piping and mechanical systems, but not the process design. This can be from the initial installation phase or the maintenance of existing processes, or a combination of both (i.e. replacing an existing system with a new process to increase efficiency, reduce emissions, filter out byproducts, etc.). They produce computer aided design (CAD) drawings for their clients to fabricate and install on site, but they play no part in the fabrication, transportation, or installation of any of the piping and structural systems that they design, but must factor all of those factors into their designs; they must consider how it will be fabricated (from weld details to steelwork connections), how it will be transported to site (whether it needs a skid base, lifting, or any transportation supports) and how their designs will be installed by the contractor on site (whether it needs lifting lugs, concrete plinths, and pipe supports).

[bookmark: _Toc231131356][image: ][image: ]Problem[bookmark: _Toc231132725]Figure 2 Site photos of slurry tanks in-situ

A local nickel refinery needs to decommission and replace two large slurry tanks, which are 5198mm in diameter and 8793mm tall and will be supported by an existing steel support structure that is over 3m tall. The slurry tanks also weigh approximately 11,000kg each, which means that lifting these tanks into position on-site will not be an easy feat.
[image: ]As the slurry tanks are being lifted into position, the radial stress exerted on the cylindrical body of the tanks may suffer deformation which needs to be avoided. Thus, by using beam to brace the slurry tanks as they are lifted, the spreader beam will stiffen the slurry tanks and keep stop them from deforming.[bookmark: _Toc231132726]Figure 3 An image showing the stresses caused when lifting a pressure vessel (Grasp Engineering, 2018)


[bookmark: _Toc231131357]Why use a Spreader Beam?
A spreader beam is a lifting device used to lift loads while converting a single compressive lifting force in the beam into two tensile sling forces at each end, structurally behaving more akin to a strut in axial compression than a conventional bending beam (Da Costa & Baptista, 2008). 
Typically, a lifting beam carries bending but a spreader beam is arranged so that the upper sling forces act vertically and the lower slings act outward, which ensures that:
1. The spreader beam mainly carries axial compressive force (longitudinally),
2. Bending moments are minimised,
3. End connections (i.e. lug plates, bolted connections or shackles) are designed to transfer axial load efficiently.
By reducing bending, a lighter section can carry larger loads safely which is why spreader beams are often preferred for heavy lifting (Health and Safety Executive (HSE), 2014).

[bookmark: _Toc231131358]Aims
The aims of this project are to:
1. Research lifting and spreader beam design and apply that knowledge to the final design of the spreader beam.
2. Utilise analytical methods to discern the loadings on the slurry tanks, when lifting, and use that data to design a spreader beam that will brace the tanks in the most efficient and economical way, including lifting lugs, stiffeners, etc.
3. Use generative design to explore potential alternative designs and explore the manufacturability of a concept that does not have the real-world budgeting constraints that the engineers have in the nickel refinery.
4. Validate that the final spreader beam design is the most suitable for this lifting scenario, considering all design parameters.




[bookmark: _Toc231131359]Objectives
1. Research spreader beam design and how the Eurocodes are used in design.
2. Identify operational loads and constraints to design the spreader beam.
3. Identify what steel section size is most suitable for this lifting scenario.
4. Create a finite element analysis (FEA) model to investigate the performance of the spreader beam.
5. Use Eurocode structural design calculations to check the verify the FEA results and vice-versa.
6. Use the FEA and structural design data to analyse the performance of the final spreader beam design.
7. Use generative design to offer alternative spreader beam designs.

[bookmark: _Toc231131360]Timescale
This project will run for just under 8 months, or ~ 33 weeks, and this will be preliminary the timescale followed:
· Weeks 1 – 8: The focus will be on planning the project and a literature review.
· Weeks 9 – 20: Methodology setup, Eurocode-based structural design, FEA on slurry tanks, modelling all components, and reviewing processes followed. 
· Weeks 21 – 28: Results collection, comparison of design against professional structural engineer’s design, and initial discussions.
· Weeks 29 – 33: Editing and finalising the project; making sure that every aspect has been covered and that all information has been documented.
[image: A colorful stripes on a white background

AI-generated content may be incorrect.][bookmark: _Toc209378873][bookmark: _Toc231132727]Figure 4 Independent project proposal Gantt chart



[bookmark: _Toc231131361]Literature Review
[bookmark: _Toc209378882][bookmark: _Toc231131362]Structural Engineering Approach
To design structural steelwork there are engineering codes, called Eurocodes, that are applied, and adhered to, so that a common design approach is taken to ensure that success is achieved as safely and efficiently as possible.
The Eurocodes and various other technical standards, are all developed from key scientific principles that elucidate the reasoning behind those standards. Stress and strain, bending moments, beam deflection, shear and axial forces, buckling resistance, etc., are all principles of physics that engineers need to understand to be able to design successfully.
Those key principles were applied manually for centuries until the development of finite element analysis (FEA), which is a computational technique that predicts the reaction of different materials when a range of forces are applied (Welch-Phillips, et al., 2020), there was no way of verifying the calculations pre-installation. FEA simulations are now commonly used as a check/verification of Eurocode calculations (Roylance, 2001), as the results from both methods should be similar and if they are not, then both methods need to be rechecked to find which process the error lays within.

[bookmark: _Toc209378883][bookmark: _Toc231131363]Eurocodes
Eurocodes are a set of 10 harmonised European standards for structural design with the aim of ensuring safety, reliability, and consistency across Europe. They provide a common approach to the design of buildings, structural components, and civil engineering works (CEN, 2002) but this report will focus on the structural design aspects of the Eurocodes.
Eurocodes cover all structural materials and design aspects, with each aspect of design covered in a separate part of the Eurocodes. This report will focus on the following parts of Eurocode 3 (EN 1993) that will be used to verify the spreader beam design:
· BS EN 1993-1 (2005): Eurocode 3: Design of steel structures – Part 1-1: General rules and rules for buildings.
· BS EN 1993-1-5: Eurocode 3: Design of steel structures - Part1-5: General rules - Plated structural elements.
· BS EN 1993-1-8 (2005): Eurocode 3: Design of steel structures - Part1-8: Design of joints
[bookmark: _Toc231131364]Lifting Operations and Lifting Equipment Regulations 1998 (LOLER)
LOLER is a key regulatory framework in the UK aimed at ensuring health and safety in lifting operations at work. These regulations were introduced in 1998 under the Health and Safety at Work etc. Act 1974 (HM Government, 1998) to ensure that lifting operations are conducted safely and lifting equipment is appropriate and maintained sufficiently for its intended use.
Firstly, as lifting is high risk the regulations also dictate the use of correct procedures during lifting operations that must be conducted by adequately trained and competent operators. This focus on training is critical to the success of LOLER, as it aims to minimise accidents and promote overall safety and efficiency in the workplace (He & Shortes, 2013). A study by Galindo et al. has shown that effective supervisor training can significantly reduce lifting operations incidents, validating the link between regulatory compliance and the competency of the personnel (Galindo, et al., 2013).
LOLER mandates that all lifting equipment used in the workplace must be suitable for the intended lifting operation and meets any operational demands placed on it without causing safety risks (Rushe, 2017). Organisations are legally required to regularly maintain and inspect their lifting equipment to ensure their compliance with the regulations, and those inspections must be conducted by a legally competent person to identify any potential defects that could compromise the safety of any individuals involved in the lift, or in its vicinity (Aliyev, 2023).
In this lifting scenario, the shackles, slings and all other lifting components must be inspected and signed off as safe to use by the contractor conducting the lift, who must use trained and competent operators.

[bookmark: _Toc231131365]Provision and Use of Work Equipment Regulations 1998 (PUWER)
PUWER is a health and safety regulation also introduced in 1998 under the Health and Safety at Work etc. Act 1974 (HM Government, 1998) to ensure work equipment is safe to use, suitable for its intended purpose and operated only by competent persons.
PUWER applies to almost every piece of equipment in workplaces from heavy machinery to hand tools and manufacturing systems. PUWER also requires that all equipment provided for work is accompanied by health and safety measures, like protective guards and emergency stop devices, to ensure that the operators are safe using the equipment (Health and Safety Executive (HSE), no date). 
PUWER is a more generalised regulation that is used in accordance with more specific regulations, like LOLER.
[bookmark: _Toc231131366]Finite Element Analysis
Finite element analysis (FEA) is a powerful computational tool that has become indispensable to all fields of engineering, due to its ability to discretise complex geometries and material properties into a mesh of finite elements, called “nodes”, which enables engineers to conduct simulations of structural, thermal, and fluid dynamics in a controlled environment (Madenci & Guven, 2007). FEA allows the prediction of how modelled components will react to real-world conditions, such as stress, deformation, heat, fluid flow, vibration, etc. facilitating the design process while improving safety, performance, and reliability (Reddy, 2005). 
[image: A rainbow colored curved object

AI-generated content may be incorrect.][bookmark: _Toc231132728]Figure 5 FEA results showing deflection on a beam (CAE Assistant, 2025)

[bookmark: _Toc231131367]Generative Design
Generative design is a transformative approach to the design process that utilises advanced computational algorithms to create a vast array of alternative designs based on specified constraints and goals, enabling designers to specify parameters and criteria while the system autonomously generates innovative solutions. Using intelligent design methods, it can allow a designer to explore beyond traditional design methodologies or beyond their capabilities.
Recent studies illustrate that generative design plays a crucial role in optimising complex systems by creating optimised structures by manipulating parameters effectively to meet required performance specifications (Himsel, et al., 2022). Generative design can also make the design process more economic via speeding up the design process by offering a large number of design alternatives that may not otherwise be discovered in the manual process (Zang & Ding, 2024). For example, you can set a set a stiffness threshold and then ask the software to minimise mass and it will generate a design that meets those criteria in ways that would [image: ]take weeks manually.[bookmark: _Toc231132729]Figure 6 An example of generative design. The original component (outline) has been significantly reduced in mass (Revolution in Simulation, 2024)


[bookmark: _Toc231131368]Which FEA Software to Use?
SolidWorks
SolidWorks is a parametric 3D CAD system used widely in mechanical and product design. It has built-in FEA environment, SOLIDWORKS Simulation that allows engineers to predict a product’s real-world physical behaviour, supporting both basic and advanced analyses on parts and assemblies, including solid, shell and beam elements, thermal loads, motion analysis, buckling, and fatigue (SolidWorks, no date). 
[image: A long rectangular object with a triangular structure

AI-generated content may be incorrect.]SolidWorks also contains topology optimisation methods that can redesign the component to fulfil set design parameters, such as minimising material/mass while maintaining stiffness or minimising deflection, using a trade-off analysis (Uthayasurian, et al., 2023).[bookmark: _Toc231132730]Figure 7 Example of SOLIDWORKS Simulation FEA analysis of a beam (Chang, 2015)


