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SAMMANFATTNING 

Slotborer är benämningen på en ny maskinprototyp som skall användas för att i gruvor borra och 

utvinna platina. För att erhålla ett visst borrdjup skarvas borrpipor vilket åstadkoms med en 

gängkoppling. Detta arbete har haft som syfte att utveckla en ny koppling för dessa pipor då 

konstruktionen med gängor har visat sig vara problematisk. 

Ett antal koncept genererades varefter det mest lovande, enligt diskussion med kund och Pughs 

beslutsmatriser, valdes för vidareutveckling. Detta valda koncept var en typ av bajonettkoppling 

som förfinades och det gjordes en 3D CAD-modell samt mer detaljerade analyser av kopplingens 

hållfasthet. Analytiskt med grundläggande hållfasthetslära visades kopplingens mest påkända 

delar ha Von Mises effektivspänningar på 230 MPa vid normal borrning, 360 MPa vid 

maxeffektsborrning och 605 MPa vid dragande borrning med maxeffekt. Kontakttryck i 

kopplingen analyserades enligt Hertz kontaktteori och uppgick i maximalt 2,6 GPa, 3,3 GPa och 

4,5 GPa för respektive lastfall. En FEM-analys gjordes där lokala effektivspänningar upptäcktes 

vara i storleksordningarna 300 MPa, 500 MPa och 1200 MPa för respektive lastfall. 

Konceptutvecklingen och analysen pekar på att konstruktionen är lämplig för vidare detaljerad 

konstruktion. 

 

Nyckelord: Gruvmaskiner, Slotborer, Borrpipor, Pipkopplingar, Axelkopplingar
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ABSTRACT 

Slotborer is a new machine prototype that is used for excavating platina in underground mines. To 

drill holes with desired depths there are several drill pipes that are bonded as the hole is drilled 

deeper with a threaded connection. This work have had the purpose of designing a new connection 

for these drill pipes as the thread design have shown to be problematic. 

A number of concepts were generated after which the most preferred, according to customer 

discussions and Pugh decision matrices, was chosen for further development and refinement. The 

chosen concept for development was a type of bayonet coupling and a more detailed 3D CAD 

model and analysis of the coupling strength were made. Analytical solid mechanics showed that 

the most heavily loaded parts of the coupling experienced effective Von Mises stresses of 230 

MPa for normal drilling, 360 MPa for heavy drilling and 605 MPa for heavy back reaming. Contact 

pressures were analyzed with Hertzian contact theory and the maximum values of these were 

shown to be 2.6 GPa, 3.3 Gpa and 4.5 GPa for the respective load cases. An FE analysis made 

showed higher local effective stresses that was of the magnitude of 300 MPa, 500 MPa and 1200 

MPa for the respective load cases.  

The conclusion of the concept development and analysis points out that the design is suitable for 

further detailed design.  

 

Keywords: Mining machines, Slotborer, Drill pipes, Pipe connections, Shaft connections 
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1 INTRODUCTION 

This chapter describes the problem background, the purpose of the project and the decided project 

delimitations. It also contains a section describing the methods used and how the project was 

planned to be executed. 

1.1 Background 

The procedure of mining platina is often hard labor where workers use hand held drilling tools. 

Miners work deep under ground in narrow reefs in a dirty environment and the job is very 

dangerous. Actors in the mining industry are looking for ways, for new products, that can improve 

efficiency, safety and work environment in their mines.  

The Slot borer is one of those new products, it will be used for excavating platina ores and the 

principle is shown in Figure 1. The platinum ores are formed like discs positioned so that the bore 

angle is 0-22 degrees from the horizontal plane. The machine excavates by pushing a rotating 

reamer through the ore and this reamer is connected to the machine by several drill pipes with 

threaded ends. The excavation process starts with one pipe and as the slot is bored to the limited 

reach of the pipe, another pipe is connected and the process continues. As the capacity of maximum 

hole depth is reached, the machine pulls the reamer out, disconnecting the pipes, before 

repositioning for the next hole. (Kämpe, 2016) 

 

Figure 1. Slot borer operation (Kämpe, 2016). 

Another image of the Slot borer is shown in Figure 2 where the reamer is assembled on four visible 

bore pipes. 
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Figure 2. Slot borer (Kämpe, 2016). 

The bore pipes are connected to each other by threads and the problem is that these threads has 

been proven to not work as a good pipe bond. The thread is too sensitive to the dirty environment 

in the mine and pipe misalignments. The master thesis work was about generating a new solution 

for connecting the bore pipes. The pipe dimensions are 1100 mm length, 508 mm in diameter and 

has the weight of 535 kg in the current threaded design. An image of a drill pipe is shown in Figure 

3. (Kämpe, 2016) 

 

Figure 3. Drill pipe (Kämpe, 2016). 

As these are connected to each other the weight of the pipes will influence the forces acting on the 

threads, not the least inducing a cyclic bending moment as the reamer and pipes rotate. To get a 

perspective, at least 22 pipes should be connected as in Figure 4. (Kämpe, 2016) 
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Figure 4. Connected drill pipes (Kämpe, 2016). 

In addition to the pipe weight there are high axial forces, bending moments and torques induced 

when drilling. The threads are designed with flank angles of 45 and 15 degrees as the cross section 

in Figure 5 shows where the 15 degree flank takes high surface pressures and suffers substantial 

wear. It should also be mentioned that the pipe design is made in such a way that if the thread 

break or is substantially damaged there is a necessity to exchange the whole pipe. (Kämpe, 2016) 

 

Figure 5. Pipe thread connection (Kämpe, 2016). 

As it is difficult to get these pipes aligned, the misalignment also has a substantial impact on the 

flank surface pressure. There are several other disadvantages with the thread connection related to 

lubrication, cleaning, the mine environment as well as tightening and loosening the thread. The 

disadvantages and problems with the pipe thread connection are summarized as they are listed 

below: (Kämpe, 2016) 

 Wear on threads 

o Bad lubrication 

o Grease contaminated from environment 

o Misalignment between pipes 

o Too high pressure on thread flanks 

 Lubrication & cleaning 

o Time consuming 

o Threads must be perfectly cleaned before applying new grease 

o Environmental effects from grease and solvent 
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 Correct make-up torque is critical 

o Risk of loose connection if make-up torque is too low 

o Risk of mechanical damages if make-up torque is too high 

 Break-out torque too high due to dynamic loads from drilling 

o Risk that the machine can’t open the connections (insufficient torque) 

 Threads not exchangeable or repairable 

o If threads break, the whole pipe must be replaced 

1.2 Purpose 

The project purpose was to develop a new drill pipe connection that can be a replacement for the 

threaded connection. The design was decided be on a conceptual level visualized as a 3D CAD 

model and verified to withstand the operational conditions of Slotborer drilling. 

1.3 Delimitations 

The project did not include the following: 

 Detailed design 

o Pinpoint material and surface treatments 

o Choose specific components and vendors for purchasing 

o Detailed drawings 

o Detailed FE Analysis 

 Evaluation of thread connections 

 Redesign systems that might be affected by the pipe connection design 

 Elaborated business case 

These delimitations were made considering time boundaries and the FEA delimitation also due to 

initial knowledge of the author. An evaluation of thread connection was not part of the scope as 

such an evaluation would be a large task and could be made a separate project of similar 

comprehension as the connection design that has been done. 

1.4 Method 

The project has been broken down in a Work Break-Down Structure (WBS) which contains the 

four deliverables of project management, concept generation, concept development, and report 

and documentation. Figure 6 shows the WBS, which was laid out as Petersen (2013) describes it, 

where each deliverable has multiple underlying work packages. 
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Figure 6. Project Work Break-Down Structure. 

The project outline followed a Stage-Gate model (Cooper, 1990; Cooper, 2008) and it was defined 

according to Figure 7. A more detailed plan of activities and how they overlapped was outlined in 

a Gantt chart (Petersen, 2013). Some of the underlying activities at the stages have overlapped 

with other stages, allowing this however, should be beneficial with respect to efficiency as Cooper 

(1994; 2008) claims when describing the next generation stage gate process. 

 

Figure 7. Project Stage-Gate Model. 

Each stage in the process resulted in deliverables to the next gate for assessment. At the gates the 

deliverables were to be evaluated based on certain criteria and the outputs are decisions on how to 

proceed with the next stage. Usually these decisions can be a “go or kill decision” (Cooper, 1990), 

which means that the project either proceeds or that it is terminated. In this case the project was a 

master thesis and therefor the decision was never to be a go/kill decision but rather a decision on 

how to proceed. The deliverables, criteria and outputs of the gates are listed in Table 1. 
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Table 1. Gate description matrix. 

 Deliverables Criteria Output 

Gate 0  

– Start-up meeting at 

Svea Teknik. 

- Agree on 

proceedings 

Short term action 

plan 

Gate 1  

– Start-up customer 

meeting at Atlas 

Copco. 

Prepared material, 

background 

research, question 

base about the 

project, product and 

customer needs. 

Agree on 

proceedings 

Progression plan, 

Communication 

plan, Project 

specification and 

requirements. 

Gate 2  

– Planning seminar. 
Planning report and 

presentation. 

Acceptable Problem 

definition and 

planning. 

Revise Planning 

report or proceed 

according to plan. 

Gate 3  

– Generated concept 

presentation. 

Several generic, 

higher level concept. 

Concept comparison 

and CAD models. 

Concept 

functionality and 

attainability. 

Prioritized concept 

to develop further 

and accepted action 

plan. 

Gate 4  

– Developed concept 

presentation at Atlas. 

Fully developed 

concept, concept 

verification and 

validation. 

Meets product 

requirements. 

Decision of 

accepting the 

solution or modify it. 

Gate 5  

– Thesis approval 

and final 

presentation. 

Thesis and project 

presentation. 

Examiner and 

supervisor thesis 

criteria. 

Feedback and 

identified 

deficiencies. 

Gate 6  

– Finalization of 

thesis. 

Final Master Thesis. Mandatory elements 

as described in 

guidelines are 

completed. 

