
 

0 
 

  

Experimental and Numerical 
Analysis of the Shear Ring   

Huda Mostafawi 

Degree project in  

Solid Mechanics  

Second level, 30 HEC 

Stockholm, Sweden 2014 

 



 

1 
 

Sammanfattning 
Säkerhetsringen är en komponent som skall gå sönder vid olyckshändelser eller 
oförberedda situationer för att skydda utrustning och miljö ute i havs. Därför är det 
viktigt att säkerhetsringen, vid rätt kraft, går sönder på ett förutbestämt sätt. Eftersom 
säkerhetsringen är den enda komponenten i verktyget som får gå sönder är det väldigt 
viktigt att denna process är kontrollerad. Vid ett test som utfördes ute till havs så gick 
inte den nuvarande konstruktionen på säkerhetsringen sönder på ett förutbestämt 
sätt. Testet av ringen var ej lyckosamt vilket orsakade skada på de omkringliggande 
delarna på huvudverktyget. Anledningarna bakom det misslyckade testet berodde på 
både materialval och geometrin på säkerhetsringen. En ny konstruktion på ringen togs 
fram. Den här uppsatsen har till uppgift att utvärdera brottet av den gamla och nya 
konstruktionen.  

De teoretiska analyserna på den nuvarande konstruktionen på säkerhetsringen 
genomfördes med två olika metoder, implicita och explicita metoden. Resultaten 
jämfördes med ett fysiskt test för att säkerställa träffsäkerheten av de båda 
beräkningsmetoderna. Implicita metoden och det fysiska testet påvisade liknande 
resultat. Den explicita metoden gav en aning högre krafter men det följde samma 
beteendemönster som det fysiska testet. Båda det fysiska testet och de teoretiska 
beräkningarna visade att ringen fastnade på komponenten direkt under den. 

Värdet av den explicita metoden är modelleringen av brott i ett material. Detta kan 
inte genomföras med den implicita metoden. De teoretiska beräkningarna på den 
föreslagna konstruktionen på säkerhetsringen genomfördes med den explicita 
metoden och ’’Shear failure’’ kriteriet för att simulera hur ringen går sönder. Detta 
kriterium är robust och simpelt men det kräver en dragprovkurva tills brott av det 
material som används. Den föreslagna konstruktionen på säkerhetsringen går sönder 
på uträknat sätt.  
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Abstract 
The shear ring is dependent on a weak link that is activated in case of emergency 
situations. The failure of the weak link needs to be propagated in a controlled way and 
it is the only component in the tool that is allowed to brake. In an emergency attempt 
performed offshore, the current design of the shear ring did not shear at the required 
load. The testing of the ring was unsuccessful and the attempt caused failure instead 
on the surrounding parts of the main tool. The reasons behind this unsuccessful event 
were due to both the material and the geometry of the ring. A new design of the shear 
ring was proposed. The purpose of this master thesis was to evaluate the failure of 
both the old and new design.   

The theoretical analyses on the current design of the shear ring were performed with 
two methods; implicit and explicit. The results were compared to a physical test in 
order to evaluate the accuracy of the computational methods. The implicit method 
and the physical test provided similar results. The explicit gave slightly higher forces 
but it followed the same behavior as the physical test. Both experimental and 
theoretical analyses show that the current design of the shear ring gets stuck to the 
component below the ring.  

The value of the explicit method is the modeling of the damage and failure in a 
material. This cannot be performed by the implicit method. The theoretical analysis of 
the proposed design of the shear ring was performed with the explicit method using 
the shear failure model to simulate the failure of the ring. The shear failure criterion is 
robust and simple but this method requires a full stress train curve until failure. The 
proposed design of the shear ring broke in a predictable way. 
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1. Introduction  

The Subsea Business stream of Aker Solutions offers a complete range of surface and 
subsea solutions for the oil and gas industry. All the subsea products need to withstand 
the most demanding and hostile subsea environment such as high pressure and high 
temperature due to production fluid.  

The topic of this master thesis is a shear ring that has to shear at a certain load. The 
shear ring is placed inside a tool known as Tubing Hanger Running Tool (THRT), see 
Appendix A. The shear ring is a mechanical (rotational) secondary unlatch feature for 
unlatching the THRT and is activated in emergency operations. An example of 
emergency situation could be in the loss of hydraulics to the THRT.  

The mechanical secondary unlatch feature, the shear ring, is dependent on a weak link. 
Weak links in general are required in order to protect the subsea tree components 
against overloading and to enable emergency operations. They are designed to brake 
in a predictable way. The controlled failure prevents other parts from being damaged. 
It is essential that the weak link has precisely specified strength and that the fracture 
propagates in a controlled way. Therefore, there is a need for a reliable simulation 
method of weak links subjected to ultimate loads. 

There is one current design of the shear ring on the THRT, see section 1.1. The 
proposed design of the shear ring can be found in section 1.2. The objective of this 
master thesis was to evaluate and check the geometry of the both designs of the 
THRT’s shear ring.  

1.1 The current design of the shear ring 

A cross sectional area of the current design of the shear-ring can be seen in Figure 1. 
The dimensions presented are in [mm]. The diameter of the outer ring is 270 [mm], 
see Appendix B.  

 

Figure 1: The current design of the shear ring  
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An unsuccessful emergency unlatch attempt performed offshore, revealed certain 
issues with the existing design of the shear ring. The torque value that was required to 
shear the shear ring in this attempt was unsuccessful. An increase level of torque was 
not able to shear the shear ring and caused damage instead on the other parts of the 
main tool.  

The reasons behind this unsuccessful attempt were due to:  

- Material; the strength of the shear ring was too high and the large ductility of 
the existing material prevented proper fracture behaviour.  
 

- The geometry of the ring; the shear ring could easily bend.  

1.2 The proposed design of the shear ring   

After the unsuccessful emergency unlatch attempt, a new geometry of the shear ring 
was proposed. The dimensions of the proposed shear ring can be seen in Figure 2.     

 

Figure 2: The proposed design of the shear ring 

1.3 Loading Sequence  

A 2D axisymmetric model of the shear ring and the surrounding components can be 
seen in Figure 3. The surrounding components around the shear ring are the 
emergency unlatch ring, the ring retainer and the THRT’s body. If the THRT is not able 
to unlatch by pressurizing the appropriate hydraulic port, the emergency release 
function may be used. The only way to move the emergency unlatch ring down is by 
using the thread between the emergency unlatch ring and the body. The threaded 
connections are marked with red lines in Figure 3. This is done by applying a torque to 
the THRT’s body. The rotation of the THRT will allow the emergency unlatch ring to 
slide downwards and rest on the ring retainer when the THRT is pulled upwards. When 
the emergency unlatch ring moves down, the shear ring will be sheared of.  
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Figure 3:  A 2D axisymmetric model of the shear ring and the surrounding components  

1.4 Problem description   

The purpose of the thesis is to assess computational method for evaluating weak links 

in general and the THRT shear ring in particular. The two designs of the THRT’s shear 

ring shall be evaluated and the aim is that one of these designs shall be physically 

tested in order to evaluate the accuracy of the theoretical analysis. The expected 

outcome for the company can be summarized as follows:  

- A background study of some other weak links in Subsea.  
- Relevant theory and computational method for evaluation of weak links shall 

be studied and presented.  
- In depth study and analyse shall be performed on existing and proposed THRT 

shear ring design to evaluate the failure of these.  
- Physical testing of THRT shear ring and the analysis result shall be evaluated 

towards the actual test results to be able to evaluate the computational 
method. 