Ansys Design Studio 2023
[image: ]Ansys’ Design Studio 2023 is a very powerful FEA simulation software that delivers live physical simulation for structural, fluid, thermal and Multiphysics analysis and is capable of topology optimisation (Ansys, no date). It can conduct advanced, high-fidelity simulation and is popular in a variety of engineering disciplines. Design Studio is very effective for testing manufacturability, for example it allows you to set parameters to optimise ply thickness and layer numbers for composite lay-up. This enables designers to test for performance as well as manufacturability without the need for prototyping.[bookmark: _Toc231132731]Figure 8 Example of a displacement analysis on Design Studio 


Autodesk Fusion 360
Autodesk Fusion 360 utilises the cloud to integrate CAD, CAM, and CAE into a single connected platform, with a built-in simulation workspace, generative design/topology optimisation, and CAM/PCB preparation tools, making it suitable for design-to-manufacture workflows (Verma, 2018).
[image: A computer screen shot of a blue and yellow object

AI-generated content may be incorrect.]One of the main benefits of Fusion 360 is that the design and simulation software are in the same environment, which is processed on the cloud through Autodesk’s servers. That means that you can run a powerful analysis online without draining the processing power of your computer, allowing you to carry on with other work.[bookmark: _Toc231132732]Figure 9 Example of Fusion 360 FEA static stress simulation (CAD Mad, 2021)


Decision
The FEA software that will be used for this report, is SolidWorks as it has everything needed for the analysis of the spreader beam in one environment, and it is the software that the author is most experienced with. It is also used almost exclusively for component modelling, particularly assemblies with multiple parts, and can run advanced and accurate FEA simulations of assemblies (Le, 2024). Autodesk Fusion can do many things similar to or comparatively to SolidWorks, but the FEA system used in that software less effective when computing assemblies.
Ansys is a very powerful and advanced FEA software, but the author of this report has little to no experience using the software, so SolidWorks will be utilised to conduct all FEA simulations.

[bookmark: _Toc231131369]Forces Acting on the Spreader Beam
[bookmark: _Toc231131370]Axial Compression
The axial force of a beam is the integral force on its cross section (Bao, 2005), where the only external forces acting on beams are perpendicular to a simply supported beam’s longitudinal axis, no axial forces are present (Ochshorn, 2020). As this project centres on a spreader beam, the axial forces in a spreader beam must be considered as they behave differently to a lifting beam with external forces acting perpendicular to the beam.[bookmark: _Toc231132733]Figure 10 A schematic diagram of a spreader beam used in a lifting operation, indicating the conversion of lifting loads (shown by the vertical red arrows) into compressive forces (shown by the horizontal blue arrows) in the beam and tensile forces in the slings (Wheatley, et al., 2022).

[image: ]
Shell Ovalisation
When examining the radial forces acting on an empty, open-top cylindrical vessel during lifting operations, it is essential to distinguish between the two orientations of the vessel: lying flat in the horizontal and when suspended vertically. This is due to the differences in axial loading conditions, load distributions, and boundary constraints influencing the radial forces experienced in each case. A third, and essential, scenario must also be considered, which is the transition from horizontal to vertical, whilst suspended above ground.

[image: ]When the tank is lifted laying in the horizontal[bookmark: _Toc216339131][bookmark: _Toc231132734]Figure 11 Slurry tank in horizontal lifting position, with arrows showing the lifting locations

When the cylindrical vessel is laid flat and subjected to vertical lifting, it predominantly experiences axial forces that lead to radial stresses along the circumference, so that when a vertical lifting load is applied, a compressive force is induced in the direction of the lift. These forces are transmitted through the tank’s structure and distributed as radial stresses along its walls (Wheatley, et al., 2022) and can cause a deformation known as shell ovalisation.
[image: A diagram of a circle with a pencil and a graph

AI-generated content may be incorrect.]A spreader beam is being utilised so to absorb the compression forces so that shell ovalisation does not occur and the slurry tanks do not deform.[bookmark: _Toc216339132][bookmark: _Toc231132735]Figure 12 Shell ovalisation diagram (Mukherjee & Singha Roy, 2024)


[image: ]When the tank is suspended vertically[bookmark: _Toc216339133][bookmark: _Toc231132736]Figure 13 Slurry tank when suspended vertically, with arrows showing the lifting locations

When the tank is suspended vertically, the orientation of the cylindrical vessel fundamentally alters the dynamics of radial forces acting upon it, with the tank primarily experiencing axial tensile forces due to the lifting cables/chains exerting pull directly along the height of the cylinder. This axial tension leads to a condition of uniform radial stress distributions along the circumferential walls, which are critical to ensuring the vessel can withstand the tensile stresses induced by the lift (Snijder, et al., 2021).

Transition from Horizontal to Vertical
[image: ]
[bookmark: _Toc216339134][bookmark: _Toc231132737]Figure 14 Slurry tank in transitioning from horizontal to vertical position, with arrows showing the direction of movement
As the tailing lug is lowered, and the vessel begins to pivot upward and the spreader beam rises, the direction of the applied forces changes generating uneven pressure distributions along its surface, particularly at the support points and the edges due to moments induced by the self-weight of the tank. There will be an increase in radial forces near the ends of cylindrical structure while potentially experiencing less force towards the centre (Zheng, et al., 2015).
[bookmark: _Toc231131371]Tension
During the lifting operation, when the slings pull upwards on the lifting lugs they will be loaded in tension, which will want to tear away from the beam causing a spike in tension in the immediate vicinity of the lug plate (Ricker, 1991). The rest of the spreader beam will be in compression, with tension being isolated to this area.

[bookmark: _Toc231131372]Shear
Shear will affect the spreader beam in the same vicinities that are in tension, as the lifting point is located directly above the tank lifting bracket to reduce the bending moment.

[bookmark: _Toc231131373]Torsion
Torsion can be defined as strain, or angular deformation, and is the twisting of an object incurred from an applied torque (Atkins & Escudier, 2019). For shear forces producing torsion, the tortional moment is expressed by (Hibbeler, 2017):

where,  is the shear force and  is the eccentricity between the load and the shear centre.
In this scenario, as the loads are lifted directly above the bolt centres, and the load is distributed evenly, there is no eccentricity and thus no torsion. 


[bookmark: _Toc231131374]Design Parameters
The slurry tanks have been designed to match the existing slurry tanks on site, from a combination of old drawings from the client and a 3D scan. Additions have been made to support new pipework and to support an access platform, but this report will focus on solely the connection points of the tanks.
[image: ]Note: See Appendix A, for the fabrication drawings of the new slurry tanks.[bookmark: _Toc231132738]Figure 15 Slurry tank lifting bracket detail


The lifting bracket detail above illustrates one of two opposite-hand connection points for the spreader beam with 5198mm centres. Ideally, the spreader beam will connect to this exact bolting layout without the need to be redesigned to suit. That is not critical, as it can be redesigned, but the spreader beam drillings/connection should match this lifting bracket.

[bookmark: _Toc231131375]Case Studies
This section of the report will consist of an evaluation and comparison of two published journal articles on lifting/spreader beam design. The first article, ‘Design and Construction of Lifting Beams’ (Ricker, 1991), published in the Engineering Jornal of the American institute of Steel Construction (AISC), is a guide to the design on a lifting/spreader beam and is well regarded in the engineering industry, used by many structural engineers.
The second article is ‘Advanced Design and Simulation of Spreader Bar for Safe Lifting of 80 Tons Pressure Vessel by Using Finite Element Analysis’ (Kusuma, et al., 2025), published by the Journal of Ocean, Mechanical and Aerospace -science and engineering- (JOMAse), which focuses on the design and optimisation of a spreader bar for lifting a pressure vessel (14214mm long, 4364mm diameter, and 80,000kg). It was modelled in and the FEA simulation was conducted in SolidWorks. 

[bookmark: _Toc231131376]Design and Construction of Lifting Beams 
Article Objectives
David T. Ricker’s article could best be described as a step-by-step guide to the design of a lifting/spreader beam to the ANSI/ASME standards [American Society of Mechanical Engineers (ASME) and the American National Standards Institute (ANSI)]. Even though the American standards differ from the Eurocodes, the key scientific principles and the design ideology remain the same, which is why this article is being included in this report.

Article Methodology
The step-by-step guide to the design and verification of the lifting/spreader beam contains hand calculations and sketches, tables of data and an example is given at the end to illustrate the techniques that were described by the article. What is missing from this article that will be required in this report is FEA data, as the paper was published in 1991 when FEA software was still in its infancy and was not standard practice in the way that it is today.
Even though it is lacking FEA data and simulation, this article still contains essential design and analysis information for any engineer design a lifting/spreader beam. The step-by-step guide, as well as the tables of information on proprietary products like shackles and slings, are still relevant to those not using American standards, as the Eurocodes, NORSOK, and other standards, all contain very similar information that can be applied to the design in this report.
This article’s greatest strength is the sheer volume of information and guidance on the designing of a lifting/spreader beam. Ricker will explain what happens in a specific scenario, then will go on to explain how it would differ in a separate scenario using sketches to illustrate the scenarios mentioned. [bookmark: _Toc231132739]Figure 16 Hand sketches used in the article (Ricker, 1991)

[image: ]
Connection to this report
This article serves as an effective guide to the design of a lifting/spreader beam and what design checks are necessary. The lack of FEA is not helpful but the information it gives is worth investigating, nonetheless. Another issue is the use of American standards and imperial measurements, but that will all be replaced by Eurocode standards and metric data.
Overall, the information gleaned from this article outweighs the FEA data that it is lacking, as the next article uses FEA simulations. Ricker’s in-depth knowledge and experience in lifting beam design will help guide the spreader beam design in this report, particularly the lug design which is covered extensively in the article.


[bookmark: _Toc231131377]Advanced Design and Simulation of Spreader Bar for Safe Lifting of 80 Tons Pressure Vessel by Using Finite Element Analysis
Article Objectives
This study utilises SolidWorks to conduct an FEA simulation of four lifting configurations, ensuring that the safety factor is not exceeded. The discussion focuses on the design’s ability to balance structural integrity, material efficiency, and operational safety. The spreader bar works in a different way to the spreader beam in this report: using angled slings, a much greater axial force is generated. As shown in figure 16, below, as the pressure vessel is a closed tank, no member is required to stiffen the open-top, so the spreader bar is utilised in a different way than the spreader beam in this report.[bookmark: _Toc231132740]Figure 17 Design layout of spreader bar lifting scenario (Kusuma, et al., 2025)

[image: ]
Article Methodology
[image: ]This study consists of four FEA simulations set at different lifting points, analysing the von Mises stress, displacement, and equivalent strain at each lifting point. The authors have also recorded the resultant forces and reaction moments on the lifting hook, and the axial forces of at each sling, before summarising the data from each simulation.[bookmark: _Toc231132741]Figure 18 von Mises stress result from one the article's FEA simulations (Kusuma, et al., 2025)

Connection to this report
The layout of this report is very accessible and readable, with a well-constructed flow. The report discusses very important factors that can be utilised in this report, particularly due to the use of SolidWorks for FEA and modelling as well as the scenario being relatively similar to the scenario of this report. 
There are differences to this report, particularly the spreader bar and how it works and the sling and hook analysis, but it will still serve as a useful case study for what data to show and how best to display it. This report focuses solely on the spreader bar design, rather than the overall lift itself, so this article will serve as a useful reference for the FEA simulations but not as a guide for the beam design or the FEA itself.