Submission of 

Master Thesis. 

The first stage was to do a light background research about the Slotborer machine and get familiar 

with the project in order to prepare for a first customer meeting where the main subject was to set 

project requirements, specifications and limitations. The meeting outcome was the base for a 

Quality Function Deployment (QFD) that was created before generating concepts. The QFD was 

maintained, updated as needed, to really understand the problem and figure out what had to be 

designed in order to know how. By developing a better understanding for the customer, 

engineering specifications, numerical targets and relations between them, the gain is a better 

understanding at the product definition phase and throughout the design process. Much of the 

documentation could be important in later phases of the design process and save time. (Ullman, 

2010) 

As the QFD was constructed, a more thorough information search about pipe and shaft connections 

took place and several concepts was generated. Building a morphology (Ullman, 2010) was used 

as a tool to generate concepts at this level. The concepts was 3D modeled with a CAD program 

(PTC, 2008) and analysed with respect to their suitability as a solution. The analysis included basic 

calculations of solid mechanics and a comparison of concepts in a Pugh matrix (Ullman, 2010). 

At the third gate the decision of which concept to proceed with was made in consent with the 

customer. The chosen concept was further developed and verified to meet the requirements with 

analytical tools and FEA. 
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As alternative methods one might find the Concurrent Engineering (CE) and Design Structure 

Matrix (DSM). These are described by Yassine and Braha (2003) as efficient methods but their 

true strength lies in handling complex product development projects and as Ullman (2010) states 

when the order of tasks is not evident. The nature of this project was considered to have a low 

level of complexity, therefor these methods were discarded and the use of the previously described 

version of the Stage-Gate method was considered to be more efficient. 

Throughout the project the communication with stakeholders was executed according to matrices 

in Table 2 and Table 3. The matrix layouts were made in accordance with Petersen (2013) and a 

template for status reports that was to be communicated to KTH and Svea Teknik supervisors was 

created. Continuous communication with the customer after the initial meeting and maintaining a 

QFD was done to validate the progress and the results. 

Table 2. Communication matrix. 

Audience Message 
Communication 

Type 
Frequency 

Communication 

Medium 

Svea 

Supervisor 

Project status. Written status 

report. 

 

Verbal report. 

Weekly. 

 

 

Weekly. 

Face to face. 

 

 

Face to face 

KTH 

Supervisor 

Project status. Written status 

report. 

 

Verbal report. 

Weekly. 

 

 

When needed. 

E-mail. 

 

 

Face to face. 

Atlas Copco Project status. 

 

 

 

Concept 

evaluation. 

Verbal and 

written status 

update. 

 

Verbal and 

written report. 

Monthly. 

 

 

 

Twice. 

E-mail and 

phone. 

 

 

Face to face. 

Table 3. Stakeholders 

Name Organization Role 

Bengt Johansson Svea Teknik Supervisor 

Ulf Sellgren KTH Supervisor 

Ulf Kämpe Atlas Copco Customer 
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2 FRAME OF REFERENCE 

This chapter presents a few topics that are relevant for the development of the pipe connection, in 

particular for the chosen concept for further development. 

2.1 Drilling and drilling load cases for the Slotborer 

As the Slotborer excavates the ore, the holes will go into each other so that each drill hole will not 

be symmetrical. The drill hole sequence, illustrated in Figure 8, is laid out to maximize the 

excavated platina (B) while minimizing the leftover platina (G) and the excavated non-platina 

material (F). (Kämpe, 2016) 

 

Figure 8. Drill hole sequence (Kämpe, 2016). 

As a result of the asymmetry of the individually drilled hole, the reamer will pull in radial direction 

and cause additional bending moment to that inflicted by self-weight and other drilling forces. In 

the specific case of pulling the reamer out as it has gotten stuck, this bending moment will not 

occur since the hole is already drilled and the load scenario of back reaming is symmetrical. The 

only bending that affects the pipes in this load case is the self-weight. (Kämpe, 2016) 

The worst case is then obviously when all 22 pipes are connected and the maximum bending 

moment on the pipe connections can be calculated using elementary cases of bended beams. 

Assuming the pipe end at the Slotborer machine to be fixed and the other end to be simply 

supported on the reamer, the load case can be described as presented in Figure 9. 
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Figure 9. Beam bending (Björk). 

Where Q=qL is the equally distributed gravitational load on the pipes (Björk). As each pipe weighs 

535 kg and is 1100 mm long, the maximum bending moment in this scenario is approximately 350 

kNm. This bending moment will in the worst case of back reaming work in combination with 

maximum machine torque and axial load. Additional information about drill loads given from the 

customer results in three load cases (Kämpe, 2016) that were analyzed and these are presented in 

Table 4. 

Table 4. Load cases. 

 Normal boring loads 
Maximum boring 

loads 

Maximum back 

reaming loads 

Torque 120 kNm 170 kNm 170 kNm 

Bending moment 375 kNm 550 kNm 350 kNm 

Axial load -1500 kN* -2000 kN* 2000 kN 

* A negative axial load is defined as pushing in to the rock. 

The value of 350 kNm is an over estimation of the bending moment since the structure would 

have some support at the reamer side. If analyzing the load with the supporting condition of 

having the reamer fixed results in a bending moment on the pipe connection at 230 kNm, but this 

however, would be an underestimation of the bending moment and therefore the value of 350 

kNm was used in the analysis. 

2.2 Line contacts and stresses 

For a nominal line contact the mean contact pressure, derived from Hertz’s theory, can be 

expressed as 

 

𝑝𝑚 =
1

4
(
𝜋

2
)
1
2⁄

(
𝐹

𝐿
)

1
2⁄

(
𝐸′

𝑅′
)

1
2⁄

 (1) 
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Where F is the normal load, L is the length of the contact, E’ is the equivalent Young’s modulus 

and R’ is the equivalent contact radius. The maximum shear stress occurs just under the surface 

and is related to the mean contact pressure so that 

 
𝜏𝑚𝑎𝑥 = 0,387𝑝𝑚 (2) 

For ductile materials this should be compared to 50 % (Tresca’s yield criterion) or 58 % (Von 

Mises yield criterion) of the material yield stress and for brittle materials to 100% of the ultimate 

strength. The contact pressure distribution is half elliptic in the contact and the maximum contact 

pressure is therefor 

 

𝑝𝑚𝑎𝑥 =
4

𝜋
𝑝𝑚 (3) 

According to ISO standards the static load rating of rolling bearings is defined by the maximum 

contact pressure and for a roller bearing (line contact) the static load rating is 4.0 GPa. (Van Beek, 

2015) 

2.3 Plasticity and elastic shakedown 

As a line contact can locally experience plastic deformation the first load cycles, this leads to 

increased conformity in the contact and the stresses are reduced. This may lead to elastic 

deformation in the area instead and this may be the case for the common application of ball 

bearings. Another expression known as elastic shakedown might also occur at high repeated 

stresses. If the first load pass leads to plastic deformation, residual stresses can build up to that 

extent that during subsequent passes, the material deform elastically. This is elastic shakedown 

and the material can also be strain hardened. (Van Beek, 2015) 

2.4 Geometrical stress concentrations in line contacts 

In line contacts there is always one contacting part that is shorter axially than the other. This results 

in geometric stress concentrations at the end points of the line contact and can initiate fatigue 

cracks and consequently component failure. This is a common phenomenon for roller bearings, 

gears and cams. A perfect stress distribution is attained by having a logarithmically curved cylinder 

end. A comparison of stress distribution of these two, straight and logarithmically curved, are 

shown in Figure 10. (Van Beek, 2015) 

 

Figure 10. Stress concentrations in line contacts (Van Beek, 2015). 
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3 THE PROCESS 

In this chapter the working process is described. The chapter presents the way of generating 

concepts, descriptions of each concept and the evaluation of those concepts. The development 

process of one concept, which is chosen based on the evaluation, is then presented. 

3.1 Concept Generation 

Once the problem area and background had been established as described in chapter 1.2, the initial 

step was to set the product requirements. As chapter 1.4 suggests this was done by having an 

initializing meeting with the customer, after which a QFD (Ullman, 2010) was made and validated 

by follow up communication with the customer. The final QFD is too large for being practically 

attached to the report and therefore a simple list of requirements is provided in Appendix A: List 

of requirements. 

As the first version of QFD was finalized the concept generation phase was initiated by building a 

morphology (Ullman, 2010). The morphological matrix is presented in Table 5 where the sub-

functions, decomposed from the main function of transfering drilling power from the gearbox to 

the reamer, are related to the fundamental and highly valued functional requirements in the QFD. 

Table 5. Morphological Matrix. 

Product: Drill Pipe 

Connection               

Sub-

function 

Concept 

1 

Concept 

2 

Concept 

3  

Concept 

4 

Concept 

5 

Concept 

6 

Concept 

7 

Concept 

8 

Transfer Drill 

Torque 

Flats 

(Wrench) 
Splines Lead Splines Hook Flanks 

Screw Flange 

Joint 
Bayonet Pin 

Interference 

Fit Friction 
Claw Flanks 

Transfer Drill 

Push Force 

First Pipe 

Flank 

(male)/End 

Flank 

(female) 

Pipe End 

Flank 

(male)/Intern

al Flank 

(female) 

Conical 

Connection 

Surface 

Hook Flanks Lead Splines Bayonet Pins 
”Other 

geometry” 
  

Transfer Drill 

Pull Force 

Springed 

Pins by 

Wrench in 

Front of 1st 

Flank (male) 

Springed 

Pins by 

Wrench 

After 1st 

Flank (male) 

Ratchet Hook Flanks Lead Splines Claw hook Bayonet Pin 

Conical 

friction 

Rings 

Exchange 

Connection 

Screw Joint 

at First Pipe 

Flank 

Screw Joint 

at Second 

Flank (male) 

Longer Screw 

Joint Thrue 

Connection 

(pipe wall) 

Cut and Weld 
Shrink Hub 

Connection 

Maintanace 

by 

Reprocessing 

Not 

Exchangable 
  

Pipe 

Misalignment 

Issue 

Champher on 

Connection 

Conical 

Connection 

Guiding 

Spline 

Larger 

connection 

surfaces in 

general 

        

Dirt Protection 

Deflecting 

Rubber 

Cover 

No 

Protection 

Cover 

(insensitive 

solution) 

Covering 

Flange 

Scraping 

Component 
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The matrix suggests more than 43 000 potential concepts, which obviously is not realistic and one 

of the pitfalls using this method (Ullman, 2010). The concepts are not independent and combining 

many of them does not make any sense. From this matrix up to 20 2D principal sketches were 

drawn by pen on paper and out of those 20, five principal concepts were chosen by intuition, and 

made as 3D CAD models before evaluated. In this process the upper three sub-functions was 

separated from the bottom three and the initial five CAD models only accommodate the upper 

three sub-functions. This decision was made because the upper three sub-functions are very 

fundamental and dependent of eachother whereas the bottom three are more independent and easier 

to integrate in a later stage. Consider as an example if a suitable hook connection is designed, than 

it would still be relatively easy to integrate a screw joint to exchange the connection, a large 

envelope surface to make it less sensetive to misalignment and a deflecting rubber protection to 

separate the connection from a dirty environment. 