- An evaluation of the current and proposed THRT shear ring designs.  
- Further recommendations shall be given regarding the THRT shear ring design 

and potential improvements of this. 
 

Two examples of weak links are briefly described in Chapter 2, see ‘’Overview of weak 
links’’. In Chapter 3, the proposed design of the shear ring is studied. In Chapter 4, see 
‘’Validation of the methodology’’, the results from the experimental and theoretical 
analyses on the current design of the shear ring are compared.  
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2. Overview of weak links 
The weak link is the weakest part in the load path. Weak links are required in order to 
protect subsea tree components against overloading. They are often activated in 
emergency operations. They are designed to brake in predictable way. Two examples 
of weak links are described in section 2.1 and 2.2.  

2.1 Tubing Hanger Emergency Recovery Tool (THERT)  

One of the main products provided by Aker Subsea is the tree stalk system, commonly 
known as X-mas trees (XT’s). The XT controls the production flow located on the 
wellhead at the seabed. The vertical XT is installed on the top of the weal head and the 
Tubing Hanger (TH) is placed inside the well head. The TH’s main function is to suspend 
the production tubing and to connect the tubing in the well and the XT. Further 
information about XT’s and TH can be found in Appendix A. The TH lands off on the 
casing hanger pack-off and is locked into the wellhead by the Tubing Hanger Pack-off 
which prevents vertical and rotational movement of the hanger. The Pack-offs main 
function is to provide metal to metal sealing between the TH body and the wellhead 
housing. The THRT is used in order to install both TH and the TH Pack-off.  

In case of any emergency, the Tubing Hanger Emergency Recovery Tool (THERT) is 
used in order to retrieve the TH along with the production tubing from the well head. 
The emergency cases could be that the THRT is not available or could not latch with 
TH. The THERT is mechanically operated tool and has its own centralizer. The 
mechanical interface between the subsea tools and the topside equipment on the rig is 
called the Riser system, see Figure 4. The tool runs on drill pipes through the marine 
riser and Blow out preventer (BOP) on a landing string. BOP is a large, security 
specialized valve that is used to seal and control the oil and gas wells. They were 
developed in order to oversee the wells unpredictable changes in pressures and flow 
during drilling and to prevent a blowout. 

 

Figure 4: A sketch of the rig and the wellhead in combination with BOP and marine riser 
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The THERT shall be lowered and kept centralized all the way down (though BOP and 
the weal head) so that the lower body lands on the TH landing shoulder. The THERT 
with its different components can be seen in Figure 5.  

 

 

Figure 5: The Tubing Hanger Emergency Recovery Tool 

In order to facilitate smooth entry of the tool and it is landing on TH, the tool is initially 
in ‘’un-actuated position, i.e. the split latch ring is in ‘’collapsed’’ position. In this case, 
shear pins are used in order to prevent the rotation of the tool and snap-off of the 
latch ring. The anti- rotational key lands on the top surface of the TH as it can be seen 
in Figure 6.  
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Figure 6: Landing of TH 

In order to engage the split latch ring into the TH body, the THERT has to rotate 
anticlockwise to get engage to the TH body. This is typical mechanical tool that 
engage/disengages the TH in terms of rotation. As the tool rotates the anti-rotation 
key snaps into the slot of the TH and therefor prevent any further rotation, see Figure 
7. When the rotation of tool is prevented, the tool is lowered further so that the lower 
body lands on the TH landing shoulder. Further rotation of the upper body from top 
side facilities will shear the shear pins off and move the upper body downwards. The 
shear pins are the weak link in THERT. The shear pins bolted through the upper and 
lower will be sheared off.  The lower body moves downward and causing the latch ring 
to expand and snap the double-vee groove on the TH body.  

 

Figure 7: Alignment of anti-rotation key on TH  

The Stop Pins restrict further downward movement of the upper body and ensures 
that the latch ring is fully expanded. Thereafter an overpull is done in order to verify 
that the tool is landed and locked to the TH. When the tool is latched with the TH, it is 
time for pulling it upward. The TH with the production tubing is retrieved to the rig; 
see Figure 8 and Figure 9.   
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Figure 8: From left to right, the unlatch and latched conditions 

 

Figure 9: THERT with TH retrieved from the well head 

2.2 The Internal Tree Cap Riser Running Tool (IMRRT)  

The Internal Tree Cap (ITC) is a contingency solution to establish a secondary barrier 
element between the inside horizontal XT system and the environment. The tool runs 
and is activated in the XT through the marine riser and the BOP. The ITC is located 
above the TH and in the top of the XT spool, see Figure 10. It is installed when a 
leakage has been detected on one of the following: 

- Tubing hanger wireline plugs 
- The external Tubing hanger seals  
- The annulus valve connected to the spool  
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The ITC Marine Riser Running Tool (IMRRT) is a hydraulically operated tool which is 
designed to install and retrieve the Internal Tree Cap through the Marine Riser and 
BOP. The XT spool with IMRRT and ITC can be seen in Figure 10. The primary functions 
of the tool are the following: 

- Running/Retrieving the ITC through Marine Riser and BOP 
- Lock/unlock the ITC to/from XT spool 
- Verification;  correct locking between the ITC in XT spool 

 
The IMRRT is operated through the hydraulic from an umbilical. If the control on the 
hydraulic in the drill pipe is lost, the tool can be disconnected by applying tension force 
through the IMRRT to destroy the weak link in the lower alignment sub. 

 
 

Figure 10: The XT spool with IMRRT & ITC body  
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3. Method  
The analysis and studies performed in this chapter was done on the proposed 
geometry of the shear ring. Most of the studied presented in sections 3.1, 3.7, 3.8 and 
3.9 are based on Abaqus analysis User’s Guide, see References.  

