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Summary 

Subsea surveying plays a crucial role in the oil and gas industry by facilitating the maintenance, repair, 

and inspection of underwater equipment and infrastructure. As the demand for sustainable offshore oil 

and gas resources grows, there is an urgent need for cost-effective and efficient surveying methods. To 

address this, the use of Unmanned Surface Vessels (USVs) for launching and recovering remotely 

operated vehicles (ROVs) has emerged as a promising solution. Developing a specialized Launch and 

Recovery System (LARS) for USVs can significantly enhance survey operations, resulting in longer 

ROV operation durations, reduced reliance on support vessels, and improved overall efficiency. 

The primary objective of this thesis is to design an efficient LARS for ROVs using USVs. This 

involves the development of a hatch and skid that enable seamless transitions between the USV and 

the ocean. Modifications will be made to an existing survey skid to ensure its suitability, and static 

analysis will be conducted to validate the designs and identify areas for improvement. Various design 

options and materials will be explored to withstand impact loads and optimize performance. 

This study's development of the new LARS system along with its components and design 

considerations, holds significant potential to advance subsea surveying technology. It can enable safer 

and more efficient exploration and maintenance of offshore oil and gas resources while promoting the 

sustainable development of offshore energy. 
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Sammendrag 

Undervanns undersøkelser er en essensiell del av olje- og gassindustrien, og muliggjør vedlikehold, 

reparasjon og inspeksjon av utstyr og installasjoner på havbunnen. Med den økende etterspørselen 

etter offshore olje- og gassressurser, er det et større behov for kostnadseffektive og effektive metoder 

for å vedlikeholde og kartlegge havbunnsressurser. For å imøtekomme dette behovet har bruken av 

ubemannede overflatefartøy (USV-er) for utsetting og henting av fjernstyrte undervannsfarkoster 

(ROV-er) blitt sett på som en lovende løsning. Utviklingen av et spesialisert system for utsetting og 

henting (LARS) for USV-er kan betydelig forbedre undersøkelsesoperasjoner, noe som resulterer i økt 

driftstid for ROV-er, redusert avhengighet av støttefartøy og forbedret effektivitet. 

Hovedmålet med denne avhandlingen er å designe en effektiv LARS for ROV-er ved bruk av USV-er. 

Dette innebærer utvikling av en luke og en ROV ramme som muliggjør sømløs overgang mellom 

USV-en og havet. Det vil bli gjort modifikasjoner på en eksisterende ramme for å sikre dens egnethet, 

og statiske analyser vil bli utført for å validere designene og identifisere områder for forbedring. 

Forskjellige designalternativer og materialer vil bli utforsket for å tåle støtbelastninger og optimalisere 

ytelsen. 

Dette studiets utvikling av det nye LARS-systemet sammen med dets komponenter og design har 

betydelig potensial for å fremme teknologien innen undervannsundersøkelser. Det kan muliggjøre 

sikrere og mer effektiv utforskning og vedlikehold av offshore olje- og gassressurser samtidig som det 

fremmer bærekraftig utvikling av offshore energi.  
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1 Introduction 

The introduction will provide a comprehensive overview of the thesis, including its claims, 

significance, methodology, existing design, as well as defining the objectives and requirements. 

1.1 Background 

Subsea surveying plays a vital role in the oil and gas industry for maintenance, repair, and inspection 

tasks on subsea installations and equipment. With the depletion of onshore reserves, there has been an 

increased demand for offshore oil and gas exploration, leading to more offshore drilling operations. 

[1]. 

Traditionally, subsea surveying has been performed using remotely operated vehicles (ROVs) 

launched from large construction- and specialized ROV support vessels. However, the operational 

expenses associated with these large ships have driven the search for more cost-effective surveying 

methods [1]. One such approach is the use of Unmanned Surface Vessels (USVs) to launch and 

recover ROVs. This method allows for longer ROV operation durations, reduces the reliance on 

support vessels, and improves survey efficiency. 

Ensuring the protection of sensors during the launch and recovery process is up most important for an 

effective LARS (Launch and Recovery System). In the harsh ocean environment, where the conditions 

can be challenging, protecting the sensors from damage becomes crucial. These sensors are not only 

essential for collecting high-quality data but can also be expensive to replace. Thus, the design of the 

LARS system must prioritize the preservation of these sensitive components. 

To achieve this, careful consideration needs to be given to the implementation of a robust skid and 

hatch solution. The skid serves as a dedicated platform attached to the ROV, providing a secure base 

for the sensors and other equipment. Its purpose is to shield the sensors during the challenging launch 

and recovery phases, mitigating the risk of any potential damage. Meanwhile, the hatch, positioned aft 

of the vessel, should facilitate the smooth entry, and exit of the ROV without compromising the 

integrity of skid including sensors. 

 

Figure 1 Conventional LARS for survey and construction vessels [2] 
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The conventional LARS for ROVs is comprised of four key components, shown in Figure 1: a A-

frame, a winch system, an umbilical cable, and a tether management system (TMS). The A-frame is 

mounted on the vessel's deck and provides a platform for the winch system, which is deploying and 

retrieving the ROV from the water. 

The umbilical cable is connected to the ROV and the winch system, providing the communication and 

power link between the ROV and the vessel. During operation, the manages the umbilical cable to 

ensure it remains free from entanglement or damage.  

However, using a traditional LARS system for USVs can present challenges that make up the reason 

for the new type of LARS. These challenges have been presented by DeepOcean and are as follows: 

• Smaller vessel: Due to its limited length of only 26.9 m, a traditional LARS A-frame cannot 

be installed over the side of the smaller vessel as it would compromise the vessel's stability.  

• Moonpool Challenges: Smaller vessels face challenges in using a moonpool for launching and 

recovering ROVs. The vessel's reduced size can cause the frequency of movements to 

increase, requiring the use of a TMS to add weight to the ROV in the water, enabling the 

winch to maintain CT and control the ROV movements. 

• Increased Complexity: Operating an unmanned ROV system on a smaller vessel can be 

complex. Fewer components are desirable to ensure smooth operation, but adding a TMS, for 

example, can increase complexity, making it challenging to operate and maintain the system 

on a USV. 

• Large Movements: When a small vessel is in motion or experiencing rough seas, the 

movements of the vessel will be much larger than a traditional 100m long supply vessel. The 

largest movements will be aft and to have a A-frame with a snubber reeling in the ROV would 

lead to high possibility of uncontrolled collision between ROV and the snubber. ROV is 

neutral in water and will follow the movements of the waves. In launch or recovery where the 

ROV and vessel are experiencing large movements in opposite phase, the risk of the snubber 

or vessel colliding destructively with the ROV is large. The winch will not be fast enough to 

secure the ROV into the snubber in large movements. 

• Solution: With vessel forward speed and pushing the ROV into the sea, one makes sure that 

there are no objects above the ROV at any stage of the launch. With vessel speed forward and 

towing the ROV with a moving sheave wheel, one makes sure that there are no objects above 

the ROV at any stage of the recovery. 

1.2 DeepOcean 

DeepOcean AS is a prominent player in the subsea services sector and has made reducing its carbon 

footprint a high priority. Based in Oslo and founded in 1999, the company offers a variety of services 

to the oil and gas, offshore renewables, and subsea mineral and surveying for a variety of clients. 

These services include subsea trenching and cable laying, inspection, repair, maintenance, and subsea 

intervention. DeepOcean's fleet includes support vessels, cable laying vessels, and subsea construction 

vessels equipped with the latest technology, such as ROVs and trenching systems [3]. DeepOcean is 

presently in search of a solution to conduct surveys using a combination of an USV and a ROV. 

1.3 Literature review  

While both USVs and ROVs have been used extensively for various tasks, there is a relatively small 

amount of literature on the combined use of these two technologies for surveying applications in the 

oil and gas sector. One possible reason for this is that the use of USVs and ROVs together, is a 

combination of technologies that still is unexplored and requires specialized equipment and software 

with rules and regulations. However, there is research and patens on this matter as discussed below.  
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SINTEF 
The Artifex project's part “Task 1.2” describes a LARS for a ROV including bumper bars and 

a docking mechanism, enabling launch and recovery in rough sea conditions. The report also 

considered the use of a moon pool, providing additional safety and stability. Results showed 

that minimizing the moments of inertia in pitch and roll and placing the LARS systems as 

close as possible to the COG of the vessel could minimize heave motion at the ROV and 

LARS locations at 2 m significant wave height (SWH) [4]. 

Patent EP3448748A1 
The patent titled "EP3448748A1" was filed by Kongsberg Maritime AS and relates to a USV 

together with a ROV. The invention relates to a system that can be used for IMR and other 

subsea operations. 

Reach Subsea 
Reach Subsea is a provider of subsea services, offering a range of solutions for subsea IMR. 

The company is committed to future-proofing subsea services through remote and autonomous 

operations [5] and are working with Kongsberg Maritime AS on this matter. 

Kongsberg Maritime AS  
A leading supplier of technology and services for the offshore and subsea services. Kongsberg 

Maritime is the company behind the patent "EP3448748A1." Reach Subsea will utilizes this 

patent to provide its subsea services for ROV operations with Kongsberg’s USVs. 

DeepOcean has also patented a LARS for underwater units or vehicles, as seen in their patent 

WO2022/035322A1 in Figure 2. With their long experience in subsea operations and a strong focus on 

innovative technological solutions, DeepOcean holds a strategic advantage in pioneering 

advancements and addressing this issue. Consequently, this thesis aims to provide valuable additional 

insights to the ongoing research in this field. 

 

Figure 2 DeepOcean’s patent WO2022/035322A1 for launch and recovery of underwater units or vehicles [6]. 
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1.4 Kystdesign Supporter Work-Class ROV  

The skid is specifically designed for the Kystdesign Supporter ROV 3000, as depicted in Figure 3, 

which has a frame lift capacity of 3000 kg. The specifications and dimensions of the ROV are 

provided in Table 1. DeepOcean has informed us that the Supporter ROV features a specialized hinged 

umbilical connector at the ROV. This unique design allows the umbilical to be angled both 

horizontally from the aft and vertically, as shown in Figure 4. 

 

Figure 3 Kystdesign Supporter ROV 

Table 1 Kystdesign Supporter ROV specifications 

Description Specification 

Dimensions L x W x H = 2.5 x 1.7 x 1.65 m 

Tare weight 2450 kg  

Through frame lift capacity 3000 kg 

COG from top without skid -0.90 m 

1.5 Ocean Challenger USV 

The USV Ocean Challenger is smaller and lighter compared to typical survey vessels, and it holds 

great value for this research. Unfortunately, as the nature of the vessel is undisclosed at the time of this 

report, we are unable to provide images or specific calculations. However, DeepOcean has provided 

dimensions listed in Table 2 that are sufficient for load calculations and determining skid 

specifications. 

Table 2 Ocean Challenger USV specifications 

Description Size [m] 

Length 26.9 

Max width of hatch fastenings aft  5.2 

Max width of aft opening in vessel 3.4 

Max width of garage for ROV on vessel 2.0 
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1.6 Objectives 

The primary goal of this project is to develop a LARS that can effectively launch and recover a ROV 

in offshore environments using a USV, as seen in Figure 4. The following tasks will be undertaken to 

achieve this objective: 

• Evaluate the placement of sensors within the skid to ensure their protection during the launch 

and recovery processes. 

• Consider suitable design options and materials that can effectively withstand and mitigate 

impact loads, safeguarding the sensors against damage or misalignment during launch and 

recovery. 