The five principal concepts are presented and evaluated on their suitablility for continued 

development in separate chapters below. Each concept design is introduced with a description after 

which stress calculations are presented for the maximum torsional, bending and axial load cases 

separately. These calculations are rough estimates of whether the concepts can withstand the loads 

and an indication of their capability if allowed to be developed further and optimized. 

3.2 Concept 1 – Wrench Flats 

The Wrench Flats concept was based on the same principle as a wrench, that there are two flat 

surfaces on opposite sides of the rotation axis that is used to transfer torque. The pushing drill force 

is transferred through flanks on the pipe and the pulling drill force by pins that lock in to grooves 

or holes on the mating pipe as the pipes are connected. An overview of the design is presented in 

Figure 11 and Figure 12, where the mentioned pins are red. 

 

Figure 11. Wrench Flats Pipe. 
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Figure 12. Wrench Flats connected. 

The maximum surface pressure and torsional stresses were calculated for the torque load case. As 

a torque is applied on the pipes, the reaction in the connection would be a distributed force on the 

flat surfaces. The assumption was that two flats would take the whole load and the load was 

modelled to be equally distributed in the axial direction over the flat depth d and as a linear function 

over the half the flat width w, from the center to the flat edge as Figure 13 shows. 

 

Figure 13. Pressure distribution due to torque. 

The pressure was expressed as a function of the distance x from the center so that 

 
𝑝(𝑥) = 𝐶𝑥 (4) 

p(x) 

p(x) 
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Where C is a constant. The corresponding pair of forces F to a given torque Mv act at x = ±
w

3
 due 

to the linear characteristics of the model and the constant C was computed by solving 

 

∫ 𝑝(𝑥)
𝑤/2

0

𝑑𝑥 = 𝑀𝑣

3

2𝑤𝑑
 (5) 

With the width, w, equal to 165 mm, the flat depth, d, equal to 110 mm and when Mv is the 

maximum torque 170 kNm the equality gives a C is equal to 4.13 N/mm3. Equation (4) gives the 

maximum surface pressure at p(w/2) to be 340 MPa. Using a more aggressive approach and 

modelling p(x) as a second degree curve, proportional to x2 and zero at the center, would 

analogously result in 430 MPa stresses. 

The worst case for the axial loads are when the maximum pulling force acts since the locking 

mechanism in this direction is much weaker than the pipe flanks that takes the pushing force. The 

axial force was assumed to be equally distributed over the four locking pins, which means one 

fourth of the axial force F would act on each pin as shown in Figure 14.  

 

Figure 14. Loads on pin. 

The force would cause a nominal stress and a shear stress in the green areas 1 and 2 in Figure 14 

(left) and a shear stress in the red pin as can be concluded from Figure 14 (right). The nominal 

stress in area 1 was approximated as 

 

𝜎𝑎1 =
𝐹

8𝑐𝑒
 (6) 

When c is 32 mm, e is 16 mm, and the maximum force of 2000 kN is applied, the nominal stress 

σa is 490 MPa. The shear stress that occurs in area 2 was approximated as 

 

𝜏𝑎2 =
𝐹

8𝑑𝑒
 (7) 

When d is 40 mm, e is 16 mm and the maximum force of 2000 kN is applied, the shear stress 𝜏 is 

390 MPa. The shear on the red pin was approximated as 
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𝜏𝑎,𝑝𝑖𝑛 =
𝐹

8𝑎𝑏
 (8) 

When a is 16 mm, b is 46 mm and the maximum force of 2000 kN is applied, the shear stress 𝜏𝑎,𝑝𝑖𝑛 

is 390 MPa. In the contact surface between pin and groove there will be a surface pressure pa that 

was approximated as 

 

𝑝𝑎 =
𝐹

4𝑏𝑒
 (9) 

Which with a force F of 2000 kN would be 680 MPa. In the bending load case these pins will also 

carry the load. Assuming the worst case when the pipe is positioned so that one pin is located at 

the very top, two in the neutral plane of bending and one at the very bottom. The top pin will suffer 

from elongation and the bottom of the pipe will have compression. If the bending moment Mb is 

substituted with equivalent pair of forces, i.e. the pin on the top and the flank on the bottom will 

take the whole load together, then the top pin would carry the load 

 

𝐹𝑝𝑖𝑛 =
𝑀𝑏

2𝑟𝑚
 (10) 

Where rm is the distance from the neutral plane of bending and equal to 250 mm. With Mb at the 

maximum value of 550 kNm the force F is equal to 1100 kN, which is significantly more than for 

the pure axial load case. The load has more than twice the magnitude of the axial load per pin and 

would result in stresses that are more than twice as large, i.e. in the range of 1000 MPa. Stresses 

of this magnitude would not be acceptable since the yield stress of the pipe material is 1000 MPa, 

axial and torsional loads will also be acting in combination with bending and the bending would 

alter so that the connection might break of fatigue even by lower stresses. 

The previously described model is however overestimating the stresses. Consider that the pipe 

flats are made with an interference fit and that the flats can take some bending moment, then a 

more realistic model can be built according to Figure 15 that shows a cross section of the pipe 

connection in a free body diagram. 
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Figure 15. Bending model, Wrench connection. 

This model shows the contact forces, Fsquare1 and Fsquare2, and the friction forces, Ff1 and Ff2, that 

occurs as a consequence of the bending moment on the structure and the interference fit. The 

previously mentioned contact and friction forces would act against the bending moment and reduce 

the force on the pin, Fpin. The model complexity increased dramatically and the pin force can be 

expressed as 

 

𝐹𝑝𝑖𝑛 =
𝑀𝑏 −𝑀(𝐹𝑠𝑞𝑢𝑎𝑟𝑒1, 𝐹𝑠𝑞𝑢𝑎𝑟𝑒2, 𝐹𝑓1, 𝐹𝑓2)

2𝑟𝑚
 (11) 

Several assumptions were made about how much the bending moment needed to be carried by the 

pin can be reduced by the structure. For each assumption the stress magnitudes in the different 

areas was computed according to equations (6)-(11) and listed in Table 6. 

Table 6. Wrench flat stresses. 

Moment 

Reduction 

Tensile Stress 

(Area 1) 

Shear Stress 

(Area 2) 

Shear Stress 

on pin 

Surface 

Pressure  

20 % 860 MPa 680 MPa 600 MPa 1200 MPa 

30 % 750 MPa 600 MPa 520 MPa 1050 MPa 

50 % 540 MPa 430 MPa 370 MPa 750 MPa 

70 % 320 MPa 260 MPa 220 MPa 450 MPa 

From this the conclusion was that the solution has a possibility to work if optimized and that it 

must be verified with a more detailed analysis. 

3.3 Concept 2 – Lead Splines 

This concept consist of cross-axis splines, which should take the torsional load like regular splines 

and due to the angle of the splines they could carry the axial pulling force. The axial pushing force 
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would be acting on splines and a pipe flank. The lead spline connection is similar to a threaded 

connection but with a very large pitch. The design is presented in Figure 16. 

 

Figure 16. Lead Spline Concept. 

For this concept to work it is important that the splines can stay connected when an axial pulling 

force is applied, that they won’t loosen. A free body diagram of a spline is shown in Figure 17, 

considering the load case when an axial pulling force, Fa, and a tangential force, Fv, induced from 

drilling torque act on the connection.  

 

Figure 17. Spline forces. 

The connection would hold as long as there is equilibrium and satisfies the equations 

 
𝐹𝑐𝑜𝑛𝑡𝑎𝑐𝑡 𝑠𝑖𝑛(𝛼) = 𝜇𝐹𝑐𝑜𝑛𝑡𝑎𝑐𝑡 𝑐𝑜𝑠(𝛼) + 𝐹𝑣 (12) 

and 
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𝐹𝑐𝑜𝑛𝑡𝑎𝑐𝑡[𝑐𝑜𝑠(𝛼) + 𝜇 𝑠𝑖𝑛(𝛼)] = 𝐹𝑎  (13) 

Where Fv is equal to a torque, Mv, divided by the mean radius of the connection, rm, which is 240 

mm. Combining equation (12) and (13) gave the relation of spline angle, axial force and torque 

described as 

 𝑀𝑣

𝑟𝑚
=
𝑠𝑖𝑛(𝛼) − 𝜇 𝑐𝑜𝑠(𝛼)

𝑐𝑜𝑠(𝛼) + 𝜇 𝑠𝑖𝑛(𝛼)
𝐹𝑎  (14) 

For a given axial load, Fa, that is 2000 kN and assuming a friction coefficient of 0.1, greased steel 

on steel contact (Björk), the necessary torque for the connection to hold was plotted against the 

spline angle in Figure 18. 

 

Figure 18. Torque to spline angle relation. 