3.1 Explicit dynamic analysis  

As previously mentioned, the fracture in the shear ring has to be propagated in a 
controlled way. The explicit dynamic method was chosen because this procedure is 
applicable for the analysis of large models with high-speed dynamics response and for 
the analysis where there is a discontinuity in a solution [1]. Examples of possible 
discontinuities are impact, postbuckling, collapse simulations and material degradation 
or failure. This method contains a very robust contact algorithm. The explicit method 
requires a huge number of small time increments to obtain an accurate solution. The 
method is based on the explicit central-different time integration rule and the diagonal 
(‘’lumped’’) element mass matrices. The explicit dynamics method uses large 
deformation theory where the model can go through large rotations and large 
deformations. It can use a geometrically linear deformation theory based on 
assumptions of small strain and rotations. The dynamic equilibrium equations are 
determined according to [2]:  

 [ ] ̈  [ ] ̇  [ ]      (1) 

where F is the differences between the external and the internal load vector, M is the 
mass matrix,   ̈ is the nodal acceleration,  ̇ is the nodal velocity, u is the displacement 
and K is the stiffness matrix. This equation can be applied to any mechanical system 
and contain large deformation theory, nonlinear material response and contact. The 
explicit method can even be used for quasi-static loading in complicated contact 
situations. In the case of the shear ring, the load applied is quasi-static. In large 
deformation problems such as collapse simulation, the size of the stiffness matrix can 
be very large. As the size of the stiffness matrix increases, the computational time for 
inverting the stiffness matrix will be longer. In the explicit method, there is no need for 
inversion of the stiffness matrix.   

3.1.1 Stable time increment size 

The explicit dynamic technique performs many small time increments by integrating 
through time. The explicit method solves every problem as a wave propagation 
problem [2]. When the time increment     is less than the stable times increment  
      a bounded solution is obtained. If           , the solution obtained is 
unstable and the model’s response will contain oscillations. The explicit method is 
conditionally stable in which the time step is controlled by element with smallest mass. 
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The stable time increment is dependent on the highest eigenvalue      in the system 
and is computed according to:  

 
       

 

    
 

(2) 

The limit is given with no damping in the system.  

The incremental time step in explicit integration method can be considered to be 
stable if this increment corresponds to time taken by a dilatational wave to travel 
across the width or breadth (assuming quadrilateral element shape) of any element in 
the mesh. The stable time is determined by:  

 
      

 

 
 

(3) 

Where l is the smallest element dimension in the mesh, c is the speed of the 
dilatational wave.  Dilatation contains volume expansion and contraction. The stable 
time increment size is reduced when l is decreased and/or c is increased. The speed of 
dilatational wave, c, is increased by: 

- Increasing material stiffness 
- Decreasing material density  
- Decreasing material compressibility  

The stable time increment can be increased by modifying the mesh which is done by 
increasing the size of the element that control the analysis or by using mass scaling 
technique [1], see section 3.7.  

3.1.2 Dilatational wave speed  

For a linear elastic material, the dilatational wave speed, c is computed by [2]: 

 

  √
 

 
 

(4) 

Where E is the Young’s modulus and   is the density of the material.     

The stable time increment was adjusted automatically during the analysis by using 
global estimation (default). The analysis begins by using element-by-element 
estimation method which is based on the current dilatational wave speed in each 
element. The analysis will switch to global estimation method if the algorithm shows 
that the accuracy of the global estimation method is acceptable. The global estimation 
method uses the current dilatational wave speed to compute the maximum frequency 
of the entire model.   
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3.2 Geometry in FE model  

In this section the FE-model of the current and proposed design of the shear ring are 
presented. All the analyses were performed in ABAQUS 6.13. 

3.2.1 Axisymmetric model  

A 2D axisymmetric finite element model was created of the current and proposed 
shear ring, see section 3.2.1.1 and 3.2.1.2. The axisymmetric models have 2D elements 
that can be used to model axisymmetric geometries and axisymmetric loads.  

3.2.1.1 The current geometry of the shear ring 

The FE-model of the current shear ring and the surrounding components can be seen 
in Figure 11.  

 

Figure 11: The current geometry of the shear ring  

 

3.2.1.2 The proposed geometry of the shear ring 

The FE-model of the proposed shear ring and the surrounding components can be seen 
in Figure 12.  
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Figure 12: The proposed geometry of the shear ring 

3.2.2 3D model of the proposed shear ring  

Some analysis on the proposed shear ring were also performed in 3D and verified with 
the 2D axisymmetric model, see section 3.7.2. The 3D analyses were performed 
because the element formulations in 3D are different than 2D (2D have some 
limitations). Hourglass could also be different in 2D and 3D. Further information about 
hourglass can be found in section 3.9. The 2D model has also some limitations when it 
comes to contact, see section 3.8.1. The 3D model of the proposed shear ring can be 
seen in Figure 13. Since the geometry, loads and boundary conditions are symmetric, 
only (almost) 6 degrees of the model was created.  

 

Figure 13: The proposed geometry of the shear ring in 3D 
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3.3 Material 

3.3.1 The current shear ring 

The material used in the current design of the shear ring is seamless steel tubes. The 
material properties are presented in Table 1. The stress-strain curve can also be seen 
in Figure 14.  

Table 1: Material properties for the elastic-plastic material model 

Material Young’s 
Modulus, E  

Poisson’s 
ratio, ν 

Yield 
strength, 
        

Tensile 
strength, 
         

Density 
[kg/m3] 

 

Elastic-Plastic 205 [GPa] 0.3 351[MPa] 527 [MPa] 8750  

 

 

Figure 14: Stress strain curve 

3.3.2 The proposed shear ring 

In the beginning of this master thesis, the focus was on developing a new methodology 
for the weak links. The analyses performed on the proposed shear ring were done with 
a perfectly plastic material. This material model was used in the development of the 
model and sensitivity study. The material properties are presented in Table 2.    

Table 2: Material properties for the perfectly plastic material model 

Material  E [GPa] ν   y[MPa] [kg/m3] 
 

Failure 
strain    

Perfect plastic  200 0.3 450 8750  0.17 % 
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3.4 Boundary Conditions 

3.4.1 Boundary conditions for the axisymmetric model  

The load was applied on the edge of the emergency unlatch ring through displacement 
control. The emergency unlatch ring was pushed downward by a displacement control 
equal to 2 [mm]. The edge of the body was fixed in all the degrees of freedom, see 
Figure 15.  The same boundary conditions were applied on the both axisymmetric 
models.  

 

Figure 15: Boundary conditions 

3.4.2 Boundary conditions for the 3D-model  

The 3D model of the proposed shear ring can be seen in Figure 16. Since the geometry, 
load and boundary conditions are symmetric, symmetry boundary conditions were 
applied. The load was applied on the top of the surface of the emergency unlatch ring 
and the top surface of the body was fixed in all the degrees of freedom. The hoop 
symmetry was also applied.  

 

 Figure 16: Boundary conditions 
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3.5 Interactions / Contact 

3.5.1 Interactions / Contact for the axisymmetric model  

Contact interactions were defined where there are physical contacts between the 
parts. The interaction method ‘’surface to surface contact’’ (master-slave formulation) 
was introduced. The interaction properties were defined between the emergency 
unlatch ring and the shear ring, the body and the shear ring, the emergency ring 
retainer and the shear ring, see Figure 17. The contact properties used were tangential 
contact with a friction coefficient equal to 0.1 (penalty formulation) and normal 
behavior with hard contact. The red lines in Figure 17 indicate selected surfaces (slave 
and master). The same interaction properties were defined for both axisymmetric 
models.  