• Develop a hatch design that facilitates the smooth launch and recovery of an ROV with the 

skid, ensuring efficient operation and minimizing potential risks. 

• Modify an existing survey skid to make it compatible and functional within the new LARS 

system, allowing for seamless integration with the hatch. 

• Conduct static simulations of the ROV skid and hatch to validate their designs and identify 

any potential issues or areas for improvement. 

• Review the new gravity COG for the skid. 

• Generate comprehensive 3D models of the ROV skid and hatch components, providing a 

detailed visualization of their structure and configuration. 

• Produce technical drawings of the hatch and skid, providing guidelines for manufacturing and 

assembly processes. 

 

Figure 4 Operational concept for launch and recovery of ROV from USV, source: DeepOcean. 

1.7 Skid requirements 

The design of the skid plays a crucial role in ensuring the successful launch, recovery, and stability of 

the ROV. Several factors need to be considered during its design process, including impact forces and 

sensor placement. To mitigate the impact forces experienced by the skid, force-absorbing materials 

like rubber are strategically placed at critical impact points. 

To ensure stability during launch and recovery operations, the skid should be designed with a low 

centre of gravity.  
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This can be achieved by positioning the heavier components of the skid at the bottom. A low centre of 

gravity not only enhances stability but also reduces the skid's susceptibility to tipping over, especially 

in rough sea conditions. 

Additionally, the ROV skid should incorporate a low-friction material on its bottom surface, 

facilitating easy dragging onto the vessel during recovery. This material should be highly durable and 

resistant to abrasion to withstand the demanding marine environment. 

The survey skid must fulfil the following requirements: 

• Accommodate key sensors utilized in surveying operations.  

• Securely fastening of sensors, with special care to acoustic sensors.  

• Protecting and reducing loads the sensors during launch and recovery. 

• Be implemented as a part of the LARS. 

• The contact material should be corrosion and abrasion resistant.  

• Simple design to reduce risk of repeated operation failure. 

• Enable attachment to the Kystdesign Supporter ROV. 

• Low-friction material on its contact surface. 

The Survey Skid is designed to carry many sensors, but the main ones used for weight measurements 

in the skid are listed in Table 3. The weights of the sensors are according to Appendix A.  

Table 3 Sensor function- and placement 

Sensor No. Function Placement 
Total weight in 

air [Kg] 
Total weight 
in water [kg] 

SAIV CTD 2 
Determining physical 
properties of the sea 

water 

Horizontally between 
the MBES heads 

6 2 

Transponders 2 
Underwater acoustic 
positioning and data 

link 

Mounted on the top 
survey frame 

10 4 

ROVINS c/w 
Nortek DVL 

1 
Inertial navigation 

system with doppler 
Mounted on the 
front of the ROV 

15 6.2 

Dual-head 
MBES 

2 
Determine the 

topography of the 
seabed 

Mounted on the top 
survey frame 

32.4 11.8 

Alignment 
Lasers 

3 
Determine distance 

from deviance to ROV 
Mounted on the top 

frame 
5 6 

SSS 
transducers 

2 
Detection of debris 

and other 
obstructions 

Centre port and 
starboard 

10 4 

SBS 1 
Imaging of sediment 

layers and buried 
objects 

Centre bottom 30 10 

RTS Gen5 
MUX 

1 
subsea data transfer 

unit 
Centre 32 14 

DigiQuarts 2 Depth sensor 
Mounted front 

bottom 
2 1 

Camera 
booms 

2 Visual inspection Centre front 92 56 

Camera / 
light on 
booms 

2 Visual inspection Centre front 10 4 
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1.8 Hatch requirements 

The hatch plays a critical role in protecting the ROV and its components during launch, recovery, and 

operation. It is designed to withstand impact and hydrodynamic forces. Additionally, the hatch should 

also incorporate a low-friction material on its top surface, facilitating easy dragging of the ROV onto 

the vessel during recovery. To fulfil its purpose effectively, the hatch needs to meet the following 

requirements: 

• Ensure a smooth and seamless transition between the ROV skid and the USV during launch 

and recovery. 

• Be implemented as a part of the LARS. 

• Withstand environmental loads. 

• Withstand resulting loads associated with launch and recovery of the ROV. 

• Simple design to reduce risk of repeated operation failure. 

• The material should be corrosion and abrasion resistant.  
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2 Method 

This chapter will explain the theory and methods used in this thesis, including equations, symbols, 

notations, coefficients, descriptions, and the tools used. 

2.1 Design and structural analysis 

Ultimate Limit State (ULS) principle of limit state design is used to assess the maximum load carrying 

capacity of specific structural elements based on the allowable stress limit. 

2.2 Tools 

In this section, the key tools utilized throughout this thesis for conducting Finite Element Analysis 

(FEA) and calculations, are discussed. 

2.2.1 Autodesk Inventor 

Autodesk Inventor Professional 2023 is a computer aided design (CAD) software used for 3D 

modelling, simulation, and visualization. Autodesk Inventor is used in this project to create 3D models 

of the skid components, an assembled 3D model of all the components, and create technical drawings 

of the parts. Build 359 was the build during the time of the project.  

2.2.2 Autodesk Nastran 

Autodesk Nastran, an Autodesk-provided finite element solver plug-in for Inventor, was selected as 

the software for conducting linear static analysis. This choice allowed for exploring multiple scenarios 

and testing ideas efficiently when transitioning from design modifications to analysis. The version 

utilized during the project was 17.1.2.33. 

2.2.3 Mathcad Prime 

Mathcad was used during this project for the purpose of presenting calculations, as this is a more 

efficient and tidier way to present calculations in the report. The version utilized during the project 

was 9.0.0.0. 

2.3 Standards 

Following discussions with DeepOcean, an agreement was reached to use the Eurocode as the guiding 

framework for the design process. The design process relied on the following standards: 

• EN 1993-1-1 General rules and rules for buildings: This standard is used as a basis for the 

overall design of the hatch and skid. 

• EN 1993-1-8 Design of joints: This standard provides guidelines for the design of joints and 

welds. 

• DNVGL-ST-N001 Marine Operations: This standard is recommended by DeepOcean for 

determining the material factor for welds and joints.  

• DNV-RP-C205 Environmental Conditions: This standard provides information on the 

environmental conditions that the hatch and skid will be subjected to, including the loads 

applied to the hatch. We have used this standard to ensure that the hatch and skid are designed 

to withstand the expected environmental conditions. 

• ISO 2768-1:1989 General tolerances — Part 1: Tolerances for linear and angular dimensions 

without individual tolerance indications 

• NORSOK M-101 Structural steel fabrication. Rev. 5, October 2011 

• NORSOK M-102:2015 Structural aluminium fabrication. Edition 2, April 2015 



 Integration of a Skid and Hatch-Based Launch and Recovery 
System for ROVs on USVs 

 

9 

 

3 Preliminary design 

This chapter provides an overview of the preliminary design phase, which includes modification, 

function, and material selection. 

3.1 Hatch design 

The patent [6] involves a range of hatch designs, as illustrated in Figure 5. Considering this, the choice 

of the hatch design was primarily guided by factors such as hydrodynamic forces and the necessity for 

a seamless transition between the ROV and the hatch. With these considerations in mind, a hatch with 

a geometry resembling that shown in FIG. 2A was selected. This design incorporates the necessary 

functionality for launching and recovering an ROV equipped with a skid, facilitating transverse 

transport across the hatch and onto the USV. 

  
 

Figure 5 Hatch designs included in DeepOcean’s patent WO2022/035322A1 [6]. 

The preliminary hatch design is presented in Figure 6, featuring a maximum width of 5.20 m. This 

width was determined based on the vessel's maximum width as outlined in The USV Ocean 

Challenger is smaller and lighter compared to typical survey vessels, and it holds great value for this 

research. Unfortunately, as the nature of the vessel is undisclosed at the time of this report, we are 

unable to provide images or specific calculations. However, DeepOcean has provided dimensions 

listed in Table 2 that are sufficient for load calculations and determining skid specifications. 
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Table 2. The placement of hinges was determined without complete knowledge of the precise 

geometric entities of the hydraulic arm locations on the USV. Nonetheless, the design allows for 

flexible adjustment along both the port and starboard sides to accommodate different configurations. 

In addition, the length of the hatch is established at 3.22 m, taking into consideration various factors 

such as the length of the ROV, the impact perspective of hydrodynamic forces, and the strain energy 

in the hatch structure resulting from the loads, discussed further in chapter 4 Loads.  

It is important to note that a longer hatch would lead to increased bending- and hydrodynamic forces, 

hence the decision to set the length at 3.22 m to mitigate these effects. 

 

Figure 6 Preliminary hatch model 

3.1.1 Structural analysis of preliminary hatch  

The model of the preliminary hatch with fixed radial supports in the hinge holes, and fixed radial and 

axial constraints in the pipe connected to the vessel, shown in Figure 7. The impact load of the ROV, 

representing the energy transfer load 𝑓𝑄, is placed at the out most part of the hatch, resulting in the 

largest strain energy possible. Welded contacts are used, which Prevents contacting regions from 

sliding, separating, or closing. 
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Figure 7 Preliminary hatch model with constraints and 𝑓𝑄 at centre of the outmost pipe.   

 

Figure 8 Preliminary hatch stress map top view. 

The general view, shown in Figure 8, provides a complete view of how the load is transmitted from 

the point of impact to the hinges and constraints. Additionally, the analysis reveals significant stress 

concentrations in the areas where the pipes are welded. Upon closer examination, as shown in Figure 9 

and Figure 10, stress concentrations are observed at the top and bottom of the pipe cross-section, 

particularly where the greatest bending moment is exerted. 
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Figure 9 Preliminary hatch stress map bottom side pipe connections. 

These findings serve as the foundation for material selection and design improvements. For instance, 

the addition of more material in these high-stress areas which will be further discussed in detail in 

Chapter 6: Final design. 

 

 

Figure 10 Preliminary hatch stress map topside pipe connections. 

3.2 Skid 

The preliminary skid is based on the existing survey skid that DeepOcean has designed. By using this 

as a base, a new design can effectively be implemented without making a completely new design.  
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3.2.1 Improvements to be made from existing skid 

The pipe tracker feature has been excluded from the current skid design to avoid increasing its 

complexity and width. However, the necessary bolt holes and arrangements for attaching a pipe 

tracker to the skid have been retained for potential future use. 

As shown in Figure 11, the camera booms have also been rearranged inside the skid, eliminating the 

extended section that previously connected them to the skid. 

To further optimize the skid's width, the sensors and lasers on the top beam have been repositioned 

towards the centre, allowing the multi beam echosounder (MBEs) heads to be moved closer to the 

beam's centre as well. The side scanner is also deemed to be lowered and implemented in the vertical 

beams to reduce width. This adjustment, as shown in Figure 12, contributes to a reduction in the skid's 

overall width. These modifications ensure that the skid remains within the maximum width 

requirements specified in Table 2, allowing it to fit within the ROV garage on the USV. 

 

 

Figure 11 Existing skid improvements front view 
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Figure 12 Existing skid improvements rear view 

The most significant modification involves the elimination of the rear sensor rack, as shown in  Figure 

13. The rear section of the skid is particularly vulnerable to substantial forces during impacts, which 

could potentially damage both the structure and the doppler and RTS sensors. To address this concern, 

the sensors are relocated within the skid itself. The doppler sensor is moved to the front end, ensuring 

its unobstructed line of sight to the sea bottom. Meanwhile, the RTS sensor is positioned in the drawer 

area at the centre of the skid. This reconfiguration ensures the protection and optimal placement of 

these sensors. 