The plot shows that to get down to reasonable levels of torque, the spline lead angle has to be 

below 25 degrees and that is assuming the machinery somewhat continuously can provide the max 

torque of 170 kNm while drilling in the pulling direction. That assumption is reasonable to 

challenge and as the lead angle decreases, the design embarks on the delimitation of not designing 

threaded connections. Therefore the concept was discarded and the stress analysis is excluded from 

the report. 

3.4 Concept 3 – Spline Hook 

The Spline hook concept consists of splines on both the female and male pipe ends. The male 

spline has an additional flank, orthogonal and merged to the initial spline, which forms what is 

referred to as hooks. The connection transfers torque like a spline connection and it is axially 

locked by the hooks and a pipe flank. The design is shown in Figure 19. 
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Figure 19. Spline hook concept. 

A view of the male hooks are shown in Figure 20 where the blue squares represent three female 

splines when connected. The surface marked with green locks axially to any pulling forces, the 

orange transfers torque and the pipe flank in red locks axially to any pushing forces. 

 

Figure 20. Spline-hook contact surfaces. 

Dimensioning against torque loads for this concept was done as if it was a regular spline coupling. 

The centering and stress concentration are considered and the surface pressure of the flanks are 

dimensioning (Björk). The allowed transmittable torque is computed according to Björk as 

 𝑀𝑣,𝑎𝑙𝑙𝑜𝑤𝑒𝑑 = 0,75𝑧ℎ𝑙𝑟𝑚𝑝𝑡𝑖𝑙𝑙𝑠𝑓𝑤 (15) 
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Where z is number of splines, h is the spline height, l is the spline length, rm is the mean radius, 

ptill is the allowed surface pressure that normally is 35% of yeild stress, s is a safety factor and fw 

is a load factor (Björk). With the design parameters according to Table 7 the allowed torque is 285 

kNm, which is more than 65 % higher than the required torque of 170 kNm. 

Table 7. Spline design parameters. 

Z h  

[mm] 
l  

[mm] 

rm  

[mm] 

ptill 

[N/mm2] 

s fw 

20 15 70 230 350 0.9 0.25* 

* Load factor for altering loads (Björk) 

Of the axial loads, the pulling load would be the worst case as there is less material in the hooks 

compared to the pipe flank, and the hooks will experience the highest stresses since the hook is 

shorter than the mating spline. The shear in the hooks were estimated as 

 

𝜏𝑎 =
𝐹

𝑎𝑏𝑛
 (16) 

Where F is the axial force, a is the length of the hook, b is the width of the hook, and n is the 

number of hooks that carry load. Assuming that after a run-in period the load would be distributed 

equally on all the hooks, i.e. 20 hooks, the force of 2000 kN result in a 134 MPa shear stress as the 

length is 30 mm and the width is 25 mm. In this case the surface pressure was calculated as 

 

𝑝 =
𝐹

ℎ𝑏𝑛
 (17) 

Where h is the height of the hook. When h is 15 mm the surface pressure is 267 MPa. 

The bending loads would be carried 50% by hooks on the upper side of the pipe and 50% by the 

pipe flank on the lower side. The bending moment was modeled as a pair of forces with equal 

magnitude, of which one would be acting on the hooks on top. The assumption was made that only 

six hooks on top carry the full upper load and that it is equally distributed among those six. The 

force would act on the mean radius of these hooks and was computed as 

 

𝐹 =
𝑀𝑏

2𝑟𝑚𝑏
 (18) 

Where Mb is the bending moment and rmb is the mean distance from the neutral bending plane to 

the hooks, 220 mm. The shear stress and surface pressure on the hooks was calculated by putting 

equation (18) in equation (16) and in equation (17) with n equal to 6. The shear stress induced by 

the maximum bending moment of 550 kNm was shown to be 278 MPa and the surface pressure 

556 MPa.  

3.5 Concept 4 – Bayonet Pins 

The bayonet solution has pins on the male end that fit in to grooves on the mating pipe end. The 

pins transfer torque and the pulling forces, including bending. The pushing force is transferred 

through pipe flanks. The design is presented in Figure 21. 
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Figure 21. Bayonet design. 

Letting the pins be the weak point the stress approximations were made as follows. The shear from 

torsional load Mv assuming a homogenous distribution on all pins was estimated as 

 

𝜏𝑣 =
𝑀𝑣

𝑟𝑚𝜋𝑟𝑝𝑖𝑛2𝑛
 (19) 

Where rm is the radius from rotational axis to pins, rpin is the radius of the pins and n is the number 

of pins. If the pin radius is 20 mm, the radius to the pins are 235 mm and number of pins are 10, 

the torque of 170 kNm gives a shear stress of 58 MPa. Considering pure torsional load, the pin 

contact would be between two fully conformal surfaces and the surface pressure therefore, was 

estimated on the full projected contact area as 

 

𝑝𝑣 =
𝑀𝑣

𝑟𝑚
′ ℎ𝑑𝑛

 (20) 

Where 𝑟𝑚
′  is the mean radius to the pin surface, h is the pin height, and d is the pin diameter. For 

𝑟𝑚
′  is 240mm, h is 20 mm, d is 40 mm, and n is 10 pins, the max torque results in surface pressure 

of 90 MPa. A pure axially pulling force would if equally distributed on all pins give a shear stress 

 

𝜏𝑎 =
𝐹𝑎

𝜋𝑟𝑝𝑖𝑛2𝑛
 (21) 

The maximum force of 2000 kN gives the shear stress 160 MPa. The surface pressure is analyzed 

according to the line contact theory presented in chapter 2.2 and by substituting F by Fa/n and L 

by h in equation (1), the mean surface pressure was estimated as 

 

𝑝𝑎,𝑚 =
1

4
(
𝜋

2
)
1
2⁄

(
𝐹𝑎
𝑛ℎ

)

1
2⁄

(
𝐸′

𝑅′
)

1
2⁄

 (22) 
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For E’ equal to 230 GPa and, as the contact is considered to be cylinder on plane, R’ equal to 20 

mm, the mean contact pressure is according to equation (22) approximately 2.3 GPa with a peak 

at 2.9 GPa according to equation (3). 

The bending load case was analyzed as a pair of equal forces, one on the upper side and one on 

the lower side of the connection transferred through pins and pipe flank respectively. The upper 

force was assumed to be carried by three pins and the shear stress was approximated as 

 

𝜏𝑏 =
𝑀𝑏

2𝑟𝑚𝑏𝜋𝑟𝑝𝑖𝑛2𝑛
 (23) 

The number of load carrying pins n was as mentioned assumed to be three in this case, the mean 

radius to pins rmb is 235 mm and the pin radius rpin is 20 mm. When the bending moment is the 

maximum 550 kNm the shear stress is 310 MPa. The surface pressure pb,m was by substituting F 

with Mb/(rmbn) and L with h in equation (1) expressed as 

 

𝑝𝑏,𝑚 =
1

4
(
𝜋

2
)
1
2⁄

(
𝑀𝑏

𝑟𝑚𝑏𝑛ℎ
)

1
2⁄

(
𝐸′

𝑅′
)

1
2⁄

 (24) 

Resulting in a mean pressure of 3.2 GPa and a peak of 4.0 GPa according to equation (3). In this 

case the contact is also a cylinder on plane contact and R’ is equal to 20 mm. 

3.6 Concept 5 – Claw Storz Coupling 

This concept utilizes a claw coupling mechanism to transfer torque. There is extra space between 

the claws to enable a rotational movement to lock the pipes axially. The pipes are pushed together 

in to the correct axial position, then as the pipe is rotated a “heel” on the female side enters a 

groove on the male similar to a Storz coupling and as the heel gets in position the claws interact. 

The design is shown in Figure 22. 

 

Figure 22. Claw coupling design. 

The torque is transferred through the claw surfaces as Figure 23 points out.  
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Figure 23. Claw torque transfer. 

When a torque, Mv, is applied on this connection the highest stresses was approximated as shear 

stresses in a claw cross section which was expressed as 

 

𝜏𝑣 =
𝑀𝑣

𝑟𝑚𝑤ℎ𝑛
 (25) 

Where rm is the mean radius from the rotational axis to the claw contact, w and h are the claw mean 

width and height, and n is the number of load carrying claws. rm is 225 mm, w is 32 mm, h is 37 

mm and assuming all claws take equal load n is 10. The maximum torque 170 kNm gives 𝜏𝑣 equal 

to 64 MPa. Surface pressure would in this case be of the same magnitude, 64 MPa, since the depth 

and width of the claws are the same. 

The axial forces are carried by the heels and pipe flanks and Figure 24 illustrates how the pipes 

are locked axially. In the figure the blue piece would represent a female heel and the red arrow the 

locking procedure as it moves in axially before it rotates in to position, where the heel is locked 

between the grey male piece and the yellow pipe flank. 
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Figure 24. Heel locking procedure. 

The pulling axial force would also for this concept be worse compared to a pushing force. The 

shear stresses and surface pressure on the heels were dimensioning. The shear was expressed as 

 

𝜏𝑎 =
𝐹𝑎
𝑤𝑑𝑛

 (26) 

Where w is the heel width and equal to 72 mm, d is heel depth and equal to 20 mm and with the 

assumption that all heels share the load equally, the number of load carrying heels n is equal to 10. 

The axial force of 2000 kN would give a shear stress of 140 MPa. The surface pressure would be 

twice as large, 280 MPa, since the heel height is half the depth, 10 mm, and all other parameters 

are the same. 

The bending loads was accounted for as in previous analysis, where two forces are carried by the 

pipe flange and a number of heels equally, and the shear stresses in the heels were estimated as 

 

𝜏𝑏 =
𝑀𝑏

2𝑟𝑚𝑏𝑤𝑑𝑛
 (27) 

Where rmb is the mean radius from the bending neutral plane to the heel surface. Assuming that 

the three top heels take the bending load, rmb is equal to 225 mm and when the bending moment is 

550 kNm the shear stresses are 280 MPa and consequently the surface pressure is 560 MPa, twice 

as high. 

