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[bookmark: _Toc57407400]Acronyms

FEA – Finite Element Analysis 
FoS- Factor of Safety
NDT – Non-Destructive Testing
X-FEM – Extended Finite Element Method

[bookmark: _Toc57407401]Executive Summary 

This report discusses the available failure criteria that could be used to analyse a component. The basics of stress is discussed to provide a background theory and support the analysis of the different types of Theories of Elastic Failure. 
Task 1 of the report discusses Rankine Theory, Tresca Theory and von Misses. A comparison concludes that von Mises is the most applicable method used today and is widely available in FEA studies. Additionally, a comparison between a uniaxial, biaxial and triaxial stress state is consider to understand the differences and added complexity each scenario would create. 
Task 2 of the report investigates a gas turbine engine mount and why von Mises would be the most applicable theory. Although it is noted that the application in reality would not be truly static, von Mises is considered for loading of the engine mount under the weight of the engine. 
Task 3 highlights a report used to extend the argument towards von Mises, but does emphasise some limitations, especially when used with an FEA study. The results can be miss interpreted by the designer to leave an unsafe component, which has historically occurred and been proven by an airworthiness directive. The use of a factor of safety is a must with the aerospace industry to ensure a safe limit before failure. As a conclusion, the usefulness of FEA to the designer with von Misses is considered, where design steps/processes are recommended.  


[bookmark: _Toc57407402]Introduction
A failure criterion will predict the critical conditions of either yielding or fracturing for ductile or brittle materials respectively from behaviours of a ‘simple tensile test’ as shown in Figure 1 by (NPTEL, 2009). Hence, (Efficient Engineer, 2020) suggests comparing a components stress state with predetermined material properties, obtaining corelation between estimated component life and actual service run components. It is noted a good failure theory should be consistent with experimental observations. 
Both (Qu, 2016) and (Hearn, 1997) emphasises the essentialness for ‘structural designing’ of components to ensure safe operation within the elastic state of the material and thus the level of stress needed within a component to reach failure. 
 (Farlex, 2020) and (Whipp, n.d.) suggest a uniaxial stress states to be simple to understand, where two of three principle stresses are equal to zero. However, as (NPTEL, 2009) suggests a uniaxial state rarely exists and components witness biaxial or triaxial stresses. Therefore, Figure 2 provided by (NPTEL, 2009) shows a more complex triaxial stress state and does emphasise the difficulty of failure prediction; where (Hearn, 1997) also states the potential added complexity. Hence, (Gate Academy, 2015) implies there is no single universal applicable method for failure prediction. (Soboyejo, 2002) states a designer must consider the selection of the most suitable failure theory depending on the required external conditions.  [bookmark: _Ref55037212]Figure 1: Uniaxial Stress

Refer to Appendix 1 for common theories of elastic failure. [bookmark: _Ref55037664]Figure 2: Triaxial Stress

Refer to Appendix 2 for basic forms of stress. 
(Hearn, 1997) infers the standard notation for failure theories, where stress witnessed at a yield point during simple tensile test is ‘’; three principle stresses in a complex triaxial system is ‘’ being the maximum, medium and minimum stress respectively.  (Efficient Engineer, 2020) supports this by stating the majority of the failure theories are a function of the principle stresses.
For the application of the suggested engine mount and as the material of the component is a ductile stainless steel, (Kerns, 2016) recommends the use of von Mises for static conditions. However, in reality the engine mount would undergo dynamic stress and thus (Hiermaier, 2018) suggests the use of the X-FEM.
Furthermore, (Purohit, 2014) provides a practical von Mises application for the interpreting of a clutch assembly. The use of FEA with non Mises and a consideration for a FoS is discussed to maximise design safety.  


[bookmark: _Toc57407403]Main Findings
1. [bookmark: _Toc57407404]Three theories of elastic failure 

[bookmark: _Toc57407405]1.1	Maximum Principle Stress Theory - Rankine
How has Rankine Theory been developed? 
Galileo Rankine, ‘inventor of the concept of stress’, combined experimental and mathematical methods during the 17th century to study the failure of solid materials emphasises (Qu, 2016). 
As a result, (Qu, 2016) suggests Rankine discovered that fracture occurs ‘along the plane’ with the maximum normal stress, ; supported by (Hearn, 1997) stating Rankine assumes that failure occurs when the maximum principle stress for a ‘complex stress system’ reaches the ‘elastic stress limit’ in simple tension.  
Therefore (Qu, 2016) and (Ekeeda, 2016) states: 
 (tensile)
(Qu, 2016) notes ‘’ to be a constant and thus the ‘critical normal stress for fracture’. 
(Efficient Engineer, 2020) supported by (Hearn, 1997) emphasises that failure can also occur in compression if the minimum principle stress was ‘compressive’; and the magnitude of the minimum principle stress ‘reaches the materials yield stress in compression’ before the ‘yield stress in tension’ was reached.  
Therefore, (Hearn, 1997) states: 
(compressive)