 

 

Figure 13 Existing skid improvements bottom view 
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3.2.2 Preliminary skid 

The new structure of the preliminary skid, excluding the sensors, is shown in Figure 14. Notable 

modifications include the presence of a sensor holder at the front to facilitate the doppler with INS. 

The top beam has been shortened and altered. The rubber material on the sides has been extended 

towards the rear to ensure enhanced protection during the recovery. To address loads during recovery, 

a cross beam has been introduced. Additionally, the RTS holder has been placed within a modified 

drawer.  

 

Figure 14 Preliminary skid design front view 

 

Figure 15 Preliminary skid design bottom view 

The implementation of the side scanner involves incorporating it inside the vertical beams that connect 

to the top beam. To improve overall strength, additional beams have been added to the middle bottom 
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section, while EPDM rubber is utilized for damping purposes and PE 1000 is employed for low 

friction and abrasion resistance sliding during recovery. In consideration of stress levels in the bolt 

holes due to the notch effect, the size of the bolts for the main structure has been increased from M12 

to M16. 

3.2.3 Structural analysis of preliminary skid 

The preliminary skid model incorporates fixed translation support in the z-direction within the corner 

locks. The probes are designed with fixed rotation in both the x and z-directions, as well as fixed 

translation in all axes. The design energy transfer load 𝐹𝑄, defined in Chapter 4.7, is considered for 

ULS-b. Welded contacts are employed for welds, while bolted connections utilize sliding surfaces. 

Note that the structural analysis of the preliminary skid serves as a concise overview, focusing on the 

main issues rather than providing a detailed explanation. A more comprehensive analysis is provided 

in Chapter 5: Structural analysis. 

The skid is primarily subjected to loads on the cross beams, where impacts are most likely to occur, 

corresponding with load case 4. One notable observation is that the cross beam, which incorporates 

EPDM and PE 1000 materials, does not effectively distribute the load. This results in high stresses at 

the welded and bolted connections, exceeding the maximum allowable stress limit. Additionally, the 

force transfer to the probes is not directed optimally, as it initially goes horizontally towards the bolt 

connections and then transitions vertically and horizontally again towards the probe locations. 

Therefore, significant bending moments are generated in the bolted connections, necessitating further 

attention, and addressing. Figure 16 illustrates this stress distribution in the preliminary skid beam 

from a starboard side view. 

On the contrary, on the opposite side of the beam, where the threaded part of the bolts is connected to 

the S420N reinforcement plates, the maximum stress is 111.74 MPa, which falls below the allowable 

stress limit. This is demonstrated in Figure 17. 

 

Figure 16 Stress map preliminary skid beam starboard side view  



 Integration of a Skid and Hatch-Based Launch and Recovery 
System for ROVs on USVs 

 

17 

 

 

 

Figure 17 Stress map preliminary skid starboard side view of bolted connections 

3.3 Materials 

After the preliminary study is conducted, the material selection is done. When considering the material 

selection for the hatch, it is important to recognize that while the argument in favour of using stainless 

steels or duplex steel for their corrosion resistance is valid, there are other critical factors that heavily 

influence the choice of materials, such as price and strength. A widely acknowledged factor is that 

stainless steel generally comes with a higher price tag compared to carbon steel, often approximately 

four to five times the material cost. Additionally, the cost of stainless steel tends to increase as 

alloying elements are added. 

Moreover, it is worth noting that surface coatings offer an alternative approach to combat corrosion. 

By implementing suitable coatings, the need for high-cost corrosion-resistant materials can be 

reduced, discussed in Chapter 3.4: Surface treatment. Consequently, the significance of corrosion 

resistance in the material selection process becomes less prominent. Considering these factors, 

choosing carbon steel for certain applications in the hatch may prove to be a more cost-effective, 

particularly when corrosion resistance can be effectively addressed through alternative means such as 

surface coatings [7]. 

3.3.1 S165M W1.4418 

S165M W1.4418 is a high-grade martensitic stainless steel known for its exceptional mechanical 

properties and corrosion resistance. Widely used in demanding industries, such as offshore and is used 

for the docking probes in the ROV skid. The probes are an existing part of the skid and will therefore 

remain as a part of the new skid. The material properties are according to Appendix B. 
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3.3.2 6082-T6 

Aluminium 6082-T6 is a heat-treated AlMgSi alloy renowned for its exceptional strength-to-weight 

ratio, favourable welding characteristics, and corrosion resistance, making it a popular choice for 

offshore structural applications. 

When welding a heat-treatable alloy, the process of annealing at a sufficiently high temperature 

effectively eliminates the hardening effect caused by previous heat treatments. Consequently, it is 

crucial to consider the strength of the Heat-Affected Zone (HAZ) when designing welded joints for 

aluminium. The HAZ typically experiences a significant reduction in yield strength. This 

consideration becomes particularly important for T4 and higher aluminium alloys, especially those 

belonging to the 6xxx series, as employed in the skid structure [8]. As a result, load-bearing elements 

are joined using A4-80 bolts instead of relying solely on welding. This approach ensures the integrity 

and reliability of the joint. The material properties are according to Appendix C. 

3.3.3 API 5L X65 

API 5L X65 steel is a suitable choice for the lower stress areas of the hatch due to its favourable 

combination of properties, including good ductility, corrosion resistance, and cost-effectiveness.  

The material has been widely used in various industries, including the offshore and marine sectors, 

due to its excellent ductility, which is important for areas subjected to high impact loads [9]. The 

material exhibits good toughness, reducing the risk of brittle fracture and enhancing structural 

integrity. This makes it a viable option for the pipes used with a relative lower stress areas of the hatch 

without compromising the required mechanical and corrosion resistance properties. The material 

properties are according to Appendix D [10]. 

3.3.4 S420N 

S420N structural steel has been chosen for the T-bars in the hatch due to its high yield strength, 

ensuring the required strength and structural integrity. 

Additionally, S420N steel is used for reinforcement plates in the bolted connections of the skid. It 

offers greater strength than 6062-T6 aluminium, reducing stresses in the bolt holes. However, when 

steel bolts are connected to aluminium, there is a risk of galvanic corrosion. This occurs due to the 

electrochemical reaction between the dissimilar metals, with aluminium being more prone to 

corrosion. This could compromise the connection integrity [11]. 

To address this issue, DeepOcean implements sacrificial anodes on the ROV. These anodes divert 

corrosion away from critical components, preserving the connection integrity. By using sacrificial 

anodes, the long-term performance and reliability of the structures are ensured. Material properties are 

detailed in Appendix E. 

3.3.5 Strenx 700 OME 

Strenx 700 OME is an ideal choice for the high-stress areas of the hatch, where resulting stresses are 

significant. Developed for load-bearing structures in the offshore and marine Industry, it offers 

exceptional ductility, toughness, and weldability. This makes it well-suited for allowing displacements 

in the hatch, while also being highly resistant to abrasion and wear, providing good durability [12]. 

The material properties are according to Appendix F. 

3.3.6 Polyethylene High density (PEHD) 1000 

PEHD 1000, which is a type of high-density polyethylene, is used as the top layer of the hatch and the 

bottom layer of the skid, for the sliding contact surfaced. The long linear chains present in PEHD 1000 

contribute to its exceptional impact strength, abrasion resistance, toughness, and resistance to stress 

cracking, surpassing other types of polyethylene. Additionally, it exhibits good impact strength even at 
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extremely low temperatures, along with high resistance to cyclic fatigue and stress cracking. PEHD 

1000 also has a low coefficient of friction, offering smooth sliding and good corrosion resistance, 

making it suitable for the application [13]. The material properties are according to [14] and Appendix 

G. 

3.3.7 Ethylene-propylene diene monomer (EPDM) 

EPDM rubber is an excellent choice for damping impact, and therefore used to dampen the impact in 

both the skid and hatch. The high elasticity and flexibility of EPDM allow it to effectively absorb and 

dissipate impact and allow for a 500% elongation at break, reducing the risk of damage or deformation 

to the hatch structure and skid. Furthermore, EPDM rubber exhibits excellent resistance to 

environmental factors such as UV radiation, ozone, and moisture, ensuring long-term performance and 

durability in marine environments [15]. The material properties are according to Appendix H. 

3.3.8 Fasteners 

In the construction of the skid and hatch components, only stainless steel A4-grade fasteners are used. 

These fasteners are austenitic and alloyed with chromium, nickel, and molybdenum, making them 

highly corrosion resistant. This specific grade of stainless steel is chosen for its exceptional resistance 

to corrosion in seawater environments, making it highly suitable for the application. 

However, when these stainless-steel fasteners meet aluminium, a galvanic reaction occurs, like what 

was discussed in the previous chapter regarding S420N steel. This reaction arises due to the dissimilar 

metals and can lead to galvanic corrosion. To counteract the risk of galvanic corrosion, sacrificial 

anodes in the ROV mitigate this issue. This ensures the long-term durability and integrity of the skid 

and hatch components. The material properties are according to Appendix I. 

3.3.9 Material properties and partial factors 

The materials employed in this report are listed in Table 4. DeepOcean's practice for partial factors 

concerning welds and connections, on the other hand, follows the guidelines outlined in reference 

[16]. It should be noted that this practice deviates from the previously mentioned reference [17], as it 

is replaced 𝛾2𝑀 = 1.25 to 𝛾2𝑀 = 1.3. 

Table 4 Applied materials.  

Material Description 

Ultimate 
tensile 

strength 
[MPa] 

Yield 
strength 

[MPa] 

Young’s 
modulus 

[GPa] 

Material 
factor 

Material 
factor 

welds/joints 

𝑓𝑢 𝑓𝑦 E 𝛾𝑀1 𝛾2𝑀 

Strenx 700 
OME 

High stress pipes 
and parts 

780 700 

210 

1.15 

 
1.30 

API 5L X65 Pipes general 531 448 

S420N T-profiles 520 420 

S165M 
W1.4418 

Docking probe 950 750 
1.25 

6068-T6 Structure skid 300 (185)a 255 (125)a 70 

8.8 Fasteners Fasteners 800 640 210 - 

EPDM Rubber damping - 4 (25)b 2.14 ∙ 10−3 
1.15 

- 

PEHD 1000 
Low friction 

material 
44 20  0.7 - 

a) Aluminium has separate HAZ values for ultimate tensile strength 𝑓𝑢,ℎ𝑎𝑧 and yield strength 𝑓𝑦,ℎ𝑎𝑧 used for weld capacity calculations.  
b) EPDM has increased yield strength up to 25 MPa with additives [11]. 
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3.4 Surface treatment 

As mentioned in the previous Chapter 3.3: Materials, the hatch components, specifically the structural 

steel S420N and Strenx 700 OME, do not possess any good corrosion resistance. Considering the 

placement of the hatch in the splash zone, it is recommended, as stated in reference [18], that carbon 

and stainless steels in this zone should be coated with a protective system known as 7A. This system 

typically involves a two-component epoxy or polyester-based coating. 
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4 Loads 

This chapter will discuss the design load of the skid and hatch, including estimation of the loads, 

design specifications, assumptions, and simplifications. 

4.1 Assumptions and limitations 

This thesis focuses on static simulations and calculations in relation to the launch and recovery 

procedure. The dynamic forces experienced by the ROV are not considered, thereby excluding the 

impact of motion and variations in velocity. Additionally, the hydraulic aspect of the hatch has not 

been incorporated, i.e., in a fixed, lowered position. 

Highest forces occur under recovery of the ROV, i.e.:  

• Point of impact are centred in the middle section of the cross going beams in the skid. 