3.7 Concept evaluation 

The concepts were at this point not refined enough to be evaluated on the full set of engineering 

requirements from the QFD, even though all was designed with the intent of meeting them. In 

consent with the customer, four evaluation criteria were distinguished that covers the most 

important requirements on a level of abstraction that was suitable for the design state of the 

concepts. The criteria were load capacity, exchangeability, manufacturability and ease of cleaning 

and maintenance. The first criteria, load capacity, is the main function of the pipe bond, that it is 

strong enough. The other criteria are about whether the solution can be manufactured in a cost 

efficient way and the end customer cost of ownership.  
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The consensus at the third gate meeting was that the Bayonet coupling excelled and should be 

developed further. Letting the Bayonet coupling be the datum in a Pugh decision matrix results in 

Table 8. Varying the datum and letting all concepts be the datum in four different matrices gave 

similar results, showing that the Bayonet coupling scores highest or that it ties with another 

concept. These matrices are presented in Appendix B: Pugh decision matrices. 

Table 8. Pugh decision matrix. 
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development 
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Criteria 

Criteria 

weight 

Load Capacity 20 
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1 1 -1 

Exchangeability 10 -1 -1 -1 

Manufacturability 10 -1 -1 1 

Cleaning and maintenance 10 -1 -1 1 

 Total -2 -2 0 

 
Weighted 

total 
-10 -10 -10 

An analysis of the scores indicated that the bayonet coupling is a weaker design with respect to 

load capacity compared to the other concepts and that this could be a challenge. The advantages 

of the solution are the simpler manufacturing, that it has the potential to be designed with 

exchangeable wear components and that it is relatively easy to clean and maintain. Assuming the 

strength will be sufficient the bayonet coupling has potential to become an eminent solution, 

substantially lowering the customer total cost of ownership. 

3.8 Concept development – Bayonet coupling 

Given the reasoning behind choosing the bayonet coupling for further development, it is of 

importance to enable the exchangeability of wear components, ease of manufacturing and 

maintenance. From having a solid model of the pipe body it is separated into a pipe body, several 

coupling pins and an internal ring with grooves to be attached to the female pipe end. The principle 

is shown in Figure 25 (left) where the ring is inserted in the female end and fixed by broad pins, 

Figure 25 (center) that shows the ring alone and Figure 25 (right), which shows the pipe male end 

with pins to be mounted to it. 
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Figure 25. Female end, internal ring and male end. 

Locking mechanism 

As the bayonet solution only transfer torque in one direction there is a desire to lock the pipes 

when joined. There is no need to bore in this direction but due to vibration and unforeseen system 

behavior during operation there is a need for a redundancy to not allow disconnection of the pipes 

while boring and thereby risk losing the reamer and several pipes in the process. The threaded 

connection currently used relies on friction resulted from a high make-up torque to stay tightened 

and the bayonet coupling will not have the same ability. 

The locking mechanism principle consist of two sprints. The first one, the one that is actively 

locking the connection is located on the female pipe end as presented in Figure 26. 

 

 

Figure 26. Locking sprint. 

The black springs will push the yellow piece to the position shown in Figure 26. As the pipes are 

connected the male pin will simply push the locking sprint back until the pipes are turned to the 

correct position allowing the sprint to snap back and lock the connection. The connection is now 
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locked and can take a reverse torque equal to the capacity of one pin. Depending on the pin 

diameter that would if considering pure torque result in a reverse torque capacity, roughly 

 
𝑀𝑣,𝑟𝑒𝑣𝑒𝑟𝑠𝑒 = 𝜏𝑙𝑖𝑚𝜋𝑟𝑝𝑖𝑛

2𝑟𝑚 (28) 

Where 𝜏𝑙𝑖𝑚 is the allowed shear stress of the pin, rpin is the male pin radius and rm is the distance 

from the torsional axis of the pipe to the male pin shearing cross section. In order to open the 

connection there is another sprint at the male pipe end. This sprint is shown in Figure 27 as the red 

pin. 

 

 

Figure 27. Unlocking sprint. 

This sprint is built in the male pipe end and Figure 28 shows a cut section of the arrangement. 

 

Figure 28. Unlocking sprint cut section. 
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In this position when the connection is locked, the red pin is mounted on a black spring on the left 

side that pushes it to the left and a small grey screw on the right side of the pin prohibits it from 

moving too far to the left. As the wrench locks on to the pipe at the left flat in Figure 28, in order 

to disconnect it, it will push the light yellow sprint end to the right and the red pin will push back 

the locking sprint, hence unlocking the connection. The wrench moves in parallel with the wrench 

flat on the pipe, therefor orthogonal to the unlocking sprint axis and this impose a risk of breaking 

the pin. The wrench would need to be modified so that it would have a long chamfer that makes 

up a sufficiently low contact angle with the sprint. The contact angle α between pin and wrench 

determines the force vectors acting on the pin. A simple sketch and free body diagram of the pin 

is presented in Figure 29 and corresponding denotation in Table 9. 

 

Figure 29. Unlocking sprint free body diagram. 

Table 9. Unlocking sprint FBD denotation. 

Variable Description Variable Description 

α Contact angle 

between pin and 

wrench 

F2 Contact force 

between pin and 

pipe 

Fc Normal contact 

force between pin 

and wrench 

Fs1 Spring force from 

unlocking sprint 

Ff Friction force 

between pin and 

wrench 

Fs2 Spring force from 

locking sprint 

F1 Contact force 

between pin and 

pipe 

Ff2 Total friction force 

between pin and 

pipe 

L1i, L2i Distances x Position coordinate 

that is zero at 

original position 
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From the free body diagram the expression for the contact force Fc in a semi static state was derived 

by a horizontal force equilibrium as 

 
𝐹𝑐 𝑐𝑜𝑠(𝛼) = 𝐹𝑠1 + 𝐹𝑠2 + 𝐹𝑓2 + 𝐹𝑓 𝑠𝑖𝑛(𝛼) (29) 

With expressions for linear spring forces, Fs1 and Fs2, which are mounted in parallel and without 

pre-tensioning, and friction forces Ff and Ff2 

 

𝐹𝑐 =
(2𝑘2 + 𝑘1)𝑥 + 𝜇(𝐹1 + 𝐹2)

𝑐𝑜𝑠(𝛼) − 𝜇 𝑠𝑖𝑛(𝛼)
 (30) 

The force Fs2 comes from two springs in parallel due to the design and hence the spring constant 

k2 is multiplied by two. F1 and F2 was then derived from a vertical force and a moment equilibrium 

as 

 
𝐹1 = 𝐹2 + 𝐹𝑐 𝑠𝑖𝑛(𝛼) + 𝐹𝑓 𝑐𝑜𝑠(𝛼) (31) 

and 

 

𝐹2 = [𝐹𝑐 𝑠𝑖𝑛(𝛼) + 𝐹𝑓 𝑐𝑜𝑠(𝛼)]
𝐿1𝑖 − 𝑥

𝐿2𝑖
 (32) 

The contact force, Fc, was plotted by setting the design variables L1i and L2i to 20 mm and 145 

mm, respectively, the spring constants k1 and k2 both to 13 N/mm, the contact angle 𝛼 to 30 degrees 

and letting the friction coefficient vary. Figure 30 shows plotted contact forces for different friction 

coefficients as the pin is pushed in from 0 to 20 mm in order to release the connection. 

 

Figure 30. Sprint contact forces. 

Note that if the friction coefficient exceeds 0.55 the model breaks down. This is due to the friction 

in the system that is too great and the pin will not be pushed in but snap. The Fc force will not 

overcome the friction it induces to the system when it acts on the pin and the model is therefore 

not valid. The plot foretells that the contact force changes direction to keep the equations at an 

equilibrium and the pin pushed along the x-axis, this is however not realistic, the pin will get stuck 

and break as the wrench locks on to the pipe. 
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A steel on steel contact is unlikely to achieve a friction coefficient over 0.5 and should more likely 

be around 0.1-0.2 (Björk). Accounting for unanticipated influences from an unpredictable 

environment, e.g. dirt, the coefficient is assumed to be 0.4 from now on. The force Fc will impose 

a normal stress due to bending and a shear stress since it has a transvers component to the pin. As 

a function of Fc, derived from elementary bending and shear stress equations (Björk), these are 

 

𝜎𝑏,𝑚𝑎𝑥 =
𝐹𝑐 𝑠𝑖𝑛(𝛼) + 𝐹𝑓 𝑐𝑜𝑠(𝛼)

𝑊
𝐿1𝑖  (33) 

and 

 

𝜏𝑚 =
𝐹𝑐 𝑠𝑖𝑛(𝛼) + 𝐹𝑓 𝑐𝑜𝑠(𝛼)

𝐴
 (34) 

Where W is the bending section modulus and A is the cross sectional area of the pin. For a 15 mm 

diameter on the pin, W and A are 331.3 mm3 and 176.7 mm2, respectively (Björk). With only a 

normal stress and a shear stress the effective Von Mises stress in this outmost and most stressed 

fiber is expressed as (Björk) 

 

𝜎𝑗 = √𝜎𝑏,𝑚𝑎𝑥
2 + 3𝜏𝑚2 (35) 

Which if plotted against the pin position appears as in Figure 31. 

 

Figure 31. Sprint stresses, weak spring. 

If pre-tensioning the springs to 120 N and increasing the spring constants to 30 N/mm the graph 

would look according to Figure 32. 
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Figure 32. Sprint stresses, pre-tensioned hard spring. 

Still with a good safety margin to choose a material of sufficient yield strength. Preferably the 

spring constants should be high as well as the pre-tension in order to ensure the functionality of 

the sprints, that they will spring back to desired position. 

Screws and springs for the locking mechanism sub systems were not chosen. Market research was 

done only to ensure that there are components on the market with approximately the desired 

characteristics as length, compression ratio, inner and outer diameter and spring constants.  

Bayonet Pin stresses 

A more accurate analysis was made regarding the stresses on the bayonet pins as these are the 

weakest components that are subjects to the highest stresses. The previous analysis of stresses only 

took one load into consideration at a time to get an estimation of whether the concept could be 

suitable for further development. This section presents a more thorough analysis of the equivalent 

Von Mises stress for the three load cases, normal boring, max power boring and max power back 

reaming, which are described in Table 4, chapter 2.1. 