[bookmark: _Toc231131378]Conclusion
Both articles serve as useful guides and reference sources for elements of how to design a spreader beam and how to conduct a lifting FEA, respectively, but they are very different to the specific lifting scenario of this report and it is imperative that this fact is remembered when designing the slurry tank spreader beam and  conducting the FEA analysis.
One of the main conclusions taken from these case studies is that the hand calculations will indicate whether a beam will fail or pass, and that an FEA can be critical in understanding where the beam will fail or pass. One method can be used to corroborate the other, proving ultimately whether a design will work.


[bookmark: _Toc231131379]Beam Sizing Methodology
The first step of the spreader beam design is to work out the load that is being lifted. Once the load is discerned, the process of beam sizing begins; there are many sizes and shapes of steel members, with many being suitable for this lift, but an investigation must be conducted to find the cheapest beam that can successfully lift the load. 

[bookmark: _Toc231131380]What sections would be most suitable for a spreader beam?
[bookmark: _Toc231131381]Universal Beams & Columns
Universal beams (UB) , also known as I-sections, and universal columns (UC) , also known as H-sections, are the most commonly used sections for spreader beams because they are well suited for axial compression in bending-limited spans as their geometry provides a high moment of inertia about the weak axis and possess favourable Euler buckling characteristics for long, slender spans when properly supported (Wheatley, et al., 2022), as they are in this lifting scenario.
The most crucial reason for the wide usage of UB/UC members is stock availability. These cross-sections are standard, readily available worldwide, and are widely manufactured. The reduction in lead times and procurement costs make them incredibly convenient, especially for singular usage.
[image: ][bookmark: _Toc231132742]Figure 19 Comparison of UBs and UCs (Smartbuild Engineering, 2022)

[bookmark: _Toc231131382]Hollow Structural Sections
Hollow structural sections (HSS) beams are very similar to UBs and UCs in shape, as they are manufactured in two shapes with similar profiles to those I-sections: rectangular hollow sections (RHS) and square hollow sections (SHS). Unlike the I-sections, though, HSS do not have a weak axis. For resisting axial compression, much like with the I-sections, the SHS outperforms the RHS due to its fully symmetrical geometry. [bookmark: _Toc231132743]Figure 20 Examples of various HSS sections (KDM Fabrication, 2024)

[image: ]
[bookmark: _Toc231131383]Section Shape Decision
As this is a spreader beam converting the vertical load into axial compression, to stop the open top tanks from deforming, UC sections are best suited to axial compression due to their uniform geometry and higher buckling resistance. SHSs would outperform a UC as a spreader beam due to their full symmetry, as they have no weak axis, but the UC is much cheaper, on average, and far less complex in terms of fabrication and connections. The performance vs cost pay-off will weigh the final decision.
Note: All section properties (mechanical properties and dimensions) are taken from ‘Blue Book’ in accordance with Eurocode 3 (in accordance with the UK national annex) BS EN 10365: 2017 (Steel Construction Institute (SCI), 2026).

[bookmark: _Toc231131384]Design Load
The design load needs to be found, so that force can be applied to the FEA simulations. From the lifting lug calculations, in Appendix A, the force on the lifting lugs is greatest when the tank is in the vertical.
Tank mass, m = 11000kg (+ 1000kg to factor spreader beam, bolts and lifting equipment)

Factor of Safety, FOS = 2.5 
Factored Force;

 Design load at one end of the beam =  147.15kN
[bookmark: _Toc231131385]Axial Load
As mentioned in section 2.6, when the open-top slurry tanks are lifted the annular ring and shell will want to deform as radial stresses in a phenomenon known as shell ovalisation. The calculations for this are very complex, so an FEA simulation will be run to discern the resulting axial forces.[bookmark: _Toc231132744]Figure 21 Slurry Tank FEA results: von Mises stress
[bookmark: _Toc231132745]Figure 22 Axial force output from FEA


From the FEA results, see figures above, the resultant force on the tank lifting connection from the vertical lift is 59.14 kN. The forces in the ‘FY’ direction are 0.47 N, which is considered as negligible, and the force in the ‘FX’ direction is 5.70 kN – and that force is the axial load exerted onto the spreader beam from the tank lifting connection.


[bookmark: _Toc231131386]Factor of Safety
The factor of safety for lifting is devised by the following formula:

where: 
Variable actions safety factor, 
Dynamic loads safety factor, 
Compliance factor, 
[bookmark: _Toc231131387]Beam Sizing 
[bookmark: _Toc231131388]Hand Calculations vs FEA 
The purpose of a spreader beam is to avoid beam deflection and bending moments, by transferring the resultant force of the load being lifted into an axial compressive force running longitudinally through the column. The hand calculations required to analyse the columns’ performance are a laborious process, so initial FEA simulations will be run to discern which sections are most suitable for this scenario. Hand calculations will then be used to check against the FEA results, to prove that the spreader beam works in practice. 
This saves a lot of time and energy, allowing more thorough analytical investigation of the chosen spreader beam section.
NOTE: See Appendix A for images of all FEA simulation results.

[bookmark: _Toc231131389]FEA Simulations
von Mises Stress[bookmark: _Toc231132746]Figure 23 von Mises stress results of the 152 UC 23 FEA simulation

As a 152 UC 23 has a flange width of 152.2mm, the lifting lug needed to be trimmed down to 130mm to allow for weld clearance. As the lug’s cross-sectional area is much smaller, there is a visible concentration of stress at its centre. 
It can also be observed that the web beneath the lug is under significant stress. To counteract this stress, the final design will utilise web stiffeners to add more support to the web and flanges beneath the lifting lugs.
von Mises Stress Results Table
[bookmark: _Toc231132711]Table 1 von Mises stress results from FEA simulation
	Section Used
	Maximum von Mises Stress value (N/m2)

	152 UC 23
	3.14 x108

	203 UC 46
	1.90 x108

	254 UC 73
	1.094 x108

	150x5 SHS
	1.405 x108



Displacement[bookmark: _Toc231132747]Figure 24 Displacement results of the 152 UC 23 FEA simulation

The displacement values are so low that they can be considered as negligible; the highest value for displacement is 0.1047 mm.

Displacement Results Table
[bookmark: _Toc231132712]Table 2 Displacement results from FEA simulation
	Section Used
	Displacement (mm)

	152 UC 23
	0.1047

	203 UC 46
	0.0835

	254 UC 73
	0.07084

	150x5 SHS
	0.07037




Equivalent Strain[bookmark: _Toc231132748]Figure 25 Equivalent strain results of the 152 UC 23 FEA simulation

It can be observed that the equivalent strain heat map is in the same areas as the von Mises stress, as expected, but it is predicting yielding in the web beneath the lifting lug.

Equivalent Strain Results Table
[bookmark: _Toc231132713]Table 3 Equivalent strain results from FEA simulation
	Section Used
	Equivalent Strain Value (ESTRN)

	152 UC 23
	8.592 x10-4

	203 UC 46
	5.033 x10-4

	254 UC 73
	3.370 x10-4

	150x5 SHS
	3.88 x10-4




Factor of Safety[bookmark: _Toc231132749]Figure 26 Factor of safety results of the 152 UC 23 FEA simulation

The overstressed areas highlighted by the von Mises stress and the equivalent strain results, fail to reach the safety factor set at 2.5. If this section is chosen, it will require stiffening beneath the lifting lugs to have any chance of passing the factor of safety check.

Factor of Safety Results Table
[bookmark: _Toc231132714]Table 4 Factor of safety results from FEA simulation
	Section Used
	Minimum value of FoS

	152 UC 23
	0.88

	203 UC 46
	1.4

	254 UC 73
	1.775

	150x5 SHS
	1.957



[image: ]Buckling[bookmark: _Toc231132750]Figure 27 Buckling results of the 152 UC 23 FEA simulation


Buckling Results Table
[bookmark: _Toc231132715]Table 5 Buckling results from FEA simulation
	Section Used
	Buckling (AMPRES)
	Minimum Buckling FoS value

	152 UC 23
	1.815 x10-3
	-1.2182

	203 UC 46
	1.797 x10-3
	-2.2501

	254 UC 73
	1.876 x10-3
	-3.4275

	150x5 SHS
	1.983 x10-3
	-82.403



According to Dassault Systemes, the creator of SolidWorks, a negative buckling factor of safety (BFS) value, means that buckling is not predicted, only for values 0 < BFS  1 is buckling predicted (Dassault Systemes, 2021).
[bookmark: _Toc231131390]Member Costing
[bookmark: _Toc231132716]Table 6 Stock steel prices for various section sizes (Parker Steel, 2026)
	[bookmark: _Toc231131391]Section Size
	[bookmark: _Toc231131392]Stock Length (m)
	[bookmark: _Toc231131393]Cost (£)
	[bookmark: _Toc231131394]Cost/m (£)

	152x152x23 UC
	6
	247.79
	41.30

	203x203x46 UC
	6
	495.58
	82.60

	254x254x73 UC
	8
	1027.55
	128.44

	150x5 SHS
	7.0-7.65
	362.56
	47.39 - 51.79 


[bookmark: _Toc231131395]Phase 2 of Beam Slelection
From the results, in section 3.5.3, the worst performing steel section is the 152 UC 23. Even though it is the cheapest section, for its performance alone it will be removed from contention.
[bookmark: _Toc231132717]Table 7 Comparison of the three best performing sections
	[bookmark: _Toc231131396]Section Size
	[bookmark: _Toc231131397]vM Stress (Pa)
	[bookmark: _Toc231131398]Equivalent Strain
	[bookmark: _Toc231131399]Factor of Safety
	[bookmark: _Toc231131400]BFS

	203x203x46 UC
	1.90 x108
	5.033 x10-4
	1.4
	-2.2501

	254x254x73 UC
	1.094 x108
	3.370 x10-4
	1.775
	-3.4275

	150x5 SHS
	1.405 x108
	3.88 x10-4
	1.957
	-82.403



Of the remaining three sections, none have a satisfactory minimum factor of safety for the lift. This means that in the vertical lift, the section requires stiffening, see Figure 28 below, even though it is standard practice. Per section 2.5, the vertical position is when the lifting load is at its greatest but from 0° - 90°, although the lifting load is lower, the change in direction of the load will affect the sections in different ways. [bookmark: _Toc231132751]Figure 28 Examples of a 203 UC 46 with parallel transverse web stiffeners


See Appendix E for the lifting lugs loadings tables, with the loads at every degree of angle. 
[image: ]Change in direction of lifting force[bookmark: _Toc231132752]Figure 29 Diagram of the forces acting on the spreader beam during the 0° lift


At 0°, the lifting force is acting perpendicular to the lug, which causes a bending moment in the web of the section. Reinforcing the beam with stiffeners would greatly reduce this bending moment and stress incurred in this region.
Adding a stiffener to UCs is simple and cheap enough but reinforcing the 150x5 SHS arrangement is more complex and will require more fabrication and materials, effectively negating the cost reduction from using the cheaper member. 
[image: ][bookmark: _Toc231132753]Figure 30 Figure 28 Diagram of the forces acting on the spreader beam during the 45° lift

At 45°, the angle is not as extreme as at 0°, so the bending moment will not be as severe if the force was to remain the same, but in this scenario the lifting force is much greater: it has nearly doubled, increasing from 14.59 kN to 28.59 kN. The unstiffened members are certainly going to fail in this lifting scenario, but the FEA results will show us by how much and we can analyse which of the three beams is worst affected by the change in direction.