 

Figure 17: Interactions between the parts  

The threaded connections were defined by ‘tie’ definition. The body and the ring 
retainer were constrained where the threaded connections exist, see Figure 18. The 
red line indicates the master and slave surfaces.   

 

Figure 18: Constraints between the body and the ring retainer 

3.5.2 Interactions / Contact for the 3D-model   

The contact pairs (surface to surface contact) were defined by choosing each of the 
individual surface pairs that interacts with each other, see Figure 19. The interaction 
properties were defined between the following surfaces; the emergency unlatch ring 
and the shear ring, the body and the shear ring, the emergency ring retainer and the 
shear ring. The same contact properties were defined for the 3D model, see section 
3.5.1.  



 

21 
 

 

Figure 19: Contact pairs between the parts 

The threaded connections were defined by ‘tie’ definition (master-slave formulation) 
that bond surfaces together, see Figure 20. The constraint prevents slave surface from 
separating or sliding relative to the master surface.  
 

 

Figure 20: Constraints between the body and the ring retainer 

3.6 Mesh and Element Types 

3.6.1 Element type  

The 2D-axsymmetric model was meshed with 4-node bilinear axisymmetric 
quadrilateral elements of type CAX4R, reduced integration. The FE-model and the 
mesh can be seen in Figure 21. The same mesh was used for the both axisymmetric 
models.   

 

Figure 21: The FE-model and the mesh for the 2D-axisymmetric model 
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3.6.2 Element type  

The 3D model was meshed with 8-node linear hexahedral (brick) elements of type 
C3D8R, reduced integration. The FE-model and the mesh can be seen in Figure 22.  

  

Figure 22: The FE-model and the mesh for the 3D-model 

3.7 Mass scaling and the effect of inertia forces  

As previously mentioned, the explicit dynamic method is used for transient dynamic 
response analysis and for quasi-static problems containing complex nonlinearity. The 
method performs a large number of small time increments. The mass matrix in the 
equilibrium equations is crucial to the computational performance of both types of 
problems [3]. Mass scaling is often used to improve the computational efficiency in 
quasi-static analysis and in some dynamic analysis.  

For quasi-static analysis which has rate-independent material behavior, the natural 
time scale is generally not relevant. An economical solution is obtained (the solution 
time is reduced) if the time period is reduced or if the mass of the model is artificially 
increased. The time scale of the process is artificially reduced by increasing the loading 
rate. Mass scaling can be used in order to scale the mass of a whole model or 
individual elements. For quasi-static simulation, mass scaling is usually performed on 
the whole model. If the model has different parts with different stiffness and mass 
properties, it may be useful to scale each of the selected parts independently.  

It is never necessary to reduce the mass of the model from its actual value, and it is 
normally not possible increasing the mass without lowering the accuracy. For most 
quasi-static cases a limited amount of mass scaling will give a reduction in 
computational time by increasing the stable time increment.  

Therefore it is important to ensure that changing the mass by mass scaling and 
consequently increasing the inertial forces should not change the solution significantly. 
Mass scaling can also be obtained by modifying the densities of the material. For the 
dynamic analysis the natural time scale is always important. In order to capture the 
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transient response in the model, an accurate representation of the physical mass and 
the inertia is required.  

3.7.1 Introducing mass scaling into the model  

In Abaqus/Explicit two types of mass scaling is available: the fixed mass scaling and the 
variable mass scaling [3].   

Fixed mass scaling is implemented at the beginning of the step. Two methods are 
available for performing fixed mass scaling; by defining a mass scaling factor directly or 
by specifying a desired minimum stable time increment in which the mass scaling 
factors are calculated by Abaqus/Explicit. For quasi-static analysis, fixed mass scaling 
modifies the mass properties of a model in the beginning of the analysis. Fixed mass 
scaling is computationally efficient since the scaling procedure is only performed on 
the beginning of the step.  

Variable mass scaling scales the mass of elements at the beginning and periodically 
during a step. Variable mass scaling is useful in situation when the stiffness property 
which controls the stable time increment varies drastically during a step. If both 
variable mass scaling and fixed mass scaling are used in a step, the original mass of the 
element is scaled once at the beginning of that step based on the specified fixed mass 
scaling. Thereafter the mass element is scaled at the beginning and periodically during 
that step based on the variable mass scaling.  

In the analysis of the proposed shear ring, fixed mass scaling was used. The variable 
mass scaling was also tested but the method was very time consuming. No element set 
was specified and the fixed mass scaling was applied on the whole model. Fixed mass 
scaling is based on the value of ‘’element-by-element stable time increment’’, dt. The 
term ‘’element-by-element stable time increment’’ is the minimum element stable 
time increment inside a specific set of element. A desired element-by-element stable 
time increment was defined in the analysis. This was done by scaling only elements 
with element stable time increments below the specified element-by-element stable 
time increment. The time increments for the most critical elements of the shear ring 
are presented in Table 3.  

Table 3: Most critical elements in the shear ring 

Rank Time increment  Increment ratio  

1 8.730206E-09 1.000000E+00 

2 9.507560E-09 9.182383E-01 

3 1.067775E-08 8.176075E-01 

4 1.102912E-08 7.915598E-01 

5 1.134569E-08 7.694732E-01 

6 1.145976E-08 7.618137E-01 

7 1.159839E-08 7.527084E-01 

8 1.171999E-08 7.448990E-01 

9 1.175684E-08 7.425638E-01 

10 1.177666E-08 7.413145E-01 
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The data for the different mass scaling used in the simulations are presented below, 

see Table 4.   

Table 4: Specifying mass scaling 

Region Type Frequency/Interval Factor Target Time Increment  
Whole Model Target Time 

Increment 
Beginning of Step None 1E-5 

Whole Model Target Time 
Increment 

Beginning of Step None 1E-6 

Whole Model Target Time 
Increment 

Beginning of Step None 1E-7 

 

Scaling element with element stable time increment below a specified value is used for 
both quasi-static and dynamic analysis. This method is useful to increase the element 
stable time increment of the most critical elements in the model which in this case are 
in the shear ring. Three different values of the target time increment were tested,     
1E-5, 1E-6 and 1E-7.  The target time increment 1E-7 was very time consuming and the 
value 1E-5 results in very large reaction forces caused by additional which generated 
large inertia. In the beginning of an analysis the mesh contains a few very small 
elements in the shear ring that control the stable time increment size. Fixed mass 
scaling and scaling only elements with stable time increment below the specified 
element-by-element stable time increment will increase the mass of those controlling 
elements. Thereafter the stable time increment will also increase significantly.  