The torsional loads were assumed to be carried equally distributed over all pins after a run-in 

sequence and the shear stress induced by torque can thereby be expressed as 

 

𝜏𝑣 =
𝑀𝑣

𝑟𝑚𝜋𝑟𝑝𝑖𝑛2𝑛
 (36) 

Where Mv is the torsional load, rm is the distance from the torsional axis of the pipe to the male 

pins shearing cross sections, n is the number of pins and rpin is the pin radius. 

The axial load was also assumed to be carried equally distributed over all pins and the 

corresponding shear stress was then expressed as 

 

𝜏𝑎 =
𝐹𝑎

𝜋𝑟𝑝𝑖𝑛2𝑛
 (37) 

Where Fa is the axial load. These stresses would act along the same direction as the stresses 

induced by the bending moment. In the general case these will add according to Figure 33. 
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Figure 33. Combined axial load and bending moment stresses. 

Assuming the pins carry the whole bending load, the analogue case for relative stress distribution 

in the bayonet coupling would be according to Figure 34. 

 

Figure 34. Stress distribution of male pins. 

There will be an approximately linear relation in pin deformation caused by bending and hence a 

linear relation in pin stress where the stresses are contingent to the pin distance from the bending 

neutral plane. The pin forces Pi counteracts the bending moment Mb to satisfy the equality 

 

𝑀𝑏 =∑𝑃𝑖𝑅𝑖

𝑘

𝑖=1

 (38) 

Where k is the number of male pins in the coupling and the forces Pi and distances from bending 

neutral plane Ri were defined as in Figure 35. 

Neutral Plane 
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Figure 35. Pin distances to bending plane. 

In the specific case when one pin is located at maximum distance from the bending plan in z-

direction as the figure shows, equation (38) becomes 

 𝑀𝑏

2
= 2𝑃1𝑅1 + 2𝑃2𝑅2 + 𝑃3𝑅3 (39) 

Due to the linear characteristic there are force relations 

 

𝑃1 = 𝑃3
𝑅1
𝑅3

 (40) 

and 

 

𝑃2 = 𝑃3
𝑅2
𝑅3

 (41) 

So that the force P3 was derived to 

 

𝑃3 =
𝑀𝑏

4
𝑅1

2

𝑅3
+ 4

𝑅2
2

𝑅3
+ 2𝑅3

 
(42) 

By dividing the force with the shear cross section area of the pin, the shear stress on the top pin 

 

𝜏𝑃3 =
𝑃3

𝜋𝑟𝑝𝑖𝑛2
 (43) 
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The effective Von Mises stress (Björk) on the most heavily loaded pin, combining shear stress 

from axial, bending and torsional loads are  

 
𝜎𝑗 = √3𝜏𝑣2 + 3(𝜏𝑎 + 𝜏𝑃3)2 (44) 

These approximations of pin stresses are more accurate than previous analysis shows, 

computations for the three load cases were made and, accordingly, changes in pin diameter were 

made in order to get presumptive stresses at reasonable levels. These results were also used as a 

step in verifying the FE analysis, which is presented further down in chapter 3.8. 

Pin contact pressure 

The pin contact against the groove would be a line contact due to the cylindrical shape of the pin. 

The contact pressure in a nominal line contact derived from hertz’s theory is presented in chapter 

2.2. This analysis was executed considering the three load cases described in the previously 

presented stress analysis and in chapter 2.1. This means there are a combination of loads occurring 

and hence, a resulting force vector on each pin. The direction of this vector with respect to the pin 

groove is important, whereas the pure axial load occurs it is expected to be a cylinder on plane line 

contact and the pure torsional load gives a fully conformal contact so that the line contact theory 

does not apply. In this case there is a contribution from three loads that influence the direction of 

the force vector, of which the torque impacts less than the others (we have seen in previous analysis 

that torque result in the lowest stresses compared to other load scenarios). As mentioned, 

depending on the direction of the force vector there will be different contact conditions and Figure 

36 illustrates this. The question remains how to analyze the true contact in the connection. 

 

 

Figure 36. Pin contact conditions. 

However, a cylinder on plane line contact results in higher surface pressures that an equivalent 

conformal line contact of any degree. Therefore, this analysis was conservatively based on the 

assumption that the contact between pin and groove is of the type cylinder against plane. 

The most heavily loaded pin is the one that is positioned on top and suffers the highest loads 

imposed by the bending moment. The force contribution from the bending moment on this pin is 

P3 as presented in the previous stress analysis. From the axial load there is a contribution that is 

equally distributed on all pins and for each pin the load is Fa/n. The torsional load contribution is 

also distributed equally on all pins and for each pin the load is Mv/(rmn). The axial and the bending 

load acts in the same direction and the torsional load acts in a direction orthogonal to the other 

two, which adds to a resulting force vector with euclidean norm. 
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‖𝐹𝑚𝑎𝑥‖ = √(𝑃3 +
𝐹𝑎
𝑟𝑚𝑛

)
2

+ (
𝑀𝑣

𝑟𝑚𝑛
)
2

 (45) 

From the line contact theory presented, F is substituted with ‖𝐹𝑚𝑎𝑥‖ in equation (1) so that 

 

𝑝𝑚 =
1

4
(
𝜋

2
)
1
2⁄

(
‖𝐹𝑚𝑎𝑥‖

𝐿
)

1
2⁄

(
𝐸′

𝑅′
)

1
2⁄

 (46) 

And the surface pressure can be computed for the chosen dimension of pins where R´ =  rpin as the 

contact is considered to be cylinder on plane type and E’ = 230 GPa. 

FE analysis 

The locking and unlocking sprints were excluded from the FEA and the pipe bodies were cut off 

according to Figure 37 to only include the essential in the analysis. The surface marked in Figure 

37 was set as the fixed feature in the model. 

 

Figure 37. FEA boundary condition. 

The axial, bending and torsional loads were set to act on the other side of the connection, at the 

surface marked in Figure 38. 
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Figure 38. FEA loads. 

The contact conditions were set so that the large female pins, that are to be assembled with a shrink 

fit through female pipe end and internal ring holes, were bonded to the female and the internal 

ring. The male pins were set as bonded to the holes at the male pipe end as the male pins also are 

to be shrink fitted to the respective holes. To simplify the model these shrink fits act as bounded 

as the contacts are designed not to have any relative movement. All other contact conditions were 

set to separation as they do not necessarily have any initial preloads and the surfaces can thereby 

separate but not penetrate each other. 

The rough mesh on non-critical areas was set as shown in Figure 39, with the average size at 0.4 

as a fraction of bounding box length and the minimum size at 0.2 as a fraction of average size. 

 

Figure 39. FEA mesh. 
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As the model and previous predictions showed, the most critical areas are in the pin groove and 

the male pin. These areas had a large, irregular mesh by default and they were iteratively refined 

to a 4 mm mesh in order to improve the model and give a more realistic stress distribution. The 

refinements on groove and pin are shown in Figure 40 and Figure 41. 

 

Figure 40. FEA groove mesh. 

 

Figure 41. FEA pin mesh. 

These setting were considered to be valid for all three load cases and the analysis therefor, was 

executed in the same way for all load cases. To validate and verify the analysis the result from the 

FEA were compared to the analytical estimations made according to previous section. More 

specifically, the equivalent Von Mises stresses that the FEA shows, nominal stress or stresses at 

an assumed reasonable distance from any stress concentration, were compared to be in the same 

range as the analytical result. The deformation behavior was also analyzed to seem reasonable. 

The FEA was executed as an iterative design process where changes in design had to be made 

several times. With the worst load case of pulling the reamer out with maximum power as the 

reference, the iterative design changes was made to lower the effective Von Mises stress. 
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Fatigue estimation 

The design fatigue strength is analyzed with respect to the normal boring conditions and the 

analysis was only made on the pins as they are the weakest link in the connection. The analysis is 

not performed on the pipe body, even though it experience high stresses during normal boring 

according to the FEA, with the argument that it has not been weakened compared to previous 

design. The safety factor for fatigue was computed as 

 

𝑠 =
𝜆𝛿𝜘𝜎𝐷

𝜑[1 + 𝑞(𝐾𝑡 − 1)]𝜎𝑛𝑜𝑚
 (47) 

With definitions and values according to Table 10. (Björk) 

Table 10. Fatigue definitions. 

Variable Value Description 

𝜆 0.94 Dimension compensating factor (technical) 

𝛿 0.98 Dimension compensating factor (geometrical) 

𝜘 0.93 Surface roughness compensating factor 

𝜎𝐷 Material and load dependent Material fatigue strength 

𝜑 2 Dynamic load and vibration compensating factor 

q 1 Fillet sensitivity factor 

𝐾𝑡 1 Stress concentration factor 

𝜎𝑛𝑜𝑚 Pin dimension dependent Nominal material stress amplitude 

The pins do not have any dimension transitions, they are cylindrical, and therefore the stress 

concentration factors q and Kt is set to 1. 
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4 RESULTS  

This chapter presents the result from the design process. It describes in detail the suggested 

concept for implementation and present verification against design targets and requirements. 

1.1 Concept assembly and connection procedure 

Starting with the pipe body, the internal ring with grooves is inserted at the female end. Figure 42 

shows these parts. 

 

Figure 42. Pipe body and internal ring. 

The ring is inserted completely against a face inside the female pipe end and then rotated to get 

into the desired position. That is facilitated by a locating flange on respective component that 

ensures the rotational position of the ring and that all pinholes are aligned. This flange feature is 

of great importance that it is at the correct location with respect to both male and female pinholes 

on the pipe body as well as the pinholes and groves on the ring. This flange is shown in Figure 43. 

 

Figure 43. Locating flange. 
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As the ring is in the correct position inside the female pipe end, it is fixed by pins. These pins are 

cooled down before assembly and inserted into their respective holes, forming a strong interference 

fit, not allowing any relative movements between the components and making the ring fixed inside 

the pipe. Figure 44 shows these pins as they are to be inserted to lock the ring position. 