FEA simulation results of the angled lifts
[image: ]203 UC 46 at 0°[bookmark: _Toc231132754]Figure 31 Factor of safety FEA simulation results for the 203 UC 46 0°, or horizontal, lift


As the image above shows, the beam fails critically in this position. The bending moment is too great, and this causes the beam to yield just above the tank connection, as the force begins to fold the web of the beam. This was expected and will be counteracted with web stiffeners. The lifting lugs are stressed across the inner edge but have not failed which is positive as this means that they will be expected to pass when the web is stiffened.

[image: ]203 UC 46 at 45°[bookmark: _Toc231132755]Figure 32 Factor of safety FEA simulation results for the 203 UC 46 45° lift

It can be observed that the stress affects the section in almost the exact fashion at 45° as it did at 0°. The most important difference though is the value of the stress incurred. It is considerably greater than the horizontal lift.

254 UC 73 at 0°[bookmark: _Toc231132756]Figure 33 Factor of safety FEA simulation results for the 254 UC 73 0°, or horizontal, lift

[image: ]
The 254 UC 73 behaves in a similar way to the 203 UC 46 section, but it is far less stressed. As this is the taller section, the bending moment incurred is larger but due to the thicker web and flanges, and a higher second moment of area, the section performs better than its smaller counterpart. 

254 UC 73 at 45°[bookmark: _Toc231132757]Figure 34 Factor of safety FEA simulation results for the 254 UC 736 45° lift

[image: ]
150x 5 SHS at 0°[bookmark: _Toc231132758]Figure 35 Factor of safety FEA simulation results for the 150x5 SHS 0°, or horizontal, lift (left) and 45° lift (right)


The design of the SHS spreader beam is vastly different to the H-section spreader beams and the connection plate to the tank lifting bracket has altered the bolting, and the design, of the tank lifting bracket, so this section has to perform exceptionally well and keep the cost down to be selected for the final spreader beam design.
As seen in Tables 7 & 8, the 150x5 SHS outperforms the other sections by a significant margin, but it still requires stiffening to not fail (i.e. yield) in each lift.

Angled Lift Results Table
[bookmark: _Toc231132718]Table 8 Table of von Mises Stress results from 0° and 45° lift FEA simulations.
	Section Size
	FOS at 0°
	FOS at 45°

	203 UC 46
	0.3093
	0.2225

	254 UC 73
	0.4227
	0.3081

	150x5 SHS
	1.266
	0.8543



[bookmark: _Toc231131401]Beam Sizing Conclusion
The 150x5 SHS is clearly the best performing section in every scenario and seems like the clear choice for the final spreader beam design. It performs the best, is second cheapest, and is considerably lighter too which makes the fabrication and transportation easier. The problem with a SHS section though, is that the stiffening is not so straight forward as it is for the H-sections, where a simple plate web stiffener is welded in between the flanges, on both sides, to reinforce the web.
To reinforce the SHS there are two methods that would be most simple: 
1. Increase section thickness
2. Weld internal diaphragm plates[bookmark: _Toc231132759]Figure 36 Example of a SHS with an internal diaphragm

[image: ]
The issue with both solutions is the increase associated in cost. It is imperative that this spreader beam remains as low cost as possible, and the rise in cost then negates the gains in performance.
[bookmark: _Toc231132719]Table 9 Cost of 150 SHS sections
	[bookmark: _Toc231131402]Section Size
	[bookmark: _Toc231131403]Stock Length (m)
	[bookmark: _Toc231131404]Cost (£)

	150x5 SHS
	7.0-7.65
	362.56

	150x6 SHS
	7.5-7.65
	434.72

	150x8 SHS
	7.5-7.65
	573.21

	150x10 SHS
	12.0-12.2
	1,119.70



As Table 9 illustrates, the cost of the SHS increases with thickness and then nearly quadruples at price when the thickness is increased to 10mm. These sections may not work without stiffening, but the complex geometry means that fabrication is more expensive than simpler geometries like H-sections. For these reasons, SHS sections will not be considered for the final spreader beam design.
If the 254 UC 73 were able to perform this lift, in all three scenarios, unstiffened then it would be worth selecting this is the spreader beam, but it does not. As this overall project involves hundreds of thousands of pounds worth of materials and man hours, the cost of this beam must be kept to an absolute minimum, so if it can successfully perform this lift, the cheapest design possible is required.
For that reason, the section chosen for the final spreader beam design is the 203x203x46 UC. In the following sections, an analytical study will be conducted to further investigate the performance of the section and further FEA simulations will be conducted in the final design to verify the results from the hand calculations.



[bookmark: _Toc231131405]Spreader Beam Design
[bookmark: _Toc231131406]Lifting Beam
To minimise bending and torsion, the lugs are located very close to the connection. Therefore, the bending moment is negligible.

[bookmark: _Toc231131407]Design Parameters
Per Section 3.2 of this report,  = 294.3 kN 
· Slurry tank resultant force from FEA,   = 118.27 kN
· 
· 
· Young’s Modulus, E = 210 Pa
·  = 355 Pa
· Length, L = 5.378 m
· a = 90  m
· Cross-sectional Area, A = 
· Web thickness, 
· Flange thickness, 
· Bolt hole diameter, 
· Radius of gyration, r:
· Major Axis (y-y): 8.82 cm  
· Minor Axis (z-z): 5.13 cm 

[bookmark: _Toc231131408]Cross-section Classification
Material Factor
Per Table 5.2 of BS EN 1993-1-1:2005, the material factor is given by (BSI, 2005):


Flange Outstand (governing check)
The flange outstand value will determine the classification of this section, which will influence later calculations decisions, as specific formulae are used for specific classes of steel. The equation for flange outstand is as follows (BCSA, 2013):

where,
Column width, 
Root radius, 
Web thickness, 
Flange thickness, 

By Table 5.2 of BS EN 1993-1-1:2005, the classes are given by (BSI, 2005):
· Class 1: 
· Class 2: 
· Class 3: 
 As 8 < 8.1, section is Class 2.

[bookmark: _Toc231131409]Beam Deflection
As the beam is in axial compression, the beam deflection will be negligible, as the beam deflections from the FEA results in section 3.5.2 reflects.





[bookmark: _Toc231131410]Tension Resistance
When the lifting lugs are pull upwards, these calculations will check if the beam can resist the tensile strength across its net section. Per BS EN 1993-1-1 §6.2.3(1), the design value of the shear force  at each cross section must satisfy (BSI, 2005):

where,  is the design value of the tension force.
            is the design tension resistance, which should be taken as the smaller of:
a) the design plastic resistance of the gross cross-section, 
b) the design ultimate resistance of the cross-section at holes for fasteners, 

Design plastic resistance of the gross cross-section, 
Per BS EN 1993-1-1 §6.2.3(2), the design plastic resistance of the gross cross-section is given by (BSI, 2005):

where,
 , is the gross cross-sectional area = 
 , the yield strength of S355 steel = 355 MPa 
, the partial safety factor = 1.0 (Per UK National Annex (BSI, 2014))

 As , accept.

Design ultimate resistance of the cross-section at holes for fasteners, 
This checks whether the member will fracture through the cross-section containing bolt holes when subjected to tension. Per BS EN 1993-1-1 §6.2.3(2), the design plastic resistance of the gross cross-section is given by (BSI, 2005):

where,
 , is the net area after bolt holes =  
Area of hole, 
 , the ultimate tensile strength of S355 steel = 490 MPa 
, the partial safety factor = 1.25 (Per UK National Annex (BSI, 2014))

 As , accept.

[bookmark: _Toc231131411]Shear Resistance
Per BS EN 1993-1-1 §6.2.6(2), the design value of the shear force  at each cross section must satisfy (BSI, 2005):

where,  is the applied design shear force.
            is the design elastic shear resistance, which can also be given as .

Per BS EN 1993-1-1 §6.2.6(2), the equation for shear resistance is given by (BSI, 2005):

where:
BS EN 1993-1-8 §6.2.6(3), the shear area (BSI, 2005): 

Yield strength,  335 MPa
Partial shear factor,  = 1.0

 As , accept.

[bookmark: _Toc231131412]Buckling Resistance
Euler Buckling Load
As the spreader beam is in axial compression, buckling will be one of the most important checks of all, and Euler’s buckling load (or critical load) is the maximum axial compressive force that can be carried by a long, slender column, before it buckles and bends sideways. It is given by the following formula (Timoshenko & Young, 1968):


 As  , accept (294.3kN < 3.27MN)

Non-dimensional slenderness
Per BS EN 1993-1-1 §6.3.1.3(1), Eurocode 3 uses non-dimensional slenderness is a way of connecting material strength and buckling behaviour into a single parameter, which is defined by (BSI, 2005):


Design Buckling Resistance
Per BS EN 1993-1-1 §6.3.1(1), a compression member should be verified against buckling as follows (BSI, 2005):

where,  is the design value of the compression force
            is the design buckling resistance of the compression member.
Per BS EN 1993-1-1 §6.3.1(3), buckling resistance can be determined from the following expression (BSI, 2005):

where,  is the reduction factor for flexural buckling and is given by the following expression:

and 
Curve shaping parameter, 

Imperfection factor,  for buckling curve ‘c’
Non-dimensional slenderness, 0.8
Effective length, 

Now substituting into buckling resistance gives:


 As 0.004  1.0, section will not buckle.

Lateral Torsional Buckling (LTB) Check
An LTB check verifies whether a beam will fail by twisting and bending laterally under bending. Even though the spreader beam will have a negligible deflection, it is important to check whether the beam will fail LTB as it will be moving laterally during the lifting process, as the slurry tanks will be craned into position. The formula for LTB is given by (BCSA, 2013):

For Class 2 sections the Plastic Section Modulus,  (Steel Construction Institute (SCI), 2026)
Partial safety factor,  = 1.0
Per BS EN 1993-1-1:2005 §6.3.2.2, the reduction factor for lateral-torsional buckling is given by (BSI, 2005):

where: 
Curve shaping parameter, 

Imperfection factor, , as the major axis is buckling curve ‘a’.
Non-dimensional slenderness,

For Class 2 sections the Plastic Section Modulus, 
 is the elastic critical moment for lateral-torsional buckling

where:
Young’s modulus, 
Shear modulus, 
Weak second moment of area, 
Torsion constant,
Warping constant, 
Effective length,



As , the spreader beam is sufficiently restrained/stocky against the lateral torsional buckling, so the reduction value  will be used.
And finally,



Per BS EN 1993-1-1 §6.3.2.1(1), the design check for LTB is expressed as (BSI, 2005):

where,  is the design value of the moment
            is the design buckling resistance moment
And the maximum bending moment of the beam,  is given by:


 As 13.24 kNm << 176.44 kNm, accept.