3.7.2 Mass scaling and inertia forces   

The analyses for studying the effect of mass scaling on the proposed shear ring were 
performed in both 2D and 3D. The aim of those analyses was to compare different 
simulations with and without mass scaling with the same settings (mesh, etc.) and 
some different loading rate, T, (the time for applying the load) and check so that the 
reaction forces does not changes significantly. The graph presented in Figure 23 
contains simulations with only fixed mass scaling. 
 
In the case of the shear ring, the load will be applied in some seconds. Increasing the 
loading rate and the mass by mass scaling should not affect the results. If the inertia 
increases, then the analysis will go to a dynamic loading and would not be 
representative for real case. The reaction forces from different simulations give similar 
results, see Figure 23. The small differences could be due to element formulation in 2D 
and 3D.  The forces after 0.3 [mm] displacement give non-physical behavior since the 
ring is already distorted using the material data presented in section 3.3.2. The 3D 
simulations without mass scaling could take 4-5 days and the one with mass scaling 1-2 
days.  Since the 2D- axisymmetric model gives good enough results as 3D, the rest of 
the analysis was only performed in 2D. Some of the graphs do not start from zero since 
filtering was used which shifted some initial values. Original data (none filtered) always 
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started from zero. This is drawback of filtering that some segments of the curve can be 
smoothed not fully accurately and should be interpreted with care. 
 

 

Figure 23: The reaction forces versus displacement 

3.7.3 Mesh sensitivity study for the proposed shear ring 

The next step was to study how mesh is affecting different parameters like shearing 
force, increasing the mass due to mass scaling and the computational time. The mesh 
was refined around the notch, see Figure 24. The approximate element size, N, around 
the notch was set to 0.005, 0.01 and 0.02, see Table 5. The results from different 
simulations can be seen in Figure 25. The mesh has a huge impact on the results and 
changing the mesh has a huge effect on the mass scaling. Refining the mesh will give 
huge inertia effect and the forces will be overestimated when mass scaling is used.   

 

Figure 24: Refined mesh with an approximate element size N=0.01 around the notch. 
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Table 5: Mesh sensitivity study  

The total number of elements in 
the shear ring  

7240 7240 11701 11701 19345 

Approximate element size 
around the notch, N 

0.02 0.02 0.01 0.01 0.005 

Mass scaling Yes No Yes No Yes 

 

 

Figure 25: Mesh sensitivity study for 2D-axisymmetric model 

3.8 Progressive damage and failure  

Damage in a structure is caused by progressive degradation of the material stiffness.   
The stress-strain curve presented in Figure 26 shows the behavior of a material 
undergoing damage. For an elastic-plastic material with isotropic hardening, the 
damage is presented by softening of the yield stress and degradation of the elasticity 
[4] .The solid curve shown in Figure 26 is the damaged stress-strain response. The 
dashed lines represent the response in the absence of damage. The yield stress     

and the equivalent plastic strain  ̅ 
  

can be seen at the onset of damage. The equivalent 

plastic strain at failure   ̅ 
  

  is defined as the overall damage variable D reaches the 

value 1.  
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Figure 26: Schematic illustration of elastic-plastic material with progressive damage and 
failure  

3.8.1 Shear failure model  

After studying different methods of modelling progressive damage and failure in a 
material, the shear failure model was chosen. This method is simple and does not 
require damage parameters. The shear failure model is caused by plastic yielding and is 
recommended for high-strain-rate dynamic problems where the inertia is important 
[5].   

In this criterion, the equivalent plastic strain  ̅ 
  

 is used as a failure measure. The shear 

failure model requires the equivalent plastic strain  ̅ 
  

 at element integration points. 

When the damage parameter reaches the value 1, the failure is assumed to occur. The 
damage parameter   is determined according to: 

 
  

  ̅
   ∑  ̅  

  ̅
  

 
(5) 

where   ̅
  is the initial value of the equivalent plastic strain,   ̅   is the summation over 

all increments of the equivalent plastic strain and   ̅
  is the strain at failure.  

When the shear failure criterion reaches an integration point, the deviatoric stress will 
be set to zero and the material point will completely fail. When the material points in 
one section of an element fail, by default the element will be removed from the mesh. 
This is not necessary for all types of elements. For example, in reduced integration 
solid element, the element removal will occur as soon as one integration point fails.  
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The shear failure criterion was applied on the shear ring to evaluate the failure of 
these. The proposed design of the shear ring and the failure of this can be seen in 
Figure 27. The ring was broken after 0.3 [mm] displacement with the material model 
used in section 3.3.2.  

 

Figure 27: Element removal 

The shear failure criteria capture the failure and the elements are removed from the 
mesh. Fracture causes the new created surfaces to penetrate with other elements. 
There are penetrations between the new created surfaces because contact is not 
introduced there, see Figure 28. The penetration can be avoided if general contact is 
used and ‘’nodal erosion’’ is introduced in the model.  

According to [6] ,’’the nodal erosion can be used for keeping or deleting a node of an 
element-based surface in the general contact domain as a point mass after all contact 
faces and edges to which it is attached have eroded’’. The nodal erosion cannot be 
used if contact pairs are introduced in the model.    

 

Figure 28: Penetration of elements 
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3.9 Reduced integration and hourglass control    

In most finite element analysis, the element stiffness matrix is calculated and then 
inverted in order to obtain the displacements in the element [7]. For more complex 
finite element models with higher order elements, it becomes essential to use 
numerical integration to compute the stiffness matrix. In finite element calculations 
Gaussian Quadrature is used. In this method the function is integrated by calculating a 
number of points and optimizing their positions which is known as Gaussian co-
ordinates. For each of these points, the function is multiplied by an optimized weight 
function. Thereafter the integral is solved by adding all these functions together.  

Abaqus includes elements with both full and reduced integration. Reduced integration 
uses fewer integration points (Gaussian co-ordinates) for solving the integral than full 
integration. This basically means that more Gaussian co-ordinates for each element 
give more accurate result but the computational time will increase. For a given 
problem, using reduced integration will decrease the computational time to run the 
analysis but it can have a significant effect on the accuracy of the element.  

The stiffness matrix is always overestimated for displacement-based FE formulations 
(linear) but using fewer integration points gives less stiffness elements. Therefore, it is 
advisable to use reduced integration in for example non-linear problems such as 
plasticity instead of full integration.  

The advantage of using only one integration point per element is that the 
computational time is reduced [8]. Reduced integration should be used with care as in 
certain situations instability may occur due to stiffness matrix being zero. The 
disadvantage of using reduced integration is that it can result in mesh instability which 
is known as hourglass. The hourglass mode does not contribute to the energy integral 
and has zero stain and stress. Such elements exhibit zero energy displacement modes, 
hourglass shape, and are non-physical modes of deformation. These modes can occur 
in under-integrated solid and shell elements which produce no stress. However, 
hourglassing is a concern when one integration point at the centroid is used. As it can 
be seen in Figure 29 a single element through the thickness does not capture strain in 
bending.   