 

Figure 44. Female pins to be inserted. 

With a fixed ring, the rotational locking sprint is assembled to the pipe. The previously presented 

locating flange aligns mounting screw holes on the pipe body and the operating groove on the 

internal ring. This is shown in Figure 45 where the red arrow in the left picture points out how to 

mount the sprint and the right picture shows the sprint as it has been mounted. The sprint is 

mounted as a subassembly to the pipe body. 

 

Figure 45. Locking sprint mounting. 

The male side pins are cooled down to shrink and are to be mounted on the male pipe end according 

to Figure 46 and the pins are kept in their position by an interference fit as described for the female 

end pins. 
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Figure 46. Male pipe end pin mounting. 

The unlocking sprint is made by four components and it is assembled to the pipe body according 

to Figure 47. The black spring is inserted to a counter bore and fixed in the direction of its 

corresponding blue arrow by the bottom of the counter bore. The long red pin and the white sprint 

end are inserted into the hole in the pipe and the spring as they are screwed together. The small 

grey screw in the red pin will prevent the sprint from moving further to the left than desired as it 

stop against the pipe material and the spring keeps the arrangement located in the rightwards 

direction. 

 

Figure 47. Unlocking sprint assemble. 
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As the male connects to the female, the male will axially move into the female before rotating into 

the correct position and the pins will follow the motion path of the arrow in Figure 48 

 

Figure 48. Male pins and female. 

When the pin at the locking sprint moves in it will push the sprint back and as the male rotates it 

will allow the sprint to spring back and lock the connection. The correct position of the male pins 

when pipes are connected is presented in Figure 49. 

 

Figure 49. Male pins in connected position. 

In the Figure 50 the locking sprint is shown locking the connection and when the unlocking sprint 

is pushed to the right by the wrench it will consequently push back the locking sprint, hence 

unlocking the connection for backwards rotation. 
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Figure 50. Locked connection. 

Important dimensions in this design are the pin diameter of 40 mm and the length of the pin contact 

to the groove of 23 mm. Two connected pipes are shown in Figure 51 and in Figure 52 from a cut 

section view. 

 

Figure 51. Two connected pipes. 

 

 

Figure 52. Two connected pipes in cut section view. 
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4.1  Analysis results 

The result from the analytical solid mechanics analysis does at large concede with the FEA and 

suggests that the FEA results can be considered to be verified to show reasonable results. In this 

chapter the results from these analysis are presented. 

Pin stresses 

The analytical evaluation of the connection concept strength shows that the male pin stresses, 

which are the weakest element in the structure, will have stresses according to Table 11. 

Table 11. Nominal pin stresses. 

 
Normal boring 

loads 

Maximum boring 

loads 

Maximum back reaming 

loads 

Torque 33 MPa 47 MPa 47 MPa 

Bending moment 228 MPa 334 MPa 213 MPa 

Axial load -99 MPa* -133 MPa* 133 MPa 

Von Mises 230 MPa 360 MPa 605 MPa 

* The negative value indicates that the axial loads impose stress in opposite direction to the bending loads. 

This analysis was made to show nominal stresses without considering local contact stresses and it 

was conservative as it assumed the pine to take the whole load. In reality, the surrounding pipe 

structure in the connection also take some load but without knowing to what degree it has been 

neglected. 

Pin surface pressures 

The computed line contact pressures from the chapter 3.8 analysis are presented in Table 12. 

Table 12. Pin contact pressures. 

 
Normal boring 

loads 

Maximum boring 

loads 

Maximum back reaming 

loads 

Mean contact 

pressure 
2.3 GPa 2.8 GPa 3.6 GPa 

Max contact 

pressure 
2.8 GPa 3.5 GPa 4.5 GPa 

FEA stresses 

The worst case scenario was shown to be when the reamer has gotten stuck in the bore hole due to 

cave decay and there is a need to pull it out with maximum axial and torsional capacity. This load 

scenario is by far toughest for the male pins and the internal ring grooves. The result from the FEA 

is that there are evidently high local stresses that exceeds 1000 MPa in the grooves and lower 

stresses in the closest proximity. The stresses in the grooves are shown in Figure 53 and in Figure 

54 that also shows that some very local stresses exceeding 1500 MPa.  
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Figure 53. Groove stresses (back reaming). 

 

Figure 54. Groove stresses (1500MPa scale, back reaming). 

These stresses are located inside the groove and does not spread out in the material. If analyzing 

the ring groove from the back side of the groove the stresses are roughly 200-300 MPa and peaks 

at around 500 MPa as can be seen in Figure 55. 
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Figure 55. Groove back side stresses (back reaming). 

If considering the male pins that goes into these grooves, they too experience high stresses. The 

pin stresses from the FEA are shown in Figure 56 and the stress distribution on the pins are as to 

be expected as discussed in chapter 3.8, when there is a bending moment acting on the connection. 

 

Figure 56. Pin stresses (back reaming). 

These high stresses originate from a line contact the cylindrical pin has against the groove (the 

same analogy can be made analyzing the groove stresses). Looking more closely, the line contact 

stresses on the most heavily loaded pin well exceeds 1500 MPa locally as can be seen in Figure 

57. 
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Figure 57. Pin stresses (1500MPa scale, back reaming). 

Rotating the pin shows that the nominal stresses throughout the shear cross section of the pin is 

far lower. As presented in Figure 58, these stresses are up to around 550 MPa. 

 

Figure 58. Nominal pin stresses (back reaming). 

During normal drilling the load case is different and the loads are not taken only by the pins but 

also the pipe flange. As presented in Figure 59 and Figure 60 the stresses in the groove and on the 

pins are lower compared to the back reaming scenario analysis. 
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Figure 59. Groove stresses (normal drilling). 

 

Figure 60. Pin stresses (normal drilling). 
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The stresses are low and these components can be exchanged, e.g. if wear is too high, which means 

they are not of great concern. The most sensitive area during normal drilling is instead on the 

female end of the pipe as Figure 61 and Figure 62 shows. 

 

Figure 61. Internal pipe stresses (normal drilling). 

 

Figure 62. External pipe stresses (normal drilling). 
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The highest stresses are inside at the point where the pipe dimension decreases and looking closer, 

these stresses that will oscillate as the pipe rotates reaches up to 550 MPa as Figure 63 shows. 

These stresses are of concern when analyzing the pipe body fatigue strength. 

 

Figure 63. Internal pipe stresses (650MPa scale, normal drilling). 

The scenario of drilling at maximum power implies a similar stress distribution as normal drilling 

but with higher levels and the FEA shows this as well. The stresses on the pipe body are shown in 

Figure 64. 

 

Figure 64. External pipe stresses (max power drilling). 
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The area of most concern is inside the female pipe end where the stresses in this scenario peaks at 

around 750 MPa as Figure 65 shows.  

 

Figure 65. Internal pipe stresses (max power drilling). 

The pin and groove stresses are still reasonably low as shown in Figure 66 and Figure 67. 

 

Figure 66. Groove stresses (max power drilling). 
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Figure 67. Pin stresses (max power drilling). 

Requirements verification 

The Bayonet design has been verified against the product requirements according to Table 13. 

Table 13. Requirement verification. 

Requirement Condition Verification 

Normal drilling operation 120 kNm, -1500 kN, 375 kNm Ok 

Max power normal drilling 170 kNm, -2000 kN, 550 kNm Ok 

Max power back reaming 170 kNm, 2000 kN, 350 kNm Ok, needs testing 

Rotation speed 0-34 rpm Ok 

Break-out force <1500 kN Ok 

Break-out torque <150 kNm Ok 

Make-up force <1500 kN Ok 

Make-up torque <150 kNm Ok 

Adding/remove pipe cycle time Lowest possible 
Ok, faster than 

threads 

Rotational locking mechanism Need redundancy to avoid pipe disconnection Ok 

Pipe misalignment Not sensitive Needs testing 

Fixed drill cuttings transport system Can't change internal pipe diameter Ok 

Pipe length 1000 mm Ok 

Dirt resistance Not sensitive Needs testing 

Fatigue "Unlimited" or exchangeable part Ok 

Wear Neglectable or exchangeable part Ok 

Ease of cleaning/lubricating Easy and fast/not sensitive Ok, needs testing 

Fixed lifting grooves Can't change lifting grooves Ok 

Fixed robot gripper flats Can't change robot gripper flats Not fulfilled 

Fixed wrench gripper flats Can't change wrench gripper flats Ok 

Material Manganese phosphated steel (1000 MPa) 

Exchangeable parts can 

have other material and 

critical features might 

need surface treatments 

Pipe outer diameter 508 mm Ok 
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5 DISCUSSION AND CONCLUSIONS 

This chapter contains a discussion regarding the results of the project and conclusions from the 

analysis of the design. 

5.1 Discussion 

High local stresses 

In the worst load case while pulling the reamer out on full machine capacity the FEA shows local 

stresses well above the yield stress of the pipe material at 1000 MPa (Kämpe, 2016). This is 

expected due to the nature of a line contact and that the stress peaks are at the top and bottom of 

the contact are also expected. The stress peaks occur just as described in the frame of reference 

due to geometrical stress concentrations inflicted because one of the bodies in contact are longer 

than the other and the stress distribution can be smoothened out by having logarithmically curved 

pin ends. Comparing the line contact pressure analysis with what contact pressure is allowed on a 

roller bearing element, some conclusions can be drawn. The roller bearings have an allowed static 

load rate of 4.0 GPa and the male pin in the pipe connection experience up to 4.5 GPa. Choosing 

a material with sufficient properties should be possible, especially when considering the fact that 

the pull out back reaming scenario is rare and that the connection can be refurbished and exchanged 

if too worn. 

The value of 4.5 GPa is also a bit conservative since the contact was modelled as a perfect cylinder 

on plane contact, which is not the reality. As shown in chapter 3.8 the contact is somewhat 

conformal depending on the proportion of stresses induced by drilling torque. The forces that are 

analytically calculated to act on the pins are also conservative since the model doesn’t take the 

surrounding overlapping structure of the connection into consideration, a structure which will to 

some extent carry bending loads. This statement is also valid for the analytical stress assessment 

as they are the result of the same force analysis. 