[bookmark: _Toc231131413]Bolt Connections
For the bolt connection, these calculations will focus on one end of the beam rather than all 8 bolts at once as if one bolt set fails, the other will also fail as they are identical and under the exact same forces.


[bookmark: _Toc231131414]Shear force per bolt

where:
 is the applied/design load
 is the number of bolts

[bookmark: _Toc231131415]Bolt Shear Resistance
Per BS EN 1993-1-8 §3.6 (Table 3.4), the shear resistance of a bolt is given by (BSI, 2005):

where:
 , is a reduction factor = 0.6
 , the ultimate tensile strength of grade 8.8 M20 bolts = 800 MPa 
 is the tensile stress area of the bolt = 245 mm2 (ISO, 2013)
, the partial safety factor for connection failure = 1.25

 As 36.79 kN < 94.08 kN, accept.



[bookmark: _Toc231131416]Bolt Tension Resistance
Per BS EN 1993-1-8 §3.6 (Table 3.4), the tension resistance of a bolt is given by (BSI, 2005):

where:
 , is a reduction factor = 0.9
 , the ultimate tensile strength of grade 8.8 M20 bolts = 800 MPa 
 is the tensile stress area of the bolt = 245 mm2 (ISO, 2013)
, the partial safety factor for connection failure = 1.25

 As 47.29 kN < 141.12 kN, accept. (see 4.2.4.1, for 47.29 kN value)

[bookmark: _Toc231131417]Combined Shear and tension
Per BS EN 1993-1-8 §3.6 (Table 3.4), the combined shear and tension is given as (BSI, 2005):

where:
 is design shear force per bolt
 is the shear resistance per bolt
 is the design tension force per bolt
 is the tension resistance per bolt

 As 0.63 < 1.0, accept.


 Calculation
From SCI P358 (also known as the ‘Green Book on Simple Joints’, the design tension force per bolt is given by (SCI, 2014):

where:
 , is the maximum bending moment of the beam = 13.24 kNm
 , is the number of rows of bolts = 2
 , vertical spacing = 140mm

NOTE: Values for bolt shear resistance and tension resistance, sections 4.2.2 and 4.2.3 respectively, can be checked against the values on page 431 of the Handbook of Structural Steelwork (Eurocode Edition) to prove that they are correct (BCSA, 2013). 


[bookmark: _Toc231131418]Lifting lugs
[bookmark: _Toc231131419]Plate Check
Per clause 6.2.3(1), the design value of the tension force at each cross-section shall satisfy (BSI, 2005):


Design parameters
· Axial force,  = 5703.6 N
· Hole diameter,  = 36 mm
· Edge distance,  = 55 mm
· Width,  = 180 mm
· Cross-sectional area of bottom of lug,  = 4500 mm2
· Lug Thickness,  = 25 mm & 2 number cheek plates,  = 8 mm
  

Net section tension
Per BS EN 1993-1-1 §6.2.3(4), the net section at holes for fasteners is given by (BSI, 2005):

where:
 is the net cross-sectional area including the hole  and is given by:

 , the ultimate tensile strength of S275 = 410 MPa 
, the partial safety factor for connection failure = 1.25

 As 5.7 kN << 1180.8 kN, the hole will not fracture.
 
Gross section yielding
Per BS EN 1993-1-1 §6.2.3(2), the plastic resistance of the gross cross-section is given by (BSI, 2005):

where:
, the cross-sectional area = 4500 mm2
 , yield strength for S275 where t>16mm = 265 MPa 
, the partial safety factor = 1.0

 As 147.15 kN << 1192.5 kN, the hole will not deform.

Shear resistance
Per BS EN 1993-1-1 §6.2.6(2), the design for plastic shear resistance is given by (BSI, 2005):

where:
, the shear area =  =  = 2750 mm2
 , yield strength for S275 where t>16mm = 265 MPa 
, the partial safety factor = 1.0

 As 147.15 kN < 420.74 kN, the hole will not shear.


Bearing resistance at hole
Per BS EN 1993-1-8 §3.6 (Table 3.4), the bearing resistance of the plate at the hole is given by (BSI, 2005):

where:
 is a calibration factor for failure geometries = 1.0
 is the edge distance factor, given by:

 , the ultimate tensile strength of S275 = 410 MPa 
 is hole diameter = 36mm
 is thickness, which including cheek plates =  = 41mm
, the partial safety factor for connection failure = 1.25

 As 147.15 kN < 246.91 kN, the hole will not tear-out.

[bookmark: _Toc231131420]Weld Design
Per BS EN 1993-1-8 §4.5.3.3, the simplified method for design resistance of a fillet weld is given by (BSI, 2005):

where:
 is the design value of the weld force per unit length;
 is the design weld resistance per unit length. This value is applied to the perimeter of the lifting lug as it is a full perimeter weld will give us .

 As 147.15 kN < 403.39 kN, pass.
 Calculation

where:
 is the design shear strength of the weld (233.66 MPa = 233.66 N/mm2)
 is the effective throat thickness of the fillet weld

where:
 is the fillet weld size = 6mm

 Calculation

where:
 is the nominal ultimate tensile strength of the weaker part joined (for S275 = 430 MPa)
 is the appropriate correlation factor taken Table 4.1 = 0.85 (BSI, 2005)
 is the partial safety facto for failure of joints = 1.25 (BSI, 2005)

Effective full perimeter weld length
The effective length of a full perimeter weld, , is a reduction in length to account for incomplete stress development at weld ends, or start/stop effects (i.e. corners/transitions), and is given (BSI, 2005): 



[bookmark: _Toc231131421]Web Stiffeners
[bookmark: _Toc231131422]Web Bearing and Buckling Check
From the FEA simulation results in section 3.3.2, it can be observed that web stiffening will greatly increase the web bearing resistance and help carry the load. This is also standard practice in the design of lifting and spreader beams, as there is a heavy load concentration, particularly when the lift initiates.
Per EN 1993-1-8 §6.2.6.2, web bearing resistance is given by (BSI, 2005):

where:
Yield strength of web,  = 355 MPa (S355)
Web thickness,  = 7.2mm
Partial safety factor,  = 1.0
Effective length of resistance to transverse forces,  

 As 147.15 kN < 686.06 kN, accept. 

Expanded web bearing resistance calculations
Effective length of resistance to transverse forces
Per BS EN 1993-1-5 §6.2(1) effective length of resistance to transverse forces is given by (BSI, 2006):
 
where:
Effective loaded length,  = ) [BS EN 1993-1-8 §6.5(2)]
Reduction factor due to local buckling,   [BS EN 1993-1-8 §6.4(1)]
Effective loaded length
 = )
where:
Bearing length (stiffener/gusset),  = 181.6 mm
Flange strength/stiffness to web strength/stiffness coefficient, 
Assume that , web slenderness on load spread coefficient (BCSA, 2013);



Reduction factor due to local buckling, 

where:
Relative slenderness, 


Relative slenderness, 

where:
Critical buckling load,  
where:
Buckling coefficient,  = 0.6 (BSI, 2006)



[bookmark: _Toc231131423]Final FEA
Now that the section has been successfully structurally designed, a final FEA can be conducted to investigate the final design. Stiffeners have been added to the spreader beam, located centrally to the lifting point beneath the lifting lugs, to reinforce the web (see below).
[image: ]
[bookmark: _Toc231132760]Figure 37 Fabrication drawing of the final spreader beam design (see Appendix C for larger image).

The design above has been 3D modelled on SolidWorks and the following inputs have been added to simulate the slurry tank lift:
· Lifting Force = 58860 N per lifting lug.
· Axial Compressive Force = 5307.6 N longitudinally through the beam.
· Axial pre-loading for M20 bolts, calculated by SolidWorks = 22781.38847698 N
· Minimum mesh size, calculated by SolidWorks: 7.80674202mm



[bookmark: _Toc231131424]Final Spreader Beam Design FEA Results
For all final spreader beam design FEA simulation results, see Appendix C: Section 11.2.
[bookmark: _Toc231131425]von Mises Stress
[bookmark: _Toc231132761]Figure 38 von Mises stress results of the final spreader beam design 90° lift FEA simulation







[bookmark: _Toc231131426]Equivalent Strain






[bookmark: _Toc231132762]Figure 39 Equivalent strain results of the final spreader beam design 90° lift FEA simulation

[bookmark: _Toc231131427]Factor of Safety
[bookmark: _Toc231132763]Figure 40 Factor of safety results of the final spreader beam design 90° lift FEA simulation

[bookmark: _Toc231131428]Buckling
[image: ]
[bookmark: _Toc231132764]Figure 41 Buckling results of the final spreader beam design 90° lift FEA simulation

[bookmark: _Toc231131429]Final FEA Results
[bookmark: _Toc231132720]Table 10 Comparison of the final FEA results (stiffened) vs unstiffened 203 UC 46 FEA simulation results during the 90° lift
	[bookmark: _Toc231131430]203 UC 46 Design
	[bookmark: _Toc231131431]vM Stress (Pa)
	[bookmark: _Toc231131432]Equivalent Strain
	[bookmark: _Toc231131433]Factor of Safety
	[bookmark: _Toc231131434]BFS

	Unstiffened
	1.901 x108
	5.033 x10-4
	1.394
	-2.2501

	Stiffened
	8.296 x107
	2.551 x10-4
	3.315
	-115.75



[bookmark: _Toc231132721]Table 11 Comparison of the final FEA results (stiffened) vs unstiffened 203 UC 46 FEA simulation results during the 45° lift
	[bookmark: _Toc231131435]203 UC 46 Design
	[bookmark: _Toc231131436]vM Stress (Pa)
	[bookmark: _Toc231131437]Equivalent Strain
	[bookmark: _Toc231131438]Factor of Safety
	[bookmark: _Toc231131439]BFS

	Unstiffened
	1.90 x108
	3.323 x10-3
	0.1981
	-6.4021

	Stiffened
	2.632 x108
	6.456 x10-4
	0.6997
	-59.243



[bookmark: _Toc231132722]Table 12 Comparison of the final FEA results (stiffened) vs unstiffened 203 UC 46 FEA simulation results during the 0° lift
	[bookmark: _Toc231131440]203 UC 46 Design
	[bookmark: _Toc231131441]vM Stress (Pa)
	[bookmark: _Toc231131442]Equivalent Strain
	[bookmark: _Toc231131443]Factor of Safety
	[bookmark: _Toc231131444]BFS

	Unstiffened
	8.698 x108
	2.435 x10-3
	0.3162
	45.889

	Stiffened
	1.468 x108
	3.905 x10-4
	1.873
	-94.148



[bookmark: _Toc231131445]Discussion
From tables 10-12 above, the performance of the spreader beam has significantly improved in every aspect, in every lifting scenario. The web stiffening has vastly increased the web bearing resistance in the 0° and 45° lifts, reducing the stress that caused the unstiffened member to yield, and in the vertical, or 90°, lift the web stiffener greatly increased the resistance the web’s strength by increasing the surface area of the web under the lug and spreading that stress across the two plates and stopping the upper root radius from yielding, as was observed in the unstiffened FEA results (see section 3.5.2).[bookmark: _Toc231132765]Figure 42 Factor of safety failures: 0° lift, left, and 45° lift, right.