• Slamming forces are neglected, due to its absence when the hatch is lowered into the water.   

• Varying drag coefficients neglected i.e., marine growth etc.  

• Environmental forces acting on the skid are neglected.  

• Assume that the ROV follow the water surface in periodic waves. 

• Assume that the hatch is moving normal to the water, i.e., the forces work normal to the hatch. 

• When the ROV comes to a stop at the hatch, the added drag forces could be considered, but 

the impact force is greater than the added drag, and therefore neglected.  

• When using the relative velocity formulation for the drag forces, additional hydrodynamic 

damping is not included, according to [19]. 

4.2 Design parameters 

Launch and recovery must be carried out with sea waves at 𝐻𝑆 < 3 m. The USVs speed when 

recovering the ROV will also need to be 𝑣ℎ.𝑈𝑆𝑉 < 0.5 m/s (0.97 knot), and the relative velocity 

between the USV hatch and ROV during impact must be 𝑣 < 0.45 m/s in accordance with the 

findings in Chapter 4.2.2: Wave kinematic and 4.3: Kinetic- and elastic potential energies. 

4.2.1 Free body diagram of ROV and hatch 

Figure 18 provides a system overview of the recovery phase, offering a representation of the key 

components involved.  

 

Figure 18 System overview 
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To further analyse the load distribution, Figure 19 and Figure 20 present the free body diagrams 

(FBDs) for the ROV and hatch respectively. These diagrams illustrate the forces, including the load 

exerted on the skid and hatch during impact, referred to as the energy transfer load 𝑓𝑄, as well as the 

environmental loads 𝑓𝐸, discusses further in this chapter. To ensure the structural integrity in areas 

where the possibility of impact is greatest, the energy transfer load will be applied to various locations 

on the skid, explained further in Chapter 5: Structural analysis. This load will be directed both 

vertically and horizontally, allowing for assessment of the structural response. By applying the energy 

transfer load in these critical zones, the design can effectively address the potential impact scenarios 

and optimize the skid's ability to withstand the impact.  

 
 

 

Figure 19 FBD of ROV with skid 

 
 

 

Figure 20 FBD of hatch 

 

4.2.2 Wave kinematics 

To determine the hydrodynamic forces acting on the hatch, the vertical velocity 𝑣𝑣,𝑅𝑂𝑉 and 

acceleration 𝑎𝑣,𝑅𝑂𝑉 of the ROV, the assumption is that the ROV follows the waterline in the 

oscillating flow. In this scenario, the ROV's velocity and acceleration are considered equal to that of 

the water particles. The angles of components relative to the hatch is shown in Figure 21. 

 

Figure 21 Annotations for the components acting on the hatch. 

 First the characteristic wave amplitude 𝜁 and the zero-up-crossing wave period 𝑇𝑧, is to be calculated 

using equation (1) and (4). 

 

 𝜁 = 0.9 ∙ 𝐻𝑆 (1) 
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And 

 𝑇𝑧 ≈ 3.39 ∙ 𝐻𝑆
1/2

 (2) 

 

Then the vertical acceleration and velocity 𝑎𝑣,𝑅𝑂𝑉 and  𝑣𝑣,𝑅𝑂𝑉 can be calculated with equations (4) and 

(3): 

 𝑎𝑣.𝑅𝑂𝑉 = 𝜁 ∗ (
2𝜋

𝑇𝑧
)

2

∙ 𝑒
−

4𝜋2𝑑𝐶𝑂𝐺.𝑅𝑂𝑉

𝑇𝑧
2∙𝑔  (3) 

 

 𝑣𝑣,𝑅𝑂𝑉 = 𝜁 ∙ (
2𝜋

𝑇𝑧
) ∙ 𝑒

−
4𝜋2𝑑𝐶𝑂𝐺,𝑅𝑂𝑉

𝑇𝑧
2∙𝑔  (4) 

 

and normal to the hatch: 

 𝑎𝑛.𝑅𝑂𝑉 = 𝑎𝑣.𝑅𝑂𝑉 ∙ cos (𝑎1) (5) 

 

 𝑣𝑛.𝑅𝑂𝑉 = 𝑣𝑣.𝑅𝑂𝑉 ∙ cos (𝑎1) (6) 

 

where:  

𝑣𝑣.𝑅𝑂𝑉  = vertical velocity of ROV [m/s] 

𝑎𝑣,𝑅𝑂𝑉  = vertical acceleration of ROV [m/s2] 

𝑣𝑛.𝑅𝑂𝑉  = velocity normal to hatch  

𝑎𝑛.𝑅𝑂𝑉  = Acceleration normal to hatch 

𝑑𝐶𝑂𝐺,𝑅𝑂𝑉 =  distance from water plane to centre of gravity of submerged part of the ROV [m] 

𝜁  = characteristic wave amplitude [m] 

𝑇𝑧  = zero-up-crossing wave period [s] 

𝑑𝐶𝑂𝐺.𝑅𝑂𝑉  = distance to COG of ROV [m] 

𝑔  = gravity [m/s2] 

𝑎1  = incline angle of hatch [degrees] 

𝑎2  = angle of decomposed components [degrees] 

𝐻𝑆  = significant wave height [m] 

 

4.2.3 USV kinematics 

The vertical acceleration of the Ocean Challenger USV is estimated through calculations described in 

[20]. This estimation of vertical accelerations 𝑎𝑣,𝑈𝑆𝑉 considers the combined value of the USV 

horizontal speed, 𝑣ℎ.𝑈𝑆𝑉, and significant wave height 𝐻𝑆. When  𝑣ℎ.𝑈𝑆𝑉√𝐿𝑈𝑆𝑉 < 3, the vertical 

acceleration of the USV 𝑎𝑣.𝑈𝑆𝑉 can be calculated with equation (7).   

 

 𝑎𝑣.𝑈𝑆𝑉 = 6 ∙
𝐻𝑆

𝐿𝑈𝑆𝑉
(0.85 + 0.35 ∙

𝑣ℎ.𝑈𝑆𝑉

√𝐿𝑈𝑆𝑉

) ∙ 𝑔 (7) 
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and normal to the hatch: 

 

 𝑎𝑛.𝑈𝑆𝑉 = 𝑎𝑣.𝑈𝑆𝑉 ∙ sin (𝑎1) (8) 

 

where:  

𝐿𝑈𝑆𝑉  = length of USV [m] 

𝑣ℎ.𝑈𝑆𝑉  = horizontal velocity of USV [knots] 

 

4.2.4 Resulting kinematics for the water, USV and ROV 

The calculations for the kinematics are shown in Appendix J. 

Table 5 Kinematics for the water, ROV and USV 

Kinematics  

Water / ROV USV Relative 

𝑎𝑛.𝑅𝑂𝑉 [m/s2] 𝑣𝑣.𝑅𝑂𝑉 [m/s] 𝑎𝑛.𝑈𝑆𝑉 [m/s2] 𝑣𝑣.𝑈𝑆𝑉 [m/s] 𝑣𝑟 [m/s] 𝑎𝑟 [m/s2] 

-2.12 -2.59 4.60 0.26 -2.84 -6.72 

 

4.3 Kinetic- and elastic potential energies 

Several aspects of the design incorporate dynamic responses, which necessitate the calculation of 

kinetic and elastic potential energies. This includes evaluating the kinetic energy associated with the 

ROV and determining how this energy is absorbed within the system. 

4.3.1 Kinetic- and elastic potential energy of impact  

To calculate the force exerted by the ROV onto the skid, the kinetic energy and elastic energy 

absorbed in the hatch is used. The kinetic energy of the ROV with a given mass, the added mass and 

velocity can be calculated with equation (9) [11].  

 𝐸𝑘 =
1

2
∙ (𝑚𝑅𝑂𝑉 + 𝑚𝑎)𝑣2 (9) 

where:  

𝐸𝑘  = kinetic energy of ROV [J] 

𝑚𝑅𝑂𝑉  =  mass of ROV [kg] 

𝑚𝑎  = added mass [kg] 

v =  Impact velocity between USV and ROV during recovery [m/s] 

 

The elastic potential energy stored in the hatch during impact, is equal to the force times the 

displacement of the hatch and is calculated with equation (10). 

 𝑈𝑒𝑙 =
1

2
𝑓𝑄𝑑 (10) 

where:  

𝑈𝑒𝑙  = Elastic potential energy of hatch [J] 

d =  displacement [m] 
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If only the elastic force does the work, the total mechanical energy is conserved and can be written as:  

 

 𝐸𝑘 = 𝑈𝑒𝑙 (11) 

 

By knowing the kinetic energy of the ROV, we can estimate what kind of energy the hatch needs to 

absorb. This is done by applying the energy transfer load, 𝑓𝑄, to the preliminary design of the hatch, 

till equation (11) is fulfilled.  

4.3.2 Damping of rubber  

This chapter focuses on the design of rubber components for efficient impact damping. The 

calculations are based on [15], for simple geometries bonded to rigid components. The same principle 

used to calculate the elastic potential energy in the hatch, is used with the rubber components. 

Equation (12) links the compression spring rate 𝐾𝑐, to the variables involved in the product 

dimensioning. 

 𝐾𝑐 =
𝐹𝑄

𝑑𝑐
=

𝐴𝐸𝑐

𝑡
 (12) 

where:  

𝐾𝑐   =  compressive spring rate of rubber [N/m] 

𝑑𝑐  = compressive displacement [m] 

𝐴  = load area [m2] 

𝐸𝑐  = effective compression modulus [N/m] 

𝑡  = thickness of rubber material [m] 

 

Taking equation (12) and solving for the compressive displacement 𝑑𝑐, we get equation (13). With the 

calculated displacements, the resulting elastic potential energy 𝑈𝑒𝑙, can be obtained with equation (10). 

 𝑑𝑐 =
𝐹𝑐 ∙ 𝑡

𝐴 ∙ 𝐸𝑐
 (13) 

 

The effective compression modulus 𝐸𝑐 for the rubber material experiencing bidirectional strain, is 

given by equation (14). 

 𝐸𝑐 = 𝐸0(1 + 𝜙𝑆𝑓
2) (14) 

where:  

𝑑𝑐  = compressive displacement [mm] 

𝐸  =  Young’s modulus [GPa] 

𝜙  =  elastomer compression coefficient [-] 

𝑆𝑓  = shape factor [-] 

 

The shape factor 𝑆 is a mathematical function representing the influence of component geometry on 

the compression modulus. Specifically, it quantifies the relationship between the area of a single 

loaded surface and the overall surface area available for bulging [15]. Shape factor for the rectangular 

rubber blocks 𝑆𝑏, is obtained with equation (15).  
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 𝑆𝑏 =
𝑙𝑜𝑎𝑑 𝑎𝑟𝑒𝑎

𝑏𝑢𝑙𝑔𝑒 𝑎𝑟𝑒𝑎
=

(𝐿𝑟𝑏) ∙ (𝑊𝑟𝑏)

2𝑡(𝐿𝑟𝑏) + 2𝑡(𝑊𝑟𝑏)
 (15) 

 

And for hollow tube profiles, the shape factor 𝑆𝑡 is calculated with equation (16).  