The high stresses also appears locally in the pin groove. For the pushing drill operation scenarios 

analyzed the stresses are not that high and they are local to an extent that they are assumed to not 

be hazardous for the design. In the case of back reaming the stresses are higher and more spread. 

There are a lot of material in the structure around this area that could carry the load as the local 

area where the stress is high deforms plastically. The high stress areas would also be affected be 

residual stresses and strain hardening as theory chapter 2.3 foretells. The FEA is a linear model 

that would not show this behavior. With respect to both pin and groove stresses the connection 

should be tested as a prototype and if these results and discussions are not as reassuring as required, 

a non-linear model should be created and analyzed. 

Fatigue 

The fatigue analysis is fairly simple and shows that the pins should not break from fatigue failure 

during what is called normal operation. To make a more complex, deep analysis of the connection 

fatigue strength would not add much value as the operation conditions are unpredictable. The 

Slotborer product is a new concept, the application is novel and external influencing factors are 

unpredictable, therefore the inputs as number of cycles at different load amplitudes to a more 

rigorous analysis are difficult to make accurate predictions about. The dynamic characteristics of 

reaming are also unpredictable as the Slotborer concept has not been applied in the field and these 
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dynamic forces will also impact the connection. The fatigue strength of the outer pipe body should 

be open for further investigation. The body was not considered to have been designed weaker, but 

the FEA shows some stresses inside the female end of the pipe which could be a weak area as the 

loads will be altering. 

Detailed design and material selection 

The behavior of the designed system will much depend on the detailed design. As mentioned the 

detailed shape of the pins affect local stresses just as chamfers in the groove will but also tolerance 

settings and fits. The pins can be placed more or less so that connecting the pipes impose a 

pretension between pipes on pipe flanks and on pins and grooves, just as tightening the previous 

thread solution. Such a pretension will add to pin loads slightly. The material selection will also 

play an important role as the components experience high stresses. The pins and internal ring must 

be made of materials that can handle these. The holes in the pipe body where the pins are mounted 

with an interference fit will also be subject for high stresses and pressures and these areas should 

be surface treated to not break, deform or wear. These features are not exchangeable and must 

therefore be more resilient. The better the material selection and surface treatment selection are, 

the better business case this solution will build, both to customer and to supplier. 

Changes in surrounding features and components 

Some important design changes to other components will be necessary for implementing the 

bayonet coupling solution in the way that it has been designed. These are: 

1. The internal drill transportation pipe. Then mounting holes for the transportation pipe has 

been moved further in to the drill pipe to enable an increase of dimensions for the internal 

ring and bayonet pins. Distance L1 has been increased in Figure 68. 

2. The gripping tool of the pipe handling robot. The width of the flat closest to the male pipe 

end has been decreased to enable an increase of dimensions for the internal ring and 

bayonet pins. Distance L2 has been decreased in Figure 68. 

3. The wrench gripper. To make it possible to utilize the locking mechanism that has been 

developed it is necessary to redesign the wrench. There has to be a longer chamfer so that 

the unlocking sprint can be pushed in smoothly. 
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Figure 68. Pipe design changes. 

Business case 

The pins and the internal ring with grooves are meant to be exchanged when worn. This solution 

should lower the cost of ownership for the customer as he will not have to purchase a new pipe as 

the setup is with the current thread solution, but only purchase new connection components. These 

components can easily be hold on stock as spare parts at customer sites as they are very small and 

inexpensive compared to a whole pipe. The components can at the same time from a supplier’s 

side possibly be manufactured at a sufficiently low cost and sold with good margins as aftermarket 

products. 

Method and delimitations 

The methods used are considered to have been enabling a productive and qualitative work. 

However, in the planning phase the FEA was underestimated in terms of time consumption. In this 

sense the updating of planning was essential and a view of progression and future time resources 

was contained. The communication with the customer was planned in a structured way and even 

so late updates and changes were made as an understanding of the problem grew, which delayed 

the project at times. This communication could have been executed better. 

The delimitations could at a glance seem to make up a narrow scope but after conducting the design 

project they were considered to be reasonable and enabling the project to stay within time and 

resource boundaries. 

5.2 Conclusions 

The solution has the potential to be a successful implementation, to improve the connection 

robustness, increase customer value and decrease the total cost of ownership of the Slotborer. The 
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uncertainty of the environment and the operation conditions make it necessary to test the solution 

before. During normal operation there is very good margins to failure but for more extreme 

situations that will occur the margin is lower and it is this in combination with operation 

uncertainty that makes it difficult to predict the lifetime and behavior of the connection. 
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6 RECOMMENDATIONS AND FUTURE WORK 

This chapter presents recommendations regarding a more detailed design solution, recognizes 

critical factors and emphasizes important future work that should be done on the solution. 

6.1 Recommendations 

 The pipe ends and especially the pin holes should be surface treated to ensure that the life 

of the pipes by far exceeds the life of the connection component so that the purpose of 

building a good business case and lowering the cost of ownership for the customer is 

fulfilled. 

 Make the pin ends with a logarithmic shape to decrease stress peaks. 

 Evaluate whether the outer pipe body fatigue strength is sufficient. 

 Make a risk assessment of implementing the new bayonet design, e.g. high local stresses, 

how often they occur, will the exchangeable components wear sufficiently much faster 

than the pipe outer body (depends on material and tolerance settings), necessary changes 

to other system components etc. 

6.2 Future work 

The following bullets, which are of great importance to the final result, are needed before realizing 

the design and implementing it in a product: 

 Select material and surface treatments 

 Detailed design and setting tolerances 

 Verify by prototype testing 

 Redesign Wrench gripper to have a chamfered contact surface to the unlocking mechanism 

 Redesign the gripper tool of the pipe handling robot to fit the smaller flats on the pipe 

 Redesign internal rock cutting transportation pipe so that the mounting is further in to the 

pipe outer body 
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APPENDIX A: LIST OF REQUIREMENTS 

 

Category Requirement Condition Verification Need/Want 

Pipe drilling 

load cases 

[Torque, Axial 

force, Bending] 

Normal drilling operation 
120 kNm, -1500 kN, 

375 kNm 

Analytical 

Calculations/FEA Need 

Max power normal drilling 
170 kNm, -2000 kN, 

550 kNm 

Analytical 

Calculations/FEA Need 

Max power back reaming 
170 kNm, 2000 kN, 

350 kNm 

Analytical 

Calculations/FEA Need 

Rotation speed 0-34 rpm 
Analytical 

Evaluation Need 

Pipe handling 

Break-out force <1500 kN 
Analytical 

Evaluation Need 

Break-out torque <150 kNm 
Analytical 

Evaluation Need 

Make-up force <1500 kN 
Analytical 

Evaluation Need 

Make-up torque <150 kNm 
Analytical 

Evaluation Need 

Adding/remove pipe cycle 

time Lowest possible Approximation Need 

Rotational locking 

mechanism 

Need redundancy to 

avoid pipe 

disconnection 

Analytical 

calculation/CAD Need 

Pipe misalignment Not sensitive 
Qualified 

reasoning/CAD Need 

Pipe geometry 

Fixed drill cuttings 

transport system 

Can't change internal 

pipe diameter CAD Need 

Pipe length 1000 mm CAD Need 

Pipe life 

Dirt resistance Not sensitive 
Qualified 

reasoning/CAD Need 

Fatigue 
"Unlimited" or 

exchangeable part 

Analytical 

Calculations/CAD Need 

Wear 
Neglectable or 

exchangeable part 

Qualified 

reasoning/CAD Need 

Additional 

Ease of cleaning/lubricating 
Easy and fast/not 

sensitive 

Qualified 

reasoning/CAD Want 

Fixed lifting grooves 
Can't change lifting 

grooves CAD Want 

Fixed robot gripper flats 
Can't change robot 

gripper flats CAD Want 

Fixed wrench gripper flats 
Can't change wrench 

gripper flats CAD Want 

Material 
Manganese phosphated 

steel (1000 MPa) 

Analytical 

Calculations/FEA Want 

Pipe outer diameter 508 mm CAD Want 
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APPENDIX B: PUGH DECISION MATRICES 

Claw Storz datum 

Pugh Decision Matrix 

Issue: Choose concept for further development 

C
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w
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H
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B
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o
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W
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n
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Criteria 
Criteria 
weight 

Load Capacity 20 

D
a

tu
m

 

-1 -1 -1 

Exchangeability 10 1 1 0 

Manufacturability 10 0 1 1 

Cleaning and maintenance 10 0 1 1 

 Total 0 2 1 

 
Weighted 
total 

-10 10 0 

Spline hook datum 
     

Pugh Decision Matrix 

Issue: Choose concept for further development 
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Criteria 
Criteria 
weight 

Load Capacity 20 

D
a
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m

 

1 -1 -1 

Exchangeability 10 -1 1 0 

Manufacturability 10 0 1 1 

Cleaning and maintenance 10 0 1 1 

 Total 0 2 1 

 
Weighted 
total 

10 10 0 
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Bayonet datum 
     

Pugh Decision Matrix 

Issue: Choose concept for further development 
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Criteria 
Criteria 
weight 

Load Capacity 20 
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1 1 -1 

Exchangeability 10 -1 -1 -1 

Manufacturability 10 -1 -1 1 

Cleaning and maintenance 10 -1 -1 1 

 Total -2 -2 0 

 
Weighted 
total 

-10 -10 -10 

Wrench flats datum 
     

Pugh Decision Matrix 

Issue: Choose concept for further development 
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Criteria 
Criteria 
weight 

Load Capacity 20 

D
a

tu
m

 

1 1 1 

Exchangeability 10 1 1 0 

Manufacturability 10 0 1 1 

Cleaning and maintenance 10 -1 -1 -1 

 Total 1 2 1 

 
Weighted 
total 

20 30 20 

 

 