It can be observed that in the 0° and 45° lifts, the factor of safety results both fall below the 2.5 margin and therefore fail. Upon investigation, the failures are taking place in the corners of the web stiffening plates, in areas where the spreader beam will be welded (see figure 42 above). When S355 mild steel is welded, the welded region sees an increase in the yield strength and the tensile strength in that area as the strength parameters are changed (Mroziński & Piotrowski, 2018). This FEA model did not have the welds modelled, the software treats the components as bonded to simulate a weld, but the true effects of the weld have not been fully investigated. As the yield strength of the weld is greater than the base material, these factor of safety failures will be treated as an anomalous and will be treated as a pass. A very important observation is that the highest value of von Mises stress recorded – 263.2 MPa – it is still lower than the than the yield strength of the stiffening plate – 275 MPa, so the plate will not deform.
The cause of these unexpected failures is an analytical software issue that has been observed in FEA where the accuracy along edges and sharp corners falters, caused by a phenomenon called convergence. Convergence is caused by discretisation errors, usually repeated rounding errors, that often occur in stresses for comparison with material strengths (Sinclair, et al., 2006). The geometric discontinuities in these meshing regions produce stress singularities and this is what is occurring in this FEA.
The buckling factor of safety (BFS) also indicates a vast improvement in performance, particularly in the 90° and 45° lifts. 
 


[bookmark: _Toc231131446]Future Spreader Beam Optimisation
[bookmark: _Toc231131447]Implementation of Generative Design
With recent advances in generative design and the field of artificial intelligence (AI), companies are beginning to explore alternative methods to design. Generative design can generate incredibly complex geometries that are not conceivable to an engineer’s mind. By minimising weight and maximising stiffness, parameters are set that guide the AI’s optimisation tools to produce a design that meets those parameters.
For example, using Autodesk Fusion, the following generative design was produced with the same design parameters as the vertical (90°) lift scenario, with a safety factor of 2.5. The starting shape was a cuboid 150mm x 150mm and 5398mm long. 
Note: See Appendix D, for more generative design images.
[image: ][bookmark: _Toc231132766]Figure 43 Generative design outcome 1

As seen in the figure above, the geometry is completely different to the H-section, with a bar that tapers from the lifting bracket connections out to a maximum thickness at the centre of the bar, and two large trapezoid blocks of material at either end like a barbell. This would require CNC machining, most likely plasma sintering, to be manufactured at great cost. But in the future, as these manufacturing methods become cheaper, it may become commonplace to manufacture spreader beams for lifts, optimised for the exact lifting scenario faced.

[bookmark: _Toc231131448]Further Investigations
[bookmark: _Toc231131449]Investigating the spreader beam from 45° to 90°
A worthwhile further study would be to investigate the performance of the final spreader beam design at one-degree increments from 45° to 90°, using the lifting lug loadings table (see Appendix E). By running those extra 43 FEA simulations, the point of maximum stress can be discerned and then the performance in that position can be conducted to see how well it performs.

[bookmark: _Toc231131450]Welded Connection Study
As mentioned in section 5.1.6, the welded connections were not fully investigated in the FEA simulations, but it would be very interesting and important to analyse further. With more time and understanding of how to model and conduct FEA simulations of welded connections, the veracity of the FEA will increase significantly. Griskevicius, et al., modelled welds in SolidWorks to test accuracy of the software in conducting FEA simulations on welded components and found it to be inadequate, as you cannot model penetrative contact which led to highly inaccurate results (Griskevicius, et al., 2011). Ansys Mechanical and Abaqus both have the capability to accurately analyse welds, so either software could be utilised to investigate the welded connections further.

[bookmark: _Toc231131451]Bolted Connection Study
On SolidWorks, or Ansys, a more thorough investigation on the bolted connection could be conducted as there were many issues in the FEA simulations arising from the bolted connections. The author’s limited experience in FEA simulations with bolted connections means that it is unknown exactly how the bolts performed in the FEA. As seen in section 4.2, the bolts pass and will not fail during this lift, but it would be interesting and informative to know exactly how the interface between the bolts and the spreader beam reacts during the lifting scenarios.
[bookmark: _Toc231131452]What if there was no cost limitation?
In interesting further study would be to redesign the spreader beam with no cost limitation. To explore what section would be the ultimate selection for this lifting scenario. It would involve a great deal of modelling and FEA simulating, but it would be worthwhile to discover the best possible design, without being hampered by costing. If this ideal spreader beam design was created, then it could be utilised for more important lifts that have bigger budgets and are more concerned with performance than price. For example, lifting a critical open-top vessel in Hinkley Point C could potentially require an ideal spreader beam design. Even just as an academic study, it still has a purpose.


[bookmark: _Toc231131453]Conclusion
The main focus of this project was to design a spreader beam that was capable of successfully lifting an 11,000kg open-top slurry holding tank from the horizontal position it was transported to site on, into the air where the bottom of the tank will be lowered by 90° until the tank is stood in the vertical, before it is then moved into position and lowered onto a steel structure that it will be fastened to. Not only did the beam need to be capable of the lift, but it also needed to be as cheap as possible. Multiple different types and size of beams were explored and the most economical, capable section size – a 203x203x46 UC – was selected, the web was stiffened, and it was proven to be capable of conducted this lift through research, FEA and analytical investigation.
[image: ]
[bookmark: _Toc231132767]Figure 44 Final spreader beam design modelled in SolidWorks
Though the results of the Final FEA (see section 5.1, tables 10-12) suggest that the final spreader beam design will fail, those results are erroneously high due to stress singularities caused by mesh convergence. The images from that section show that the performance of the spreader beam is vastly improved by the addition of web stiffeners.
Generative design was also used to evaluate alternative potential designs using AI. The design would only be manufacturable through highly expensive techniques such as selective laser melting (SLM), electron beam melting (EBM), or direct metal laser sintering (DMLS). Although these methods are not suitable for this project, it was important to explore other potential designs and manufacturing methods as at some point in the future these methods may be viable alternatives. 
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[bookmark: _Toc231131455][image: ]Appendix A: Tank Fabrication Drawings[bookmark: _Toc231132768]Figure 45 Fabrication details of slurry tanks No.1 and No.2
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[bookmark: _Toc231132769]Figure 46 Fabrication details of main shell fittings

[bookmark: _Toc231131456]Appendix B: FEA Simulation Results 
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[bookmark: _Toc231131458]von Mises Stress [bookmark: _Toc231132770]Figure 47 von Mises stress results of the 203 UC 46 FEA simulation


[bookmark: _Toc231131459]Displacement[bookmark: _Toc231132771]Figure 48 Displacement results of the 203 UC 46 FEA simulation



[bookmark: _Toc231131460]Equivalent Strain[bookmark: _Toc231132772]Figure 49 Equivalent strain results of the 203 UC 46 FEA simulation


[bookmark: _Toc231131461]Factor of Safety[bookmark: _Toc231132773]Figure 50 Factor of safety results of the 203 UC 46 FEA simulation
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[bookmark: _Toc231131463]von Mises Stress [bookmark: _Toc231132774]Figure 51 von Mises stress results of the 254 UC 73 FEA simulation


[bookmark: _Toc231131464]Displacement[bookmark: _Toc231132775]Figure 52 Displacement results of the 254 UC 73 FEA simulation


[bookmark: _Toc231131465]Equivalent Strain[bookmark: _Toc231132776]Figure 53 Equivalent strain results of the 203 UC 46 FEA simulation
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[image: ][bookmark: _Toc231132777]Figure 54 Factor of safety results of the 203 UC 46 FEA simulation
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[bookmark: _Toc231132778]Figure 55 Buckling results of the 254 UC 73 FEA simulation
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[bookmark: _Toc231131469]von Mises Stress [bookmark: _Toc231132779]Figure 56 von Mises stress results of the 150x5 SHS FEA simulation




[bookmark: _Toc231131470]Displacement[bookmark: _Toc231132780]Figure 57 Displacement results of the 150x5 SHS FEA simulation





[bookmark: _Toc231131471]Equivalent Strain[bookmark: _Toc231132781]Figure 58 Equivalent strain results of the 203 UC 46 FEA simulation
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[bookmark: _Toc231132782]Figure 59 Factor of safety results of the 150x5 SHS FEA simulation
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[image: ][bookmark: _Toc231132783]Figure 60 Buckling results of the 150x5 SHS FEA simulation


[bookmark: _Toc231131474]203 UC 46 – Angled at 0° and 45°
[bookmark: _Toc231131475][image: ]0° Lift – Horizontal Position[bookmark: _Toc231132784]Figure 61 Factor of Safety results of the 203 UC 46 0° lift FEA simulation – Isometric View 1


[bookmark: _Toc231131476]254 UC 73 – Angled at 0° and 45°
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[image: ][bookmark: _Toc231132785]Figure 62 Factor of Safety results of the 254 UC 73 0° lift FEA simulation – Isometric View 1


[image: ][image: ][bookmark: _Toc231132786]Figure 63 Factor of Safety results of the 254 UC 73 0° lift FEA simulation – Side Elevation
[bookmark: _Toc231132787]Figure 64 Factor of Safety results of the 254 UC 73 0° lift FEA simulation – Isometric View 2



[bookmark: _Toc231131478]Appendix C: Spreader Beam Final Design
[bookmark: _Toc231131479][image: ]Spreader Beam Fabrication Drawing[bookmark: _Toc231132788]Figure 65 Final spreader beam design fabrication drawing

[bookmark: _Toc231131480]Additional Spreader Beam Final Design FEA Simulation Results
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von Mises Stress - 90° Lift[bookmark: _Toc231132789]Figure 66 von Mises stress results of the Final Spreader Beam Design FEA simulation

Displacement - 90° Lift[bookmark: _Toc231132790]Figure 67  Displacement results of the Final Spreader Beam Design FEA simulation. The bottom view is the deformed result.




Equivalent Strain - 90° Lift[bookmark: _Toc231132791]Figure 68 Equivalent strain results of the Final Spreader Beam Design FEA simulation


Factor of Safety - 90° Lift[bookmark: _Toc231132792]Figure 69 Factor of safety results of the Final Spreader Beam Design FEA simulation









Buckling - 90° Lift[bookmark: _Toc231132793]Figure 70 Buckling results of the Final Spreader Beam Design FEA simulation. The bottom view is the deformed result.