 

 
𝑆𝑡 =

(𝑑𝑜 − 𝑑𝑖)𝐿𝑟𝑏

2𝜋 [
(𝑑𝑜)2

4 −
(𝑑𝑖)2

4 ]
 

(16) 

 

where:  

𝑆𝑏  = block shape factor [-] 

𝑆𝑡  = tube shape factor [-] 

𝐿𝑟𝑏    =  length load area [m] 

𝑊𝑟𝑏   = width of rubber block [m] 

𝑑𝑜   = outside diameter of rubber tube [m] 

𝑑𝑖   =  inner diameter of rubber tube [m] 

 

4.4 Determining the energy transfer load from the ROV  

A load of 60 kN is resulting in the required elastic potential energy in the hatch during impact. This 

load is an energy transfer load 𝑓𝑄, and is the force resulting in the hatch elastic potential energy equal 

to the kinetic energy of the ROV, and the skid is designed for. The locations excreted to this force is 

shown in Figure 22, with results in Table 6. For calculations see Appendix K. 

 

Figure 22 Applied 𝑓𝑄 locations for determining elastic potential energy of hatch. 
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Table 6 Deformation in hatch with deformation loads 

Load 
placement 

Description 𝑓𝑄 [kN] 𝑈𝑒𝑙 [J] 
Deformation [mm] 

Total X-axis Y-axis Z-axis 

LCA Load centre aft 60 376.8 -12.56 0.25 -12.56 0.22 

LCF Load centre forward 60 179.7 -5.99 0.15 -5.98 0.19 

LSA Load starboard aft  60 443.4 -14.78 0.42 -14.77 0.30 

LSF 
Load starboard 

forward 
60 243.9 -8.13 0.27 -8.13 0.26 

4.5 Environmental loads  

The environmental loads are calculated according to [21] with calculations in Appendix L. 

4.5.1 Hydrodynamic forces 

The hydrodynamic force on the hatch is calculated with the Morison's equation according to [21]. It is 

the sum of the inertia force proportional to acceleration and a drag force proportional to the square of 

velocity, and neglects gradients of fluid particle velocities and accelerations in the direction relative to 

the member. The inertial force 𝑓𝐼 due to the motion of a floating body disrupting the movement of the 

waves, is calculated with equation (17). Here the velocity of water is equal to the velocity of ROV, 

i.e., 𝑣𝑛.𝑅𝑂𝑉 and is used for the inertia force. 

 𝑓𝐼 = 𝜌𝑉𝑣𝑛.𝑅𝑂𝑉 (17) 

where:  

𝑓𝐼  = inertial force [kN] 

𝜌 =  density of sea water [kg/m3] 

𝑉  = volume of item [m3] 

 

The added mass force 𝑓𝐴 due to the displacement and acceleration of the surrounding fluid, is 

calculated with equation (18).  

 𝑓𝐴 = 𝜌𝐶𝐴𝑉𝑎𝑟 (18) 

where:  

𝑓𝐴  = added mass force [kN] 

CA =  added mass coefficient of submerged part of item [-] 

𝑎𝑟  =  relative acceleration [m/s3] 

 

The characteristic drag force 𝑓𝐷 on an object is calculated with equation (19). 

 𝑓𝐷 =
1

2
∙ 𝜌𝐶𝐷𝑆(𝑣𝑟 ∙ sin 𝛼1)2 (19) 

where:  

𝑓𝐷  = drag force [kN] 

𝜌 =  density of sea water [kg/m3] 

CD =  drag coefficient in oscillatory flow of submerged part of item [-] 

S =  projected area normal to the force direction [m2] 
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The total hydrodynamic force acting on the object is then the sum of the discussed forces and denoted 

as the environmental loads.  

 𝑓𝐸 = 𝑓𝐼 + 𝑓𝐴 + 𝑓𝐷 (20) 

 
The hydrodynamic forces depend largely on the geometric entity, therefore the pipes, box beams and 

T-bars with damper material, have been calculated separately with their respective volume and area 

seen in Figure 23. 

 

Figure 23 Hatch model split into pipes, box beams and T-bars, for calculating separate hydrodynamic loads. 
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4.5.2 Buoyancy force  

The buoyancy force is calculated according to [19] with equation (21). The displaced volume of the 

hatch is calculated with Inventor and used as input. 

 𝑓𝐵 = 𝜌𝑔𝑉 (21) 

where:  

𝑓𝐵  = buoyancy force [kN] 

 

4.5.3 Permanent force 

The permanent forces, 𝐹𝐺, is the weight of the structure times the gravity calculated with equation 

(22).  

 𝑓𝐺 = 𝑚𝑔 (22) 

 

where:  

𝑓𝐺  = Permanent weight force [kN] 

𝑚  = mass of item [m] 

 

4.6 Sum of forces acting on the hatch 

The hydrodynamic coefficients on each of the respective elements in the hatch are listed in Table 7. 

Table 7 Hydrodynamic forces acting on the hatch. 

Item 
Forces [kN] 

𝑓𝐷 𝑓𝐴 𝑓𝐼 𝑓𝐵 𝑓𝐺  𝑓𝑄 

General 
pipes 

-21.37 -1.24 -0.39 0.19 - 
- 

T-bars with 
dampers 

-2.60 -3.51 -0.76 3.52 - 
- 

Box beam -1.83 -0.23 -0.43 0.20 - - 

Hatch 
general 

- - - - -20.60 60 

Sum -25.8 -4.98 -1.58 3.91 -20.60 -60 
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4.7 Load cases and load factors 

The hydrodynamic forces listed in Table 7 are categorised into the following: 

• Permanent G  𝑓𝐺  

• Variable functional Q 𝑓𝑄  

• Environmental E 𝑓𝐸 = 𝑓𝐷 + 𝑓𝐴 + 𝑓𝐼  

• Buoyancy B 𝑓𝐵  

 

These are applied into different load cases ULS-a and ULS-b with their own load factor listed in Table 

8. Where a permanent load G causes favourable load effects as in this case buoyancy, a load factor 

𝛾𝐵 = 1.0 is used for this load in load conditions.  

Table 8 Load factors for ULS according to [19]. 

Load Condition 
Load factors 

𝛾𝐺 𝛾𝑄 𝛾𝐸 𝛾𝐵 

ULS-a 1.3 0.7 0.7 1.0 

ULS-b 1.0 1.3 1.3 1.0 

 

The load factors in Table 8 are used to determine the design forces listed in Table 9, and are as 

follows:  

𝐹𝐺 = 𝑓𝐺 ∙ 𝛾𝐺  

𝐹𝑄 = 𝑓𝑄 ∙ 𝛾𝑄 

𝐹𝐸 = 𝑓𝐸 ∙ 𝛾𝐸  

𝐹𝐵 = 𝑓𝐵 ∙ 𝛾𝐵 

 

Table 9 Resulting forces applied to hatch with load factors applied. 

Load condition 
Design force [kN] 

Sum [kN] 
𝐹𝐺 𝐹𝑄 𝐹𝐸 𝐹𝐵 

ULS-a -26.78 -42.00 -22.65 3.91 -87.52 

ULS-b -20.60 -78.00 -42.07 3.91 -136.76 
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4.8 Determining Bolt Capacity and Weld Stresses 

This chapter focuses on how the calculation and analysis of bolt capacity and weld stresses is done. 

4.8.1 Fasteners 

The bolted connections are categorized as Type A shear connections, which involves screws with 

strength classes ranging from 4.6 to 10.9. Notably, no preloading or additional measures for contact 

surface preparation are necessary for Category A connections. The design shear force 𝐹𝑣,𝐸𝑑 applied to 

these connections, should not exceed the design shear capacity 𝐹𝑣,𝑅𝑑 calculated with equation (23) 

according to [17]. 

 

 𝐹𝑣,𝑅𝑑 =
𝑎𝑣 ∙ 𝑓𝑢 ∙ 𝐴

𝛾𝑀2
 (23) 

 

And for tension capacity 𝐹𝑡,𝑅𝑑 in the bolts, equation (24) is used. 

 

 𝐹𝑡,𝑅𝑑 =
0.9 ∙ 𝑓𝑢 ∙ 𝐴𝑠

𝛾𝑀2
 (24) 

 

where:  

𝐹𝑣,𝑅𝑑  = design shear capacity 

𝐹𝑣,𝐸𝑑 = design shear force 

𝑎𝑣 =  correction for the cut-off area, = 0.6 for class 8.8 screws [-] 

𝐴𝑠   = stress area according to [11] [mm2]  

 

In Inventor Nastran, 𝐹𝑣,𝐸𝑑 and 𝐹𝑣,𝐸𝑑 are calculated with two methods. One method is to use beam 

elements and calculate maximum von Mises stress 𝜎𝑣𝑚, which includes the local x, y, and z axes. A 

second method is also used, where the support loads in the bolt holes, are calculated using constraint 

forces generated in Nastran analysis.  

4.8.2 Welded connections 

According to [22], the calculation of welds is required in structural design. Welds are considered 

critical load bearing elements in structural applications, and their design and calculation are necessary 

to ensure the structural integrity. The Eurocode distinguished from EN-1993-1-8 for steel structures, 

and EN-1999-1-1 for aluminium structures [17] [23]. In this case the welded parts of the hatch are a 

steel structure, and for the skid, an aluminium structure.  

4.8.2.1 Design of fillet welds 

In the design of fillet welds, the governing section is determined by the throat section. The throat 

section's area is calculated based on the effective weld length and the effective throat thickness of the 

weld. The effective length 𝑙𝑒𝑓𝑓 of a fillet weld is set equal to the length of the fillet where it reaches its 

full size. This can be assumed to be the actual length of the weld minus two times the effective throat 

thickness 𝑎, as stated in equation (25).  
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 𝑙𝑒𝑓𝑓 = 𝑙𝑤 − 2𝑎 (25) 

where:  

𝑙𝑒𝑓𝑓 =  effective length of the longitudinal fillet welds [mm] 

𝑙𝑊  =  total length of the longitudinal fillet welds [mm] 

𝑎  = effective throat thickness [mm] 

 

4.8.3 Design of fillet welds with directional method 

The forces that must be transmitted by a fillet weld shall be resolved into stress components with 

respect to the throat section seen in Figure 24, where: 

• 𝜎⊥ is the normal stress perpendicular to the throat section; 

• 𝜎∥ is the normal stress parallel to the weld axis; 

• 𝜏⊥ is the shear stress acting on the throat section perpendicular to the weld axis; 

• 𝜏∥ is the shear stress acting on the throat section parallel to the weld axis;  

 

Figure 24 Stresses 𝜎⊥, 𝜎∥, 𝜏⊥ and 𝜏∥, acting on the throat section of a fillet weld [23].  

 

For axial loading, the perpendicular stress is calculated with equation (26): 

 

 𝜎⊥ =
𝐹

𝑙𝑒𝑓𝑓 ∙ 𝑎 ∙ √2
 (26) 

 

For axial loading when bending moment is introduced, the perpendicular normal stress is calculated 

with equation (27): 

 

 𝜎⊥ =
𝑀

√2 ∙ 𝑊𝑒𝑦

 (27) 
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For shear forces, the normal and parallel shear stress is equal, and calculated with equation (28): 

 

 𝜏⊥ = 𝜏∥ =
𝐹

𝑎 ∙ 𝑙𝑒𝑓𝑓
 (28) 

 

And for when torsion applied, the parallel shear stress is calculated with equation (29): 

 

 𝜏∥ =
𝑇

𝑊𝑝
 (29) 

 

where:  

𝐹  = Force [N] 

𝑀  =  bending moment [Nmm] 

𝑇  =  torsion [Nmm] 

𝑊𝑒𝑦 =  section modulus [mm3] 

𝑊𝑝  =  polar section modulus [mm3] 

 

Welds are evaluated and examined in both horizontal and vertical sections, as well as their entire 

section. This involves considering the moment through the horizontal welds by creating a force 

couple, while the vertical welds bear the vertical load. 