 

Figure 29: Bending behaviour for a first order reduced integration element  
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Four common reasons for hourglassing with their remedies are presented below:  
 

1. Concentrated force at a single node 

The hourglass modes can be suppressed by distributing the force between some nodes 
or by applying distributed force.  

2. Boundary condition at a single node  
Hourglass is prevented by distributing the boundary conditions over some nodes.  

3. Contact at single node 
Hourglass is resisted by distributing the contact between several nodes.  

4. Bending with too few elements  
Hourglass is prevented by using at least four elements through the thickness. 
Thereafter the axial strain can be measured correctly.  

Hourglass is usually controlled by introducing internal nodal forces to counteract or 
resist hourglass modes [9]. The work that is done by the forces is the hourglass energy 
and is taken from physical energy of the system, see Figure 30.  

 

Figure 30: Introducing internal nodal forces to resist hourglass modes 

The advantages and disadvantages of using fully integrated are described below [8] :  

Disadvantages: 

- Fully integrated first order elements do not suffer from hourglassing. 
- The stress gradient can be captured with fewer elements.  

Disadvantages: 

- The computational time is expensive. 
- The shear and volumetric locking can occur.  

The shear locking is obtained when the elements behave too stiff in bending. The 
volumetric locking is obtained when the material behavior is incompressible. The 
structure is overstiffened with full integration.  
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Reduced integration is a better alternative in this case since a larger number of fast 
elements are preferred and the fracture is sensitive to mesh density. Therefore, for 
first order reduced-integration, the hourglassing has to be properly controlled. 

3.9.1 Different hourglass control  

There are five different appropriate hourglass controls to prevent such non-physical 
modes available in Abaqus, see Table 6. Those are briefly presented below [10] .  

Table 6: The different hourglass control available in Abaqus/Explicit 

Abaqus/Explicit hourglass control methods  

Relax stiffness (default for most elements) 

Enhanced strain 

Stiffness 

Viscous 

Combined (stiffness+viscous)  

 

 Relax stiffness hourglass  

The relax stiffness hourglass in Abaqus/Explicit is defined as: 

 
  ∫      

 

 

   
  

   
    

(6) 

Where q is the hourglass mode magnitude and Q is the force or moment conjugate to 
q, K is the hourglass stiffness determined by Abaqus/Explicit and s is a scaling factor. 
There are three scaling factors defined in Abaqus/Explicit, the displacement hourglass 
scaling factor    , the rotational hourglass scaling factor     and the out-of-plane 
hourglass scaling factor   . The scaling factors are dimensionless and are associated 
with specific displacement degrees of freedom. The relax stiffness hourglass is the 
default form in Abaqus/Explicit.  

 Stiffness hourglass  

The Kelvin viscoelastic method of suppressing hourglass modes is based on the use of a 
pure stiffness and pure viscous approaches. The two components can be used in 
combination and are based on a linear stiffness K and linear viscous coefficient C.  

The terms K and C are used to determine the forces and moments that are in 
conjugation to the hourglass deformation. The forces and moments used to suppress 
the hourglass deformation are determined according to: 

 
   [          

  

  
] 

(7) 
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The stiffness term in the equation above generates a nominal resistance to 
hourglassing during the simulation and the viscous term introduces additional 
resistance to hourglassing under conditions of dynamic loading. The stiffness K and 
viscous coefficient C are dependent on the material properties. The stiffness is 
computed by:  

 
  

    

 
 

(8) 

where s is the scaling factor, B is the effective bulk modulus, L is the smallest element 
dimension and V is the element volume.  

The viscous coefficient is calculated according to: 

            (9) 

where   is the dilatational wave speed.  

The pure stiffness approach can be used for both quasi-static and transient dynamic 
simulations.     

 Viscous hourglass  

The viscous hourglass is more effective for high-rate dynamic analysis and is not 
recommended for quasi-static problems.  

The difference between the stiffness vs. viscous hourglass control is that the viscous 
form produces hourglass forces that are proportional to components of nodal velocity 
while the stiffness hourglass control produces forces proportional to components of 
nodal displacement [7].  

 Combined hourglass 

The combined hourglass is a linear combination of stiffness and viscous hourglass 
control. The weight factor   (       should be specified in this case. The default 
value is 0.5.  

 Enhanced hourglass  

The enhanced hourglass control is available for first-order solid, membrane, and finite-
strain shell elements with reduced integration. The enhanced hourglass control is an 
improvement of the pure stiffness method. The stiffness coefficients in this method 
are based on the enhanced strain method and require no scale factor.  

For nonlinear problems, this method provides increased resistance to hourglassing. For 
linear problem, this method is more robust and it provides more accurate 
displacements solutions for coarse meshes. Although in problems exhibiting plastic 
yielding under bending, this method may give overly stiff response.   
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3.9.2 Checking hourglass   

In Abaqus/Explicit, an energy balance equation can be used in order to evaluate if the 
explicit analysis is giving an appropriate response. The energy balance equation is 
presented below [2]:  
 
                                  (10) 

Where    is the internal energy (elastic, inelastic, ‘’artificial strain energy),    is the 
absorbed energy by viscous dissipation,    is the frictional dissipation energy,    is 
the kinetic energy,   is the work of external force and      is the total energy of the 
system.  
 
The way to check if is there is hourglassing in a mesh is to request and plot the 
Artificial energy (ALLAE) and compare it with the internal energy (ALLIE) [8]. The whole 
element energy field output variables ELASE and ELSE can also be requested for 
creating contour plots and help in identifying areas with elevated artificial energy 
originating from hourglassing. In general, the Artificial energy (ALLAE) used to control 
hourglass modes, should be small, meaning less than a few percentage (<1-2 %) 
compared to the Internal Energy (ALLIE).   

3.9.3 Hourglass control study  

The results from simulations with different hourglass control are presented in Figure 
31. The graph shows a comparison of energy histories for different kind of hourglass. 

 

Figure 31: Comparison of energy 
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The viscous damping and the combined hourglass give very large artificial energy. As it 
was expected, those hourglass controls are not appropriate for low frequency quasi-
static problems. The stiffness hourglass control is more efficient than the viscous 
hourglass for structural part. Viscous hourglass control is recommended for high 
velocity impacts of solid and structural parts. The enhanced hourglass gives an artificial 
energy slightly higher than 5%. As previously mentioned, the enhanced hourglass is not 
appropriate for nonlinear problems. The stiffness and the relax stiffness give an 
artificial energy which is less than 5 % relative to the internal energy. Since the 
reaction forces for the relax stiffness and stiffness hourglass are quite stable, see 
Figure 32, those hourglass methods are the appropriate hourglass control that can be 
used for quasi-static analysis. The forces for the enhanced hourglass are larger 
compared to the relax stiffness and the stiffness hourglass. The enhanced hourglass 
control should not be used for nonlinear problems.  