[bookmark: _Toc231131482]45° Lifting Scenario
von Mises Stress - 45° Lift[bookmark: _Toc231132794]Figure 71 von Mises stress results of the Final Spreader Beam Design FEA simulation in the 45° lift


Displacement - 45° Lift[bookmark: _Toc231132795]Figure 72 Displacement results of the Final Spreader Beam Design FEA simulation in the 45° lift (deformed result)

[image: ]Equivalent Strain - 45° Lift

[bookmark: _Toc231132796]Figure 73 Equivalent strain results of the Final Spreader Beam Design FEA simulation in the 45° lift

Factor of Safety - 45° Lift[bookmark: _Toc231132797]Figure 74 Factor of safety results of the Final Spreader Beam Design FEA simulation in the 45° lift



Buckling - 45° Lift[bookmark: _Toc231132798]Figure 75 Buckling results of the Final Spreader Beam Design FEA simulation in the 45° lift (deformed results)




[bookmark: _Toc231131483]0° Lifting Scenario
von Mises Stress - 0° Lift[bookmark: _Toc231132799]Figure 76 von Mises stress results of the Final Spreader Beam Design FEA simulation in the 0° lift


[image: ]Displacement - 0° Lift[bookmark: _Toc231132800]Figure 77 Displacement results of the Final Spreader Beam Design FEA simulation in the 0° lift (deformed results)

Equivalent Strain - 0° Lift[bookmark: _Toc231132801]Figure 78 Equivalent strain results of the Final Spreader Beam Design FEA simulation in the 0° lift


Factor of Safety - 45° Lift[bookmark: _Toc231132802]Figure 79 Factor of safety results of the Final Spreader Beam Design FEA simulation in the 0° lift



Buckling - 0° Lift[bookmark: _Toc231132803]Figure 80 Buckling results of the Final Spreader Beam Design FEA simulation in the 0° lift
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[bookmark: _Toc231131485][image: ]Concept 1[bookmark: _Toc231132804]Figure 81 Generative design concept 1 images and datasheet



[bookmark: _Toc231131486]Concept 2[bookmark: _Toc231132805]Figure 82 Generative design concept 2 images and datasheet
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[bookmark: _Toc231131487]Concept 3[bookmark: _Toc231132806]Figure 83 Generative design concept 3 images and datasheet
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[bookmark: _Toc231131488][image: ]Concept 4[bookmark: _Toc231132807]Figure 84 Generative design concept 4 images and datasheet






[bookmark: _Toc231131489][image: ]Concept 4[bookmark: _Toc231132808]Figure 85 Generative design concept 5 images and datasheet
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[bookmark: _Toc231132723]Table 13 Spreader beam lifting lugs loadings table
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	Lug height
	
	Lug thickness
	Lug width
	
	
	
	Yield
	
	
	

	Lift mass
	12
	tonne
	
	
	
	
	
	
	
	
	
	
	
	80
	
	25
	
	200
	
	
	
	265
	N/mm2
	
	

	FOS
	2.5
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	a
	b
	c
	a'
	b'
	d
	d'
	
	SB Load: tonne
	SB Load: kN
	Factored SB Load: kN
	Tension Load
	Shear Load
	Moment
	
	Moment resistance
	
	Shear resistance
	
	Tension resistance
	
	M Util.
	Ten. Util
	M+Ten Util.
	Shear Util

	90
	4436
	1462
	2727
	0
	2727
	5898
	2727
	
	6.000
	58.860
	147.150
	0.000
	147.150
	11.772
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.27
	0.00
	0.27
	0.19

	89
	4436
	1462
	2727
	77
	2752
	5898
	2830
	
	5.836
	57.250
	143.124
	2.498
	143.102
	11.448
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.26
	0.00
	0.26
	0.19

	88
	4436
	1462
	2727
	155
	2776
	5898
	2931
	
	5.683
	55.751
	139.378
	4.864
	139.293
	11.143
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.25
	0.00
	0.26
	0.18

	87
	4436
	1462
	2727
	232
	2800
	5898
	3032
	
	5.541
	54.353
	135.882
	7.112
	135.696
	10.856
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.25
	0.01
	0.25
	0.18

	86
	4436
	1462
	2727
	309
	2822
	5898
	3132
	
	5.407
	53.044
	132.611
	9.250
	132.288
	10.583
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.24
	0.01
	0.25
	0.17

	85
	4436
	1462
	2727
	387
	2844
	5898
	3231
	
	5.282
	51.816
	129.540
	11.290
	129.047
	10.324
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.23
	0.01
	0.24
	0.17

	84
	4436
	1462
	2727
	464
	2865
	5898
	3329
	
	5.164
	50.660
	126.651
	13.239
	125.957
	10.077
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.23
	0.01
	0.24
	0.16

	83
	4436
	1462
	2727
	541
	2885
	5898
	3425
	
	5.053
	49.571
	123.927
	15.103
	123.003
	9.840
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.22
	0.01
	0.23
	0.16

	82
	4436
	1462
	2727
	617
	2904
	5898
	3521
	
	4.948
	48.540
	121.351
	16.889
	120.170
	9.614
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.22
	0.01
	0.23
	0.16

	81
	4436
	1462
	2727
	694
	2922
	5898
	3616
	
	4.849
	47.564
	118.911
	18.602
	117.447
	9.396
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.21
	0.01
	0.23
	0.15

	80
	4436
	1462
	2727
	770
	2939
	5898
	3710
	
	4.754
	46.638
	116.595
	20.247
	114.824
	9.186
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.21
	0.02
	0.22
	0.15

	79
	4436
	1462
	2727
	846
	2956
	5898
	3802
	
	4.664
	45.757
	114.393
	21.827
	112.291
	8.983
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.20
	0.02
	0.22
	0.15

	78
	4436
	1462
	2727
	922
	2971
	5898
	3894
	
	4.579
	44.918
	112.294
	23.347
	109.841
	8.787
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.20
	0.02
	0.22
	0.14

	77
	4436
	1462
	2727
	998
	2986
	5898
	3984
	
	4.497
	44.117
	110.292
	24.810
	107.465
	8.597
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.19
	0.02
	0.21
	0.14

	76
	4436
	1462
	2727
	1073
	3000
	5898
	4073
	
	4.419
	43.351
	108.377
	26.219
	105.158
	8.413
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.19
	0.02
	0.21
	0.14

	75
	4436
	1462
	2727
	1148
	3012
	5898
	4161
	
	4.344
	42.618
	106.544
	27.576
	102.913
	8.233
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.19
	0.02
	0.21
	0.13

	74
	4436
	1462
	2727
	1223
	3024
	5898
	4247
	
	4.273
	41.914
	104.786
	28.883
	100.726
	8.058
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.18
	0.02
	0.20
	0.13

	73
	4436
	1462
	2727
	1297
	3035
	5898
	4332
	
	4.204
	41.239
	103.097
	30.143
	98.592
	7.887
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.18
	0.02
	0.20
	0.13

	72
	4436
	1462
	2727
	1371
	3045
	5898
	4416
	
	4.138
	40.589
	101.473
	31.357
	96.507
	7.721
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.17
	0.02
	0.20
	0.13

	71
	4436
	1462
	2727
	1444
	3054
	5898
	4499
	
	4.074
	39.964
	99.910
	32.527
	94.466
	7.557
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.17
	0.02
	0.20
	0.12

	70
	4436
	1462
	2727
	1517
	3063
	5898
	4580
	
	4.012
	39.361
	98.402
	33.655
	92.467
	7.397
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.17
	0.03
	0.19
	0.12

	69
	4436
	1462
	2727
	1590
	3070
	5898
	4660
	
	3.953
	38.778
	96.946
	34.742
	90.507
	7.241
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.16
	0.03
	0.19
	0.12

	68
	4436
	1462
	2727
	1662
	3076
	5898
	4738
	
	3.896
	38.215
	95.539
	35.789
	88.582
	7.087
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.16
	0.03
	0.19
	0.12

	67
	4436
	1462
	2727
	1733
	3081
	5898
	4815
	
	3.840
	37.671
	94.177
	36.798
	86.690
	6.935
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.16
	0.03
	0.18
	0.11

	66
	4436
	1462
	2727
	1804
	3086
	5898
	4890
	
	3.786
	37.143
	92.857
	37.768
	84.829
	6.786
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.15
	0.03
	0.18
	0.11

	65
	4436
	1462
	2727
	1875
	3089
	5898
	4964
	
	3.734
	36.631
	91.578
	38.702
	82.997
	6.640
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.15
	0.03
	0.18
	0.11

	64
	4436
	1462
	2727
	1945
	3092
	5898
	5037
	
	3.683
	36.134
	90.335
	39.600
	81.193
	6.495
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.15
	0.03
	0.18
	0.11

	63
	4436
	1462
	2727
	2014
	3094
	5898
	5107
	
	3.634
	35.651
	89.127
	40.463
	79.413
	6.353
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.14
	0.03
	0.17
	0.10

	62
	4436
	1462
	2727
	2083
	3094
	5898
	5177
	
	3.586
	35.181
	87.952
	41.291
	77.657
	6.213
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.14
	0.03
	0.17
	0.10

	61
	4436
	1462
	2727
	2151
	3094
	5898
	5244
	
	3.540
	34.723
	86.808
	42.085
	75.924
	6.074
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.14
	0.03
	0.17
	0.10

	60
	4436
	1462
	2727
	2218
	3093
	5898
	5311
	
	3.494
	34.277
	85.693
	42.846
	74.212
	5.937
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.13
	0.03
	0.17
	0.10

	59
	4436
	1462
	2727
	2285
	3090
	5898
	5375
	
	3.450
	33.842
	84.604
	43.574
	72.520
	5.802
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.13
	0.03
	0.16
	0.09

	58
	4436
	1462
	2727
	2351
	3087
	5898
	5438
	
	3.406
	33.417
	83.542
	44.270
	70.847
	5.668
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.13
	0.03
	0.16
	0.09

	57
	4436
	1462
	2727
	2416
	3083
	5898
	5499
	
	3.364
	33.001
	82.503
	44.934
	69.193
	5.535
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.13
	0.03
	0.16
	0.09

	56
	4436
	1462
	2727
	2481
	3078
	5898
	5559
	
	3.323
	32.595
	81.486
	45.567
	67.555
	5.404
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.12
	0.03
	0.16
	0.09

	55
	4436
	1462
	2727
	2544
	3072
	5898
	5617
	
	3.282
	32.197
	80.491
	46.168
	65.935
	5.275
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.12
	0.03
	0.15
	0.09

	54
	4436
	1462
	2727
	2607
	3066
	5898
	5673
	
	3.242
	31.807
	79.517
	46.739
	64.330
	5.146
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.12
	0.04
	0.15
	0.08