Additionally, in weld connections subjected to torsional load, it is assumed that the weld cross-section 

experiences torsional shear stress solely. 

4.8.3.1 Capacity of welds in steel structures 

The design capacity of a fillet weld is deemed satisfactory if both of the following conditions are met 

in equation (30): 

 

 𝜎𝑣𝑚 = √𝜎⊥
2 + 3(𝜏⊥

2 + 𝜏∥
2) ≤

𝑓𝑢

𝛽𝑤∙𝛾𝑚2
  and 𝜎⊥ ≤

0.9𝑓𝑢

𝛾𝑚2
 (30) 

 

According to [17], welds between parts with different steel grades should be dimensioned based on the 

properties of the material with the lowest strength. Thereafter the utilization of the horizontal 𝜂ℎ, 

vertical 𝜂𝑣 and the whole connection 𝜂𝑐 is calculated with the ratio of von Mises stress and allowed 

stress according to equation (30). 
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4.8.3.2 Capacity of fillet welds in aluminium welds 

The design capacity of welds in aluminium structures, the design capacity of a fillet weld is deemed 

satisfactory if both of the following conditions are met in equation (31). The method and utilization 

are the same as described in the previous chapter 4.8.3.1 Capacity of welds in steel structures. 

 

 √𝜎⊥
2 + 3(𝜏⊥

2 + 𝜏∥
2) ≤

𝑓𝑢,ℎ𝑎𝑧

𝛾𝑚2
   (31) 

 

where:  

𝑓𝑢,ℎ𝑎𝑧 =  characteristic strength of weld metal according to [23] [N/mm2] 
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5 Structural analysis 

This chapter provides an in-depth explanation of the structural analysis conducted on the skid and 

hatch components. It covers the Nastran simulation setup and presents stress maps for a 

comprehensive understanding of the structural behaviour. 

5.1 Analysis setup  

To accurately capture the behaviour of the system, various contact models were employed during the 

analysis: 

• General Contact: This model represents standard nonlinear surface contact, considering 

friction if specified. 

• Welded Contact: This model prevents sliding, separating, or closing between contacting 

regions that are welded. 

• Bi-Directional Slide: This model allows sliding between contacting regions while preventing 

separation or closure. It assumes a zero coefficient of friction.  

For the contact surfaces between the aluminium profiles, a frictional coefficient of 𝜇𝐹 = 0.3, as 

specified in [17], was utilized. 

The fasteners were analysed using the Inventor Nastran bolts function. This function resembles stiff 

bars that accurately reflect the dimensions of the actual bolts being analysed. By conducting this 

analysis, reaction forces, including axial forces and shear forces in the local y and z-directions, were 

determined. It is important to note that the pre-torque values for the bolts were followed as per the 

specifications provided in [11]. 

5.2 Hatch  

A linear static analysis was performed using the finite element symmetry model shown in Figure 25. 

The model is divided into 4 property groups according to their material properties. The model consists 

of a total of 165236 nodes and 83006 elements. The model contains 56 contact regions, where the 

structure has welded contacts, and the bolted connections are configured as frictionless.  

 

Figure 25 Meshed model of the hatch.  

▆ 700 OME  

▆ API 5L X65  

▆ S420N  

▆ A4-80  
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The constraints are shown in Figure 26, where the hinge holes are constrained in radial direction, and 

the pipe constrained in radial and axial direction. Figure 27 shown the symmetry constraints about the 

x-axis, with fixed rotation around y and z-axis, and translation in the x-axis. 

 

Figure 26 Constraints in hatch hinge and pipe support. 

 

Figure 27 Symmetry constraints to hatch model. 
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The loads applied to the model is shown in Figure 28. The loads are applied to all members of the 

hatch, summing up to the total respective magnitude as listed in Table 9. 

 

Figure 28 Applied environmental loads on structural hatch model. 

5.2.1 Hatch analysis 

The load cases from Table 8 are combined with the load locations from Table 6, to form the 8 different 

load cases to be applied to the hatch. The ULS-a LCA load case results in the largest reaction forces, 

stresses, and displacements, and will be presented in this part if the report. The remaining 7 load cases 

are listed in Appendix M. 

5.2.2 ULS-a LCA 

Local max stress, seen in Figure 29 and Figure 30, may be assumed to be caused by caused by notch 

effects in construction details and/or an issue with the FEA model in Nastran, as discussed with 

DeepOcean. This stress does however not coincide with the weld stress calculations in chapter 5.4.4. 

▆ Hydrodynamic forces 𝐹𝐸 

▆ Buoyancy force 𝐹𝐵 

▆ Permanent force 𝐹𝐺 
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Figure 29 Stress map hatch ULS-a LCA top view 

 

Figure 30 Stress map hatch ULS-a LCA bottom view 

As seen in Figure 31, the stresses are focused on one side of the pinned T-bar connection weld, with 

stresses below allowed stress. Figure 32 show the bottom side of the hatch, experiencing the 

compressive and other torsional stresses, with acceptable results.  
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Figure 31 Stress map hatch ULS-a LCA hinge of T-bars 

 

Figure 32 Stress map hatch ULS-a LCA bottom  

The max stress concentration, seen in Figure 33, display stresses above allowed stress. It also shows a 

node close to the max stress with only 114,57 Mpa. The max stress does not coincide with the weld 

stress calculations in chapter 5.4.4. Figure 34 also shows similar stress distributions. 
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Figure 33 Stress map hatch ULS-a LCA T-bar connection bottom view 

 

Figure 34 Stress map hatch ULS-a LCA T-bar top view 

The peak stresses in the T-bars, also shown in Figure 35, have a large range of von mises stresses. As 

stated, the weld calculations do not coincide with the FEA results. A welded connection would 

increase the stress area, reducing the notch effect and ultimately reducing the stress concentrations.  
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Figure 35 Stress map Hatch ULS-a LCA T-bar bottom view 

5.2.3 Support loads 

The resulting support loads are listed in Table 10. The hand calculations presented in Appendix O for 

the support loads, yield comparable results for both the hinge and pipe support. This consistency 

indicates that the stress analysis exhibits a reasonable level of accuracy and reliability. 

Table 10 Resulting support loads for hatch analysis. 

Support loads [kN] 

Load case 
Hinge Pipe support  

𝐹𝑥 𝐹𝑦 𝐹𝑧 Total 𝐹𝑥 𝐹𝑦 𝐹𝑧 Total 

ULS-a LCA 0.00 234.64 56.01 241.23 7.29 -171.03 -56.01 180.12 

ULS-a LCF 0.00 133.52 31.85 137.26 5.31 -69.91 -31.85 170.08 

ULS-a LSA 0.00 234.51 55.98 241.10 3.97 -170.91 -55.98 179.89 

ULS-a LSF 0.00 177.38 42.33 182.36 0.32 -113.78 -42.33 121.40 

ULS-b LCA 0.00 234.21 55.91 240.79 6.71 -165.61 -55.91 174.92 

ULS-b LCF 0.00 190.54 45.47 195.89 6.55 -121.94 -45.47 130.31 

ULS-b LSA 0.00 234.11 55.88 240.69 4.17 -165.52 -55.88 174.75 

ULS-b LSF 0.00 190.16 45.38 195.51 1.37 -121.57 -45.38 129.77 
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5.2.4 Stresses, deformation, and pin forces 

The resulting stresses, deformations and pin forces are listed in Table 11. Only the largest 𝐹𝑣,𝐸𝑑 is 

considered for the pins, as these are only exposed to shear forces. The forces experienced by the clevis pins, 

𝐹𝑣,𝐸𝑑 is quite a lot smaller than 𝐹𝑣,𝑅𝑑, suggesting that smaller pins would have been sufficient.  

Table 11 Resulting stresses, deformation, and pin forces for hatch analysis. 

Load case 
Von Mises 
𝜎𝑣𝑚 [Mpa] 

Total displacement 
𝑢 [mm] 

Forces on clevis pins 

𝐹𝑣,𝐸𝑑 [kN] 𝐹𝑣,𝑅𝑑 [kN] 

ULS-a LCA 946.00 55.67 3.62  

167.00 

ULS-a LCF 505.19 30.71 6.73  

ULS-a LSA 935.51 53.39 4.57 

ULS-a LSF 553.91 33.12 1.58 

ULS-b LCA 921.22 54.15 3.46 

ULS-b LCF 616.12 37.56 2.44 

ULS-b LSA 913.00 52.29 4.28 

ULS-b LSF 619.47 36.70 1.92 

 

5.3 Skid 

During the analysis of the skid using Inventor Nastran, it is important to focus only on the components 

that directly impact the structural analysis. This means excluding certain components that are not of 

interest, such as sensors, non-linear materials like rubber, and other elements that do not contribute to 

the structural analysis objectives. By removing these components from the analysis, a simplified 

model that can be effectively analysed.  

5.3.1 Model 

The bottom part of the skid structure is the part experiencing the loads, and therefore isolated in a 

model seen in Figure 36.  

 

Figure 36 Skid stress analysis model top view 
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The critical locations of interest are illustrated in Figure 37. These specific areas are where potential 

collisions are anticipated and expected to occur. 

 

Figure 37 Skid applied load case locations. 

The model is constrained in the four corner locks and the four probes, shown in Figure 38. The corner 

locks are constrained only in the z-direction, while the probes constrained in all axes except rotation 

around the y axis.  

 

 

Figure 38 Skid model constraints annotations 

▆ Corner locks  

▆ Probes  
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5.3.2 Skid analysis 

Symmetry is used to efficiently reduce simulating times. The finite element mesh is shown in the 

Figure 39. The model consists of a total of 278327 nodes and 139033 elements, with symmetric 

constraints in all the beam sections in the local y-direction, seen in Figure 39. The materials are shown 

in Figure 40. 

 

Figure 39 Skid symmetry meshed model with constraints and fasteners, port side. 

 

 

Figure 40 Skid symmetry meshed model with constraints and fasteners, starboard side. 

▆ 6062-T6 

▆ S165M W1.4418 

▆ S420N 
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The stresses, displacements, and forces resulting from the analysis are summarized in Table 12, while 

the reaction forces are provided in Table 13. The significant capacity of the bolts is attributed to their 

larger sizes, which were intentionally chosen to mitigate the notch effect in the bolt holes and 

consequently reduce the stresses. 

Table 12 Resulting stresses, deformation, and fastener forces for skid analysis. 

Load 
case 

Partial 
factor 

𝐹𝑄 

[kN] 
Von Mises 
𝜎𝑣𝑚 [Mpa] 

Total 
displacement 

𝑢 [mm] 

Fasteners [kN] 

𝐹𝑣,𝐸𝑑 𝐹𝑡,𝐸𝑑 𝐹𝑣,𝑅𝑑 𝐹𝑡,𝑅𝑑 

1 

𝛾𝑄 78 kN 

290.75 4.67 3.50 16.59 

57.97 86.95 
2 278.67 0.86 3.02 16.47 

3 338.28 1.19 4.31 18.08 

4 247.85 1.96 2.06 16.16 

 

Table 13 Resulting support loads for skid analysis. 

Support loads [kN] 

Load 
case 

Probes Corner locks 

𝐹𝑥 𝐹𝑦 𝐹𝑧 Total 𝐹𝑥 𝐹𝑦 𝐹𝑧 Total 

1 14.51 -0.23 2.68 14.76 0 0 -22.96 22.96 

2 13.80 -0.60 2.67 14.07 0 0 -24.43 24.43 

3 19.97 -0,47 3.58 19.97 0 0 -4.89 4.89 

4 0.083 -0.85 -27.72 27.73 0 0 -7.06 7.06 

 

Load case 1 and 4 are the most likely to occur in operation scenario. These two load cases are 

presented in the following two chapters, while the other load cases are to be found in the Appendix P. 