 

Figure 32: The reaction forces vs. displacement 

The hourglass coefficients will normally range from      , see Equation 6. For the 
elastic material, the value 1 is used. The choice of hourglass coefficient for other 
material is not clear. The sensitivity of hourglass coefficient is a good idea to study.  

3.9.4 Sensitivity study of hourglass coefficient for relax stiffness 
hourglass   

A sensitivity study of hourglass coefficient for the relax stiffness was also performed. 
The graph in Figure 33 shows the energy histories for some different parameters. The 
relax stiffness hourglass with         =0.0001 shows hourglass behavior. The rest 
of the plots give an artificial energy less than 2 % relative to the internal energy and 
shows no hourglass shapes.  
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Figure 33: Comparison of the energy histories, relax stiffness hourglass  

The graph presented in Figure 34 shows a comparison of the reaction forces. The 
reaction forces for hourglass coefficients         =0.01 and         =0.1 
show similar behavior.  

 

 
Figure 34: Comparison of reaction forces, relax stiffness hourglass  
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3.9.5 Sensitivity study of hourglass coefficient for stiffness hourglass  

The graph in Figure 35 shows the energy histories for some different parameters for 
stiffness hourglass. The stiffness hourglass with         =0 means that there is no 
hourglass control at all. The stiffness hourglass with coefficients         =0.0001, 
see Equation 7, shows hourglass behavior. When using stiffness hourglass control, it is 
recommended to reduce the hourglass coefficient, usually in the range of 0.03 to 0.05, 
in order to decrease the nonphysical stiffening and prevent the hourglass modes. The 
stiffness hourglass with different parameter gives an artificial energy less than 2 % 
relative to the internal energy. An example of hourglass mode of deformation is shown 
in Figure 36.  

 

Figure 35: Comparison of energy histories, stiffness hourglass 

 

Figure 36: Hourglass shape for         =0 
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The reaction forces for the stiffness hourglass can be seen in Figure 37. The stiffness 
hourglass with         =0 was plotted just as a reference. Zero coefficients give 
visible hourglass shapes.   

 

Figure 37: Reaction forces for different coefficients of stiffness hourglass 

  



 

38 
 

4. Validation of the methodology   

The laboratory experiment was performed at the department of Solid Mechanics at 
KTH in Stockholm, Sweden.  The experiment contained of two different tests that were 
performed on the current design of the shear ring. The purpose of this experiment was 
to determine a number of material properties, both elastic and plastic for a uniaxial 
tensile test and also to obtain a force-displacement graph from a shear test. The force-
displacement curve from the shear test was then compared to the FE-analyses 
performed in Abaqus. 

4.1 Experimental setup for the shear test 

The shear test was performed using the Material Testing System machine (MTS), see 
Figure 38. For simplicity an illustration of the setup is also presented below, see Figure 
39.  

 

Figure 38: Material testing system (MTS) machine 

 

Figure 39: An illustration of the setup for the shear test 
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The experimental setup for the shear test can be seen in Figure 40 and Figure 41.The 
inner diameter of the ring was placed on a supporting plate, see figure 1. In figure 2, 
another supporting plate was placed above the inner ring. The supporting plates 
represent the whole body and the retainer ring of the THRT, see figure 3. 

 

Figure 40: The shear ring and the supporting plates 

In order to make sure that the inner ring was fixed, 8 bolts were used to join the 
supporting plates together, see figures 4 and 5. The setup was then placed inside an 
enforcing plate which represent the emergency unlatch ring.  For simplicity, only the 
shear ring can be seen in the enforcing plate, see figure 6. Finally the whole setup 
could be placed inside the MTS machine, see figure 7. A spherical washer was used to 
apply the load on the ring. The washer contains of two parts that are in contact with 
each other. Those parts make it easier to distribute the load on the surface.   
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Figure 41: The experimental setup  

4.2 Force-displacement curve from the shear test 

The force-displacement curve from the shear test can be seen in Figure 42. The graph 
shows that the maximum load obtained is 200 kN before the shear ring gets stuck to 
the ring retainer and the load decreases for a while. When the ring was stuck to the 
retainer, it was not possible to measure the force-displacement response of the ring in 
isolation. The data after 1.6 [mm] displacement contains the force-displacement of a 
whole system (the shear ring and the ring-retainer). The elongations modes got stiffer 
than the bending modes (large deformations) and the test was stopped because the 
load continued to increase and the material was getting stiffer. The current design of 
shear ring does not shear as it should. The deformed shape of the ring can be seen in 
Figure 43.  
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Figure 42: The force-displacement curve obtained from the shear test 

 

 

 

Figure 43: The deformed shape of the current shear ring obtained from the shear test 
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4.3 Comparison of the FE-analysis and the experimental test    

The result from the physical shear test on the current design of shear ring was 
compared to the theoretical analyses obtained from FE-simulations. Two methods 
were used in the FE-analyses; implicit and explicit, see Figure 44. 
 
The implicit method and the physical test provided similar results. In Implicit, the shear 
ring gets stuck earlier (at 1.37 mm displacement) to the ring retainer compared to the 
test (1.6 mm displacement). The explicit method was performed with relax stiffness 
hourglass control (default) and shows stiffer behavior. In explicit there is effect of 
hourglass mode, which can develop throughout the simulation. The different slopes in 
explicit and implicit could be due to that with larger deformations larger hourglass is 
developed. The oscillation in the explicit method is due to inertial forces. In Figure 45, 
the shear ring can be seen getting stuck to the ring retainer in the FE-simulations.  

 

Figure 44: The force-displacement curve obtained from the shear test and the FE-analyses 
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Figure 45: The shear ring starting getting stuck to the ring retainer 

4.4 Tensile testing  

In the beginning of the experiment the specimen’s test length L0 and the width, w, 
were measured with a caliper. The dimension of the specimen can be seen in Figure 46 
and Table 7. The specimen was extracted from the shear ring. The tensile test was 
performed after the shear test.  

 

Figure 46: The dimension of the specimen and the actual specimen used in the tensile test  

Table 7: The dimension of the specimen 

Total length, Ltot [mm] 52 

Length, L0 [mm] 22 

Thickness, h [mm] 4.82 

Length, Lext [mm] 12.5 

Width, w [mm] 2.71 
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The specimen was then fastened into a MTS hydraulic testing machine. Two 
extensometers were mounted to the surface of the specimen and four rubber bands 
were used to hold them together, see Figure 47.  

 

Figure 47: The specimen used in the tensile test.   

After mounting of the extensometers, the current load level was adjusted to zero and 
the collection of data could be started. The collected data from the testing machine 
were the following: the elapsed time t, the applied force P, the elongation of the 

extensometers ext and the piston pist .  