	53
	4436
	1462
	2727
	2670
	3058
	5898
	5727
	
	3.203
	31.424
	78.560
	47.279
	62.741
	5.019
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.11
	0.04
	0.15
	0.08

	52
	4436
	1462
	2727
	2731
	3049
	5898
	5780
	
	3.165
	31.049
	77.622
	47.789
	61.167
	4.893
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.11
	0.04
	0.15
	0.08

	51
	4436
	1462
	2727
	2792
	3039
	5898
	5831
	
	3.127
	30.680
	76.700
	48.269
	59.607
	4.769
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.11
	0.04
	0.14
	0.08

	50
	4436
	1462
	2727
	2851
	3029
	5898
	5880
	
	3.090
	30.318
	75.794
	48.720
	58.062
	4.645
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.11
	0.04
	0.14
	0.08

	49
	4436
	1462
	2727
	2910
	3017
	5898
	5928
	
	3.054
	29.961
	74.903
	49.141
	56.530
	4.522
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.10
	0.04
	0.14
	0.07

	48
	4436
	1462
	2727
	2968
	3005
	5898
	5973
	
	3.018
	29.610
	74.025
	49.533
	55.012
	4.401
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.10
	0.04
	0.14
	0.07

	47
	4436
	1462
	2727
	3025
	2991
	5898
	6017
	
	2.983
	29.264
	73.161
	49.896
	53.507
	4.281
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.10
	0.04
	0.13
	0.07

	46
	4436
	1462
	2727
	3082
	2977
	5898
	6059
	
	2.948
	28.923
	72.309
	50.230
	52.015
	4.161
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.09
	0.04
	0.13
	0.07

	45
	4436
	1462
	2727
	3137
	2962
	5898
	6099
	
	2.914
	28.587
	71.468
	50.535
	50.535
	4.043
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.09
	0.04
	0.13
	0.07

	44
	4436
	1462
	2727
	3191
	2946
	5898
	6137
	
	2.880
	28.255
	70.638
	50.813
	49.069
	3.926
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.09
	0.04
	0.13
	0.06

	43
	4436
	1462
	2727
	3244
	2929
	5898
	6173
	
	2.847
	27.927
	69.818
	51.062
	47.616
	3.809
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.09
	0.04
	0.12
	0.06

	42
	4436
	1462
	2727
	3297
	2911
	5898
	6208
	
	2.814
	27.603
	69.007
	51.282
	46.175
	3.694
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.08
	0.04
	0.12
	0.06

	41
	4436
	1462
	2727
	3348
	2892
	5898
	6240
	
	2.781
	27.282
	68.205
	51.475
	44.747
	3.580
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.08
	0.04
	0.12
	0.06

	40
	4436
	1462
	2727
	3398
	2873
	5898
	6271
	
	2.749
	26.965
	67.411
	51.640
	43.331
	3.467
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.08
	0.04
	0.12
	0.06

	39
	4436
	1462
	2727
	3447
	2852
	5898
	6300
	
	2.717
	26.650
	66.625
	51.777
	41.929
	3.354
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.08
	0.04
	0.12
	0.05

	38
	4436
	1462
	2727
	3496
	2831
	5898
	6327
	
	2.685
	26.338
	65.846
	51.887
	40.539
	3.243
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.07
	0.04
	0.11
	0.05

	37
	4436
	1462
	2727
	3543
	2809
	5898
	6352
	
	2.653
	26.029
	65.073
	51.969
	39.162
	3.133
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.07
	0.04
	0.11
	0.05

	36
	4436
	1462
	2727
	3589
	2786
	5898
	6374
	
	2.622
	25.722
	64.305
	52.024
	37.798
	3.024
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.07
	0.04
	0.11
	0.05

	35
	4436
	1462
	2727
	3634
	2762
	5898
	6396
	
	2.591
	25.417
	63.543
	52.052
	36.447
	2.916
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.07
	0.04
	0.11
	0.05

	34
	4436
	1462
	2727
	3678
	2737
	5898
	6415
	
	2.560
	25.114
	62.786
	52.052
	35.109
	2.809
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.06
	0.04
	0.10
	0.05

	33
	4436
	1462
	2727
	3720
	2711
	5898
	6432
	
	2.529
	24.813
	62.033
	52.025
	33.786
	2.703
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.06
	0.04
	0.10
	0.04

	32
	4436
	1462
	2727
	3762
	2685
	5898
	6447
	
	2.499
	24.513
	61.284
	51.972
	32.475
	2.598
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.06
	0.04
	0.10
	0.04

	31
	4436
	1462
	2727
	3802
	2658
	5898
	6460
	
	2.468
	24.215
	60.538
	51.891
	31.179
	2.494
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.06
	0.04
	0.10
	0.04

	30
	4436
	1462
	2727
	3842
	2630
	5898
	6471
	
	2.438
	23.918
	59.795
	51.784
	29.897
	2.392
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.05
	0.04
	0.09
	0.04

	29
	4436
	1462
	2727
	3880
	2601
	5898
	6481
	
	2.408
	23.622
	59.054
	51.650
	28.630
	2.290
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.05
	0.04
	0.09
	0.04

	28
	4436
	1462
	2727
	3917
	2571
	5898
	6488
	
	2.378
	23.326
	58.315
	51.489
	27.377
	2.190
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.05
	0.04
	0.09
	0.04

	27
	4436
	1462
	2727
	3953
	2541
	5898
	6493
	
	2.348
	23.031
	57.578
	51.302
	26.140
	2.091
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.05
	0.04
	0.09
	0.03

	26
	4436
	1462
	2727
	3987
	2509
	5898
	6497
	
	2.318
	22.736
	56.841
	51.088
	24.917
	1.993
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.05
	0.04
	0.08
	0.03

	25
	4436
	1462
	2727
	4020
	2478
	5898
	6498
	
	2.288
	22.442
	56.105
	50.848
	23.711
	1.897
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.04
	0.04
	0.08
	0.03

	24
	4436
	1462
	2727
	4052
	2445
	5898
	6497
	
	2.258
	22.148
	55.369
	50.582
	22.521
	1.802
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.04
	0.04
	0.08
	0.03

	23
	4436
	1462
	2727
	4083
	2411
	5898
	6495
	
	2.228
	21.853
	54.633
	50.290
	21.347
	1.708
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.04
	0.04
	0.08
	0.03

	22
	4436
	1462
	2727
	4113
	2377
	5898
	6490
	
	2.198
	21.558
	53.896
	49.972
	20.190
	1.615
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.04
	0.04
	0.07
	0.03

	21
	4436
	1462
	2727
	4141
	2342
	5898
	6484
	
	2.167
	21.263
	53.158
	49.627
	19.050
	1.524
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.03
	0.04
	0.07
	0.02

	20
	4436
	1462
	2727
	4168
	2307
	5898
	6475
	
	2.137
	20.967
	52.418
	49.257
	17.928
	1.434
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.03
	0.04
	0.07
	0.02

	19
	4436
	1462
	2727
	4194
	2270
	5898
	6464
	
	2.107
	20.670
	51.675
	48.860
	16.824
	1.346
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.03
	0.04
	0.07
	0.02

	18
	4436
	1462
	2727
	4219
	2233
	5898
	6452
	
	2.077
	20.372
	50.931
	48.438
	15.738
	1.259
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.03
	0.04
	0.07
	0.02

	17
	4436
	1462
	2727
	4242
	2195
	5898
	6438
	
	2.046
	20.073
	50.183
	47.990
	14.672
	1.174
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.03
	0.04
	0.06
	0.02

	16
	4436
	1462
	2727
	4264
	2157
	5898
	6421
	
	2.016
	19.772
	49.431
	47.516
	13.625
	1.090
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.02
	0.04
	0.06
	0.02

	15
	4436
	1462
	2727
	4285
	2118
	5898
	6403
	
	1.985
	19.470
	48.676
	47.017
	12.598
	1.008
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.02
	0.04
	0.06
	0.02

	14
	4436
	1462
	2727
	4304
	2078
	5898
	6383
	
	1.954
	19.166
	47.915
	46.492
	11.592
	0.927
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.02
	0.04
	0.06
	0.02

	13
	4436
	1462
	2727
	4322
	2038
	5898
	6360
	
	1.923
	18.860
	47.150
	45.942
	10.606
	0.849
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.02
	0.03
	0.05
	0.01

	12
	4436
	1462
	2727
	4339
	1997
	5898
	6336
	
	1.891
	18.552
	46.379
	45.366
	9.643
	0.771
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.02
	0.03
	0.05
	0.01

	11
	4436
	1462
	2727
	4354
	1955
	5898
	6310
	
	1.859
	18.241
	45.602
	44.764
	8.701
	0.696
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.02
	0.03
	0.05
	0.01

	10
	4436
	1462
	2727
	4369
	1913
	5898
	6282
	
	1.827
	17.927
	44.818
	44.137
	7.783
	0.623
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.01
	0.03
	0.05
	0.01

	9
	4436
	1462
	2727
	4381
	1871
	5898
	6252
	
	1.795
	17.611
	44.027
	43.485
	6.887
	0.551
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.01
	0.03
	0.05
	0.01

	8
	4436
	1462
	2727
	4393
	1827
	5898
	6220
	
	1.763
	17.291
	43.229
	42.808
	6.016
	0.481
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.01
	0.03
	0.04
	0.01

	7
	4436
	1462
	2727
	4403
	1783
	5898
	6186
	
	1.730
	16.968
	42.421
	42.105
	5.170
	0.414
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.01
	0.03
	0.04
	0.01

	6
	4436
	1462
	2727
	4412
	1739
	5898
	6151
	
	1.696
	16.642
	41.605
	41.377
	4.349
	0.348
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.01
	0.03
	0.04
	0.01

	5
	4436
	1462
	2727
	4419
	1694
	5898
	6113
	
	1.663
	16.311
	40.778
	40.623
	3.554
	0.284
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.01
	0.03
	0.04
	0.00

	4
	4436
	1462
	2727
	4425
	1649
	5898
	6074
	
	1.629
	15.977
	39.942
	39.845
	2.786
	0.223
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.01
	0.03
	0.04
	0.00

	3
	4436
	1462
	2727
	4430
	1603
	5898
	6033
	
	1.594
	15.638
	39.094
	39.040
	2.046
	0.164
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.00
	0.03
	0.03
	0.00

	2
	4436
	1462
	2727
	4433
	1556
	5898
	5990
	
	1.559
	15.294
	38.234
	38.211
	1.334
	0.107
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.00
	0.03
	0.03
	0.00

	1
	4436
	1462
	2727
	4435
	1509
	5898
	5945
	
	1.523
	14.945
	37.362
	37.356
	0.652
	0.052
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.00
	0.03
	0.03
	0.00

	0
	4436
	1462
	2727
	4436
	1462
	5898
	5898
	
	1.487
	14.590
	36.476
	36.476
	0.000
	0.000
	
	44.166667
	kNm
	764.99
	kN
	1325
	kN
	0.00
	0.03
	0.03
	0.00
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