5.3.3 Load case 1 

In this load case, the primary stresses are concentrated around the bolted connections, as depicted in 

Figure 41. The maximum stresses are observed in the bolt holes, where the S340N steel reinforcement 

plate is located. These findings align with the preliminary analysis and are within an acceptable stress 

range of 290.70 MPa, which is below the allowable stress limit. 
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Figure 41 Stress map load case 1 top view 

Figure 42 shows the max stress of 290.70 MPa which is below the allowable stress limit.  

 

Figure 42 Stress map load case 1 max stress 
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Figure 43 show the beam where the load is applied. The beam and surrounding material yield good 

results, and display a stress of 177.03, which is below allowed stress limit.  

The stresses in the bolt holes, shown in Figure 44, display a stress of 184.56 MPa, which is below 

allowed stress limit.  

 

Figure 43 Stress map case 1 impact zone front view 

 

Figure 44 Stress map load case 1 impact zone side view bolt connections 
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5.3.4 Load case 4 

In this load case, the primary stresses are like load case 1, where the bolted connections, as depicted in 

Figure 45, display the maximum stresses. This stress is of magnitude 247.90 MPa which is below the 

allowable stress limit. Here the added material between the beams distributes the load vertically up 

two the probes, effectively mitigating the energy transfer load. Resolving the issue found in Chapter 

3.2.3: Structural analysis of preliminary skid. 

 

Figure 45 Stress map load case 4 top view 
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A closer look at the max stress in shown in Figure 46, where the S420N reinforcement plates are 

located. The material added to mitigate the load, seen in Figure 47, have acceptable stresses of 161.88 

MPa, which is below the allowable stress limit. 

 

Figure 46 Stress map load case 4 max stress 

 

 

Figure 47 Stress map load case 4 impact zone side view 
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5.3.5 Calculations of selected structural items 

Parts of the skid that have been made and/or modified have been analysed to ensure structural 

integrity. This includes the holder for the Doppler with INS, the drawer for the MUX and the top beam 

which holds the MBE heads, lasers, CTD and Tx/Rx. The applied forces to the models are calculated 

with equation (11), with the partial factor 𝛾𝑄 applied. The kinetic energy of the sensor and relative 

impact velocity is used, for calculations see Appendix Q. 

5.3.5.1 Doppler with INS holder 

The analysis includes the examination of the Doppler with INS holder, as shown in Figure 48 with 

results listed in Table 14.  

The maximum displacement observed for this item is 2.55 mm. Furthermore, the maximum von Mises 

stress of 114.98 MPa, is within the allowable stress limit. Additionally, the fasteners utilized in this 

configuration are found to be within the allowed design capacity, ensuring their suitability for the 

intended purpose. It is worth noting that the fasteners used are generally the ones used in the skid, 

making consistent fasteners throughout the skid, there is enhanced efficiency and convenience in 

manufacturing, assembly, and maintenance activities. 

Table 14 Stress analysis results for doppler with INS holder 

Partial 
factor  

Load [kN] 
Von Mises 
𝜎𝑣𝑚 [Mpa] 

Total 
displacement 

𝑢 [mm] 

Fasteners [kN] 

𝐹𝑣,𝐸𝑑 𝐹𝑡,𝐸𝑑 𝐹𝑣,𝑅𝑑 𝐹𝑡,𝑅𝑑 

- 1.18 88.44 1.96 0.56 0.90 
21.42 32.12 

𝛾𝑄 1.53 114.98 2.55 0.73 1.16 

 

 

Figure 48 Meshed model with forces and constraints of doppler with INS holder 
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Figure 49 Stress map doppler with INS holder top view 

5.3.5.2 MUX pod drawer 

The analysis includes the Mux Pod Drawer with a dummy model of the MUX included, as shown in 

Figure 50. This was done to simulate the correct force distribution and resulting axial displacements. 

The maximum displacement for this item is 1.71 mm. Additionally, the maximum von Mises stress of 

155.86 MPa is within the allowable stress limit. 

Table 15 Stress analysis results for MUX pod drawer 

Partial 
factor 

Load [kN] 
Von Mises 
𝜎𝑣𝑚 [Mpa] 

Total displacement 
𝑢 [mm] 

- 2.6 119.89 1.37 

𝛾𝑄 3.38 155.86 1.71 
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Figure 50 Meshed model with forces and constraints of MUX pod drawer with dummy MUX 

 

Figure 51 Stress map MUX pod drawer max stress 

5.3.5.1 Top beam 

The analysis includes the examination of the top beam, with a dummy model of the beam included as 

shown in Figure 52. This was done to simulate the correct force distribution and resulting forces in the 

bolts. The maximum displacement displayed for this item is 1.69 mm. Additionally maximum von 

Mises stress of 155.16 MPa, which is within the allowable stress limit. The fasteners utilized in this 

configuration are found to be within the allowed design capacity, ensuring their suitability for the 

intended purpose. 
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Table 16 Stress analysis results for Top beam 

Partial 
factor 

Load 
[kN] 

Von Mises 
𝜎𝑣𝑚 [Mpa] 

Total 
displacement 

𝑢 [mm] 

Fasteners [kN] 

𝐹𝑡,𝐸𝑑 𝐹𝑡,𝑅𝑑 

- 2.13 119.35 1.40 0.877 
32.12 

𝛾𝑄 2.77 155.16 1.69 1.14 

 

 

Figure 52 Meshed model with forces and constraints of Top beam with dummy beam attached. 

 

Figure 53 Stress map top beam  
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5.4 Critical load bearing welds 

A total of six crucial load-bearing welds require examination in the analysis. In the skid, two cross 

beams contribute to load cases 1 and 4, as depicted in Figure 54. The load applied to these welds is 

obtained from Table 9.  

Moving on to the hatch, there are four significant load-bearing welds that warrant examination, as 

shown in Figure 55. To determine the maximum load-bearing capacity, the sum of forces in the ULS 

conditions is applied. This includes considering both ULS-a and ULS-b scenarios, resulting in a 

combined point load exerted at the outermost part of the hatch. 

Detailed analysis of the welds is presented in the subsequent subchapters, with the calculations for 

each weld provided in the appendices. The results of these analyses are then consolidated and 

presented in Table 17. 

 

Figure 54 Critical load bearing welds in the bottom part of the skid 

 

Figure 55 Critical load bearing welds in the hatch 
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5.4.1 Critical weld 1 

For critical weld 1, it is assumed that there is a fixed support at each end of the weld, and the load is 

applied at L/2 of the beam. This configuration helps determine the weld's response to bending 

moments. Critical weld 1 experiences bending forces along the horizontal weld length, 𝑙𝑤2. 

Additionally, shear forces act on the vertical weld length, 𝑙𝑤1,. Detailed calculations for these bending 

and shear forces can be found in Appendix S. 

 

Figure 56 Critical weld section 1 

5.4.2 Critical weld 2 

The calculation of this weld is more complicated due to the presence of 𝑙𝑤3 in the local z-plane, as 

illustrated in Figure 37. To simplify the hand calculations for this weld, the weld section is 

approximated as an equivalent square beam. This approximation neglects 𝑙𝑤3 and considers only 𝑙𝑤1 

and 𝑙𝑤2 from the lower and upper parts of the skid section, as shown in Figure 58. In a conservative 

approach, the moment is primarily presented in the horizontal welds, which are arranged in a force 

couple configuration to counteract the moment. Vertical loads, on the other hand, are primarily 

supported by the vertical welds. 

 

Figure 57 Critical weld section 2 
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The model exhibits symmetry, which allows for dividing the load present in each weld into two equal 

parts. The load is applied at L/2 of the beam, ensuring even distribution of forces along the weld. To 

simplify the calculations further, the two connected beams in the vertical section are approximated as a 

rectangular beam. This approximation facilitates the analysis and evaluation of the weld's structural 

behaviour as if it was a welded beam.  

 

Figure 58 Critical weld section 2 equivalent cross section 

The moment needed for the weld calculations where calculated using Inventor Nastran, with 

constraints at each side of the square profiles, seen in Figure 59. See Appendix T for calculations. 

 

Figure 59 Bending moment calculation model for critical weld section 2. 
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5.4.3 Critical weld 3 

In the analysis of the box beam weld cross section, seen in Figure 60, the weld is simplified it as a 

rectangular weld for simplicity and ease of calculation. To ensure a conservative approach, the 

moment is typically taken by the horizontal welds by creating a force couple to counteract the 

moment. On the other hand, the shear forces are supported by the vertical welds. This ensures that the 

load distribution within the box beams is appropriately accounted for. The presence of two box beams 

in the hatch is dividing the load in half, distributing it evenly between the beams. See Appendix U for 

calculations. 

 

Figure 60 Critical weld section 3 

5.4.4 Critical weld 4 

In the analysis of the T-bar welds, seen in Figure 61, the weld is simplified as a plane weld due to its 

curvature. A conservative approach is taken where the moment is primarily handled by the horizontal 

weld, while the vertical weld handles the vertical load. The T-bar with the highest moment is 

determined through calculations. It is assumed that the load is evenly distributed across all eight beams 

and two pipes. For calculations see Appendix V. 

 

Figure 61 Critical weld section 4 
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5.4.5 Critical weld 5 

The calculation of this weld is complicated due to the configuration of the weld in all axes. To 

simplify the analysis of the weld, it is separated into two cross section A and B seen in Figure 62 

Figure 63. For section A, the curvature of the cross section in the z-plane is simplified and made 

equivalent to a flat cylinder cross section, seen in Figure 64. In this configuration it is assumed that 

cross section A only experience bending moment resulting in normal forces at the bottom and top of 

the cross section.  

For cross section B, it is assumed that only torsional forces are acting on the cross section resulting in 

pure shear stress. Moreover, the load exerted on the weld is divided between the two hinges present in 

the hatch. This division of load helps ensure proper load distribution. For calculations see Appendix 

W.  

 
Figure 62 Critical weld 4 cross section A 

 

 
Figure 63 Critical weld 4 cross section B 

 

 

Figure 64 Equivalent cross section of critical weld 4 cross section A 
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5.4.6 Critical weld 6 

In a similar fashion as critical weld 5 section B, certain assumptions and considerations are made. 

Firstly, it is assumed that both welds in this section experience an equal torsional force. Secondly, the 

largest value between the sum of ULS-a and ULS-b is determined and applied. Lastly, the load in this 

section is divided by the two hinges present in the hatch, distributing the force accordingly. For 

calculations see Appendix X. 

 

Figure 65 Critical weld section 6 

5.4.7 Summary of calculations for critical load bearing welds 

All welds exhibit satisfactory utilization, except for critical weld 4, which has a utilization of 1.01, 

seen in Table 17. However, this deviation is particularly small and therefore regarded negligible, 

allowing it to be disregarded. 