While ext stands for the deformation of the specimen, pist  contains deformation of 

both the MTS testing machine and the specimen. This means that pist  can not be used 

directly to compute the strain in the specimen. Therefore in order to estimate the 
elongation of the actual specimen, the two plots have to be combined. This is done by 
using the elastic region from the extensometer and the plastic region from the piston 
and by subtracting the elastic deformation of the piston according [11]: 

 
                    

    

     
 

(11) 

Where C is the machine’s compliance and was computed by choosing the last point in the 
elastic region: 

 
             

     

    
 
 

 
 

 

(12) 

The engineering stress      and strain       , the true stress         and the logarithmic 

strain     were determined by utilizing the following equations:  

      
 

  
 (13) 
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(14) 

 

                    (15) 

 

                (16) 

where A0 is the cross sectional area of the specimen.  

The Young’s modulus, E, the yield strength          and the tensile strength          

obtained from the test are presented in Table 8. The engineering and true stress-strain 
curves can be seen in Figure 48.  

Table 8: The material parameters obtained from the tensile test 

Young’s Modulus, E [GPa] 205  

Yield strength,        [MPa] 293  

Tensile strength,          [MPa] 507 

 

 

Figure 48: Engineering and True stress-strain curve  
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5. Conclusions and discussion  
The graph obtained from the shear test was compared to the FE-analyses. Two 
methods were used; the explicit and the implicit. The FE-analysis performed on the 
current design of the shear ring shows that implicit method and the physical test 
provide similar results. Implicit is more efficient for solving nonlinear problems but in 
complex contact analyses or in model with material complexities, implicit may have 
difficulty to converge. This will give a large number of iterations which requires a lot of 
equations to be solved. For large models, such analyses can be very expensive because 
there is a need for disk space. Implicit requires the inversion of the stiffness matrix 
which takes about 70% of the computations. For very large problems such as crash 
simulation, as the size of the stiffness matrix increases, the computational time will be 
longer.  

The explicit method was performed with relax stiffness (default) hourglass control. The 
explicit method gives slightly higher forces compared to experimental shear test. The 
differences between the physical shear test and the graph obtained from the explicit 
are due to hourglass control and the nodal forces that suppresses the hourglass 
modes. Explicit gives good prediction of stuck position and forces. 

When using explicit dynamic method, it is essential to use the appropriate hourglass 
control. The influence from changing hourglass parameters has to be checked. If the 
coefficient value is really low, the hourglass modes may be visible while using a high 
value may give too stiff behavior. The choice of the hourglass has to be taken into 
consideration in order to avoid too stiff behavior or visible hourglass shapes. When 
using explicit method, the model has to be investigated to check hourglass and 
improved to avoid hourglass.  

In the analyses performed on the proposed design of the shear ring, different 
hourglass controls were studied. In nonlinear problems, the stiffness  hourglass control 
and the relax stiffness hourglass cause elements to be less stiff than the enhanced 
hourglass control. The enhanced hourglass gives large artificial energy and confirms 
that this method is not accurate for nonlinear quasi-static problems.  

The shear failure criterion is simple and requires only stress-strain curve and 
equivalent plastic strain at failure. In order to evaluate the failure of the weak links in 
general, we need an actual full stress-strain curve until failure of the material we are 
using. The shear failure model is quite robust and it is possible to simulate fracture. 
The material used in the current design of the shear ring was generated based on only 
two points. Good input material data is required. There are some other progressive 
damage and failure methods available in Abaqus, but they have disadvantage because 
they need more complex data as damage parameters and etc.  

The existing design of the shear ring does not shear as it should. Both the physical test 
and the FE-analyses show that this design is not working. The ring gets stuck to the ring 
retainer because of the geometry, bending and the material. Large ductility of the 
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exciting material prevents proper fracture behavior. The exciting design can definitely 
not be used in the THRT.  

The proposed design of the shear ring does not give pure shear, but the geometry 
gives less bending compared to the exciting design. The proposed design brakes in 
predicable way.  A more brittle material is needed.  

One of the advantages of using explicit dynamic procedure is that in this method the 
failure material models are allowed. As the fracture in weak link needs to be 
propagated in controlled way, the explicit method is recommended for solving such 
problems. For quasi-static nonlinear problems, the relax stiffness hourglass and the 
stiffness hourglass are the recommended hourglass controls.  

Fixed mass scaling is computationally efficient and can be used for large models in 
quasi-static simulations. This scaling procedure is only performed on the beginning of 
the step. When using mass scaling, it is essential to check that changing the mass by 
mass scaling does not increase the inertial forces significantly. A limited amount of 
mass scaling can reduce the computational time in most quasi-static analyses. The 
mass scaling is not recommended for dynamic analysis since the inertia is important.  

The material parameters obtained from the tensile test shows that the values of the 
yield- and the tensile strength are really low compared to actual data of the material, 
see Table 1 and Table 8. The specimen was extracted from the shear ring and the 
tensile test was done after performing the shear test on the deformed shape of the 
shear ring. The values obtained were expected to be higher due to strain hardening. 
Normally when initial plastic deformation is introduced, isotropic hardening causes 
that later the material have stronger (more elastic) response. The material certificate 
in Table 1 was based on couple of test specimens. In KTH a single test was performed 
which cannot be fully representative.  
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Appendix A 
X-mas tree (XT’s) 

The XT controls the production flow located on the wellhead at the seabed. The XT’s 
has different functions such as: 

- Safety barrier towards the well  
- Safely stop produced and injected fluid  
- Injection of chemicals to well and flowline 
- Allow for control of downhole valves  
- Allow for hydraulic and electrical signals to reach to downhole gauges 
- Regulate fluid flow through a choke (not mandatory) 
- Allow for well intervention  

 
A fundamental part of the XT is the tree stalk and the spool, see Figure 49. The spool 
connects the XT to the wellhead and it also makes it possible to connect with other 
system on the top of the XT. The actuators that control the production are also placed 
directly on the spool. 

 

 

Figure 49: The X-mas trees (XT’s) and the tree stalk  

Tubing Hanger (TH) 

For a horizontal XT, the Tubing Hanger (TH) is designed to land, lock and seal within the 
tree spool after the XT is landed and locked onto the wellhead. The TH’s main function 
is to suspend the production tubing and to connect the tubing in the well and the XT. 
The TH with some of its components can be seen in Figure 50. 
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Figure 50: Tubing Hanger (TH) 

Tubing Hanger Running Tool (THRT)  

The TH is installed and retrieved by a Tubing Hanger Running Tool (THRT), see Figure 
51, which is primarily operated by hydraulic pressure supplied from topside facilities to 
lock and unlock the TH into the XT.  

 

Figure 51: Tubing Hanger Running Tool (THRT)  
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The shear ring is located in the bottom part of the THRT, see Figure 52 and Figure 53.  

 

Figure 52: Tubing Hanger Running Tool (THRT) 

 

 

Figure 53: Tubing Hanger Running Tool (THRT) 
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