Table 17 Results from weld check calculations 

Critical 
weld 

Allowed 
stress 
[MPa] 

Von Mises 𝜎𝑣𝑚 [Mpa] Utilization [-] 

Horizontal 
weld 

Vertical 
weld 

Connection 
weld 

Horizontal 
weld 

Vertical 
weld 

Connection 
weld 

1 142.31 130.20 68.10 99.8 0.92 0.48 0.70 

2 142.31 0.10 122.40 44.00 0.00 0.86 0.31 

3 538.46 524.40 55.20 170.4 0.97 0.10 0.32 

4 323.08 276.30 68.10 106.10 0.86 0.21 0.33 

5 
A 

344.62 - - 
153.90 

- - 
0.45 

B 47.00 0.14 

6 538.46   140.90 - - 0.26 
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5.5 Integrity of EPDM and PEHD 1000 

According to DeepOcean, it is not a common practice to perform calculations specifically for 

thermoplastics and elastomers like EPDM. However, given the application of EPDM as an 

intermediate layer between PEHD 1000 and structural components, it can be considered resilient 

against the energy transfer load 𝐹𝑄, that are concentrated in such a small area, where stress levels 

would exceed the maximum allowable stress of 3.48 MPa (and 21.74 MPa for EPDM with additives). 

Furthermore, when considering the PEHD 1000, with its allowable stress of 17.39 MPa, with 𝐹𝑄 

applied, an area smaller than 4485 mm2 could lead to a stress above allowed stress limit.  

5.6 Summary of kinetic and elastic potential energies  

Calculating the kinetic and elastic potential energies with equation (9) and (10), with added mass with 

equation (18), elastic energies in the hatch from Table 6, the summation of energies can be listed, seen 

in Table 18. For calculations see Appendix Y. 

Table 18 Kinetic and elastic potential energies in the ROV, hatch and skid 

𝑈𝐸𝑙  [J] 𝐸𝑘  [J] 

Hatch Skid 
Square 
rubber 
profile 

Hollow 
rubber 
profile 

Sum 

Minimum Maximum Minimum Maximum 

LCA 376.80 LC 1 140.10 

332.27 37.93 575.70 1181.44 555.58 1175.43 
LCF 179.70 LC 2 25.80 

LSA 443.40 LC 3 35.70 

LSF 243.90 LC 4 58.80 

 

Figure 66 demonstrates the occurrence of minimum and maximum elastic potential energies when 

considering the contact of rubber profiles during impact. 

 

Figure 66 Contact region during impact between ROV and hatch, with annotation of rubber profiles, front view 

Minimum elastic potential energy absorbed during impact between ROV and hatch (Square profile 

meets hollow profile at LCF on hatch, see Figure 67) is 575.7 J, with a. relative velocity between USV 
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and ROV during recovery of 𝑣 = 0.44 m/s. This makes sure that 𝐸𝑘 < 𝑈𝐸𝑙 for the whole section of the 

hatch and skid. This is then set as the operational limit. 

Maximum elastic potential energy absorbed during impact between ROV and hatch (Square profile 

meets square profile at LSA on hatch) is 1181.44 J, with a relative velocity between USV and ROV 

during recovery of 𝑣 = 0.64 m/s. For this scenario to occur, the ROV must hit the hatch at the out 

most part, assuring the largest deformation. 

 

 

Figure 67 Impact between ROV and hatch at LCF, side view 
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6 Final design 

This chapter will include the final design and reasoning for the changes done according to the 

preliminary design. 

6.1 Hatch 

The primary consideration in the final design of the hatch was its ability to elastically deform and 

absorb the energy transfer load. The hatch needed a balance of flexibility and strength to withstand not 

only the weight of the ROV and skid but also the hydrodynamic forces.  

After careful evaluation, we strategically chose circular pipes for their consistent strength and reduced 

weak points. However, in areas requiring higher moment resistance and greater moment of inertia 

around the neutral axis, we utilized square pipes as seen in Figure 68. This dual approach ensured both 

overall strength advantages and enhanced performance in meeting specific demands. 

 

Figure 68 Final hatch design square beam cross section view 

To meet the requirements for deformation, a combination of different materials was needed, as seen in 

Figure 69.  

For areas with higher stress levels, Strenx 700 OME was chosen. However, considering the cost of this 

material, it would not be practical to employ Strenx 700 OME throughout the entire hatch. To keep 

costs down, the remaining sections of the hatch were designed with API 5L X65. This approach 

allowed for a balance between strength requirements and cost considerations. 
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Figure 69 Final hatch design pipe materials 

Recognizing that the joints posed a vulnerability in our structure, it was decided to reinforce these 

areas by adding additional material, as seen in Figure 70. This resulted in a more evenly distributed 

stress, eliminating the weak points, and increasing the overall strength and durability of the structure 

in this area. 

 

Figure 70 Final hatch design cross section view of joint reinforcement 

To reduce the load between the skid and hatch during recovery of the ROV, it was decided to design a 

dampening material on top of the hatch. To absorb impact while keeping friction to a minimum, 

EPDM was used in combination with PEHD 1000, as seen in Figure 71. It was also decided to make 

the longitudinal beams at the top of the hatch hinged, as seen in Figure 72, to allow for further 

deformation to absorb the energy transfer load. Drawings for the hatch are shown in Appendix Z. 

▆ Strenx 700 OME 

▆ API 5L X65 
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Figure 71 Final hatch design cross section view EPDM rubber and PEHD 1000 

 

Figure 72 Final hatch design cross section view hinged beam. 

6.2 Skid 

The sensors proved to be the determining factor in the final design's outcome, as seen in Figure 73. 

This was due to the need of complying with the operational limitations of the sensors while keeping 

them protected. The energy transfer load led to the need for an impact absorbing material and 

structure.  
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Figure 73 Final skid design top view sensor placement 

The protection of the lasers, CTD, Tx/Rx and multibeam, as shown in Figure 74, required attention. 

The main concern was the positioning of the multibeams, which extended beyond the main frame, 

making them susceptible to impacts from the skid’s sides hitting the USV during recovery. To address 

this issue, adjustments were made by relocating the lasers, CTD and Tx/Rx. This was achieved by 

shifting the beam that held all the sensors at the top of the skid slightly forward, in the x-direction 

according to Figure 74. Consequently, the lasers were clustered towards the centre of the beam. The 

CTD and Tx/Rx were relocated to the rear of the beam. This arrangement enabled the multibeams to 

be brought closer together, effectively eliminating the problem of them protruding beyond the sides of 

the skid. 

 

Figure 74 Final skid design top view multibeam and lasers 

Due to the ROV's rear-end retrieval, the arrangement of the ROVINS, MUX, and Pipe Tracker 

Accumulators, as seen in Figure 12 and Figure 13, needed reorganization due to the high-impact area. 

As the decision was made to exclude the pipe tracker from this design, the associated accumulators 

were no longer deemed essential and subsequently disregarded. The ROVINS was repositioned to the 
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front of the skid, as seen in Figure 75. This adjustment was made to ensure that the ROVINS had an 

unobstructed downward line of sight to effectively register the seabed. As for the MUX, serving as a 

central hub for connecting all the sensor cables, it was decided that laying it down on its side and 

fitting it into a drawer at the centre of the skid, as illustrated in Figure 75,would be the most suitable 

arrangement as this would require easy access during installation or maintenance. 

 

Figure 75 Final skid design front view ROVINS and MUX 

To mitigate impact forces and protect the sensors from misalignment, a combination of rubber and 

PEHD 1000 was used beneath the skid, as seen in Figure 76. Rubber was applied to areas likely to 

make initial contact with the hatch, providing an additional layer of protection. The PEHD 1000 

material was implemented in conjunction with rubber to the area expected to slide against the hatch 

after the initial contact once primary impact forces had already been absorbed. This approach fulfilled 

the initial goal of minimizing friction while ensuring effective impact reduction. Drawings for the skid 

are shown in Appendix AA. 

 

Figure 76 Final skid design impact dampers 
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6.2.1 Review of centre of gravity 

The COG is measured from a reference point shown in Figure 77, with dimensions tabulated in Table 

19. The new COG position is also visualised in Figure 78. 

 

 

Figure 77 Annotation of COG reference point 

 

 

  
Figure 78 Visual representation of COG in skid side and top view 

 

Table 19 COG of skid with sensors 

New COG 

Coordinates [mm] 

x y z 

724.54 8.61 223.42 
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6.3 Combined system 

The combined skid and hatch system, as seen in Figure 79, demonstrates how these two elements work 

together to form a LARS. Figure 80 shows a 13 mm clearance between the skid and hatch in the z-

direction, which is designed to reduce friction by ensuring that only the PEHD 1000 materials are in 

contact with each other during operation.  

 

Figure 79 Combined system ROV with skid angled on hatch side view 

 

Figure 80 Combined system ROV with skid flat on hatch side view 
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7 Conclusion 

The structural analysis of the hatch has revealed important findings regarding its performance under 

specific scenarios. In the case of ULS-a LCA, which involves the skid impacting the lowest beam with 

one leg at its centre, dimensional changes were observed. The maximum total displacement measured 

in this case was 55.67 mm. However, the von Mises stress reached 946.00 MPa in the section where 

the T-bar is welded, surpassing the allowable stress limit. On the other hand, the weld stress analysis 

for this section indicated a stress level of 276.30 MPa for the horizontal section of the weld and 68.10 

MPa for the vertical section. The utilization values for these stresses were 0.86 and 0.21, respectively. 

Similarly, the analysis of the skid focused on Load case 3, where the skid experiences horizontal 

impact on the port and starboard sides of the structure in the longitudinal direction. In this scenario, a 

displacement of 1.19 mm was measured, and the maximum von Mises stress reached 338.28 MPa. The 

utilization value for this stress was determined to be 0.93. 

The skid and hatch have been specifically designed to withstand wave heights up to 𝐻𝑆  ≤  3 m, with a 

maximum relative velocity of 𝑣 = 0.44 m/s between the ROV and the USV during recovery. It is 

crucial for the ROV and USV to be corresponding in terms of wave period during the recovery process 

to ensure safe launch and retrieval. However, further attention is needed for the side scanners, as they 

are susceptible to impact during ROV recovery. 

It is important to acknowledge that although the structural designs have undergone significant 

development through static simulations, they are not the final designs for the USVs. Additional 

analysis, such as practical testing and dynamic simulations, must be conducted to validate and refine 

the proposed solutions. These further steps will ensure the completion of a robust and reliable LARS 

design for the USV. 
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Appendix A Sensor’s specifications 
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Appendix B Material properties for S165M W1.4418 
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Appendix C Material properties for 6082-T6 
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Appendix D Material properties for API 5L X65 
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Appendix E Material properties for S420N 
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Appendix F Material properties for Strenx 700 OME 
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Appendix G Material properties for PEHD 1000 
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Appendix H Material properties for EPDM 
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Appendix I Material properties for fasteners 
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Appendix J ROV and USV kinematics 
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Appendix K Kinetic and elastic potential energies calculations 
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Appendix L Hydrodynamic forces on hatch 
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Appendix M Hatch Stress analysis  

ULS-a LCF 
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ULS-a LSA 
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ULS-a LSF 
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ULS-b LCA 
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ULS-b LCF 
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ULS-b LSA 
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ULS-b LSF 
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Appendix O Hand calculations of hatch 
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Appendix P Skid stress analysis 

Load case 2 

 

Figure 1 Skid LC1 von Mises stress 

 

Figure 2 Skid LC1 max von Mises stress. 
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Figure 3 Skid LC1 von Mises stress at load location 

Load case 3 

 

Figure 4 Skid LC2 von Mises stress 
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Appendix Q Force calculations of selected structural items 
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Appendix S Weld check of critical weld 1 
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Appendix T Weld check of critical weld 2 
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Appendix U Weld check of critical weld 3 
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Appendix V Weld check of critical weld 4 
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Appendix W Weld check of critical weld 5 
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Appendix X Weld check of critical weld 6 
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Appendix Y Damping of rubber materials 
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Appendix Z Hatch Drawings 
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Appendix AA Skid Drawings 
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