Why has Rankine Theory been developed? 
(Qu, 2016) suggests Rankine has been developed to interpret materials dominated by crack formation and thus being brittle, hence being well suited to predict fracture. As an example, glass and ceramics can be classed as a brittle material.
(Efficient Engineer, 2020) suggests Rankine is ‘simple to apply’ but is not a great failure theory for ductile materials; where (Hearn, 1997) suggests considerable experimental evidence against the application of Rankine for ductile materials. (Ekeeda, 2016) states this is because Rankine does not consider shear strength of a material. (Andriyana, 2008) supports (Ekeeda, 2016) by stating the yielding of a ductile material is driven by shear stress, where planes slide along one another and broken atomic bonds can reform in a new position. As a comparison, fracturing of a brittle material is driven by nominal stresses to separate atomic planes and hence broken atomic bonds cannot reform.  
Refer to Appendix 3 for further understanding of brittle fracture. 


[bookmark: _Toc57407406]1.2	Maximum Shear Stress Theory – Guest-Tresca
How has Tresca Theory been developed? 
French engineer Henri Tresca begun his experiments in 1864 to develop one of two main failure criteria used today, the other being von Mises suggests (Chem Europe, n.d.). Tresca assumes failure when the maximum shear stress within a complex stress system is equal to the shear stress at yielding in a uniaxial tensile test according to (NPTEL, 2009). 
Therefore both (Lagioia, 2016) and (Hearn, 1997) suggest:[bookmark: _Ref56924927]Figure 3: Mohr’s Circle for Triaxial Stress


(Efficient Engineer, 2020) suggests Tresca can be graphically compare against Mohr’s circle as shown within Figure 3 by (Johnson, 1992). It is noted that Tresca is consistent with hydrostatic stresses not affecting yielding. 
Mohr’s circle for a uniaxial tensile test at yielding shows the minimum and intermediate principle stresses equal zero; as well as the maximum principle stress equal to the yield strength of the material. Hence, (Hearn, 1997) and (Efficient Engineer, 2020) stating that the shear stress at yielding to be equal to ‘half of the greatest distance between two principle stresses’ and thus half the yield strength of the material.
Therefore, (Hearn, 1997) states:

Hence, attaining the standard formulation for Tresca: 


Why has Tresca Theory been developed? 
As a widely used law of plasticity, (Hearn, 1997) suggests an accurate correlation of experimental results for ductile materials where the minimum principle stress shall be the smallest value; considering negative integers and the possibility of one principle stress being zero. Therefore, (Kuang-Hua, 2015) states that Tresca is applicable for many ductile materials with a reasonable approximation. 



[bookmark: _Toc57407407]1.3	Shear strain energy per unit volume theory - Maxwell-Huber-von Mises
How has von Mises Theory been developed? 
Von Mises also known as distortion energy theory or maximum octahedral shear stress theory was originally proposed by Maksymilian Huber in 1904, but was them developed in 1913 by an Austrian scientist ‘Richard von Mises’ and then refined by a number of others; creating the theory we know today with a full name of ‘Maxwell-Huber-Hencky-von Mises’ suggests (Harish, 2020). 
(Hearn, 1997) emphasises a component in stress can be broken down into two types of strain energy (1) volumetric strain energy which causes change in volume but no distortion and (2) shear strain energy resulting is ‘distortion’ of the stressed component. 
According (Kuang-Hua, 2015), the theory states failure will occur when the maximum shear strain/distortion energy within a complex system is equal to the distortion energy at yielding within a uniaxial test. 
Therefore (NPTEL, 2009) states, 

Where the distortion energy is the ‘portion of strain energy in a stressed element corresponding to the effect of the deviatoric stresses’ suggests (Efficient Engineer, 2020). (Oxford Reference, 2020) states the deviatoric stress is stressed component within a system consisting of ‘unequal principle stresses’. 
Also, (Efficient Engineer, 2020) states that principle stresses can be used to calculate the distortion energy per unit volume. Therefore: 

As we already know during a tensile test the maximum principle stress is equal to the yield strength of the material as well as intermediate and minimum principle stresses equalling zero. 
Hence substituting the appropriate stress values to form the distortion energy at yielding:  




Additionally, (Efficient Engineer, 2020) infers equating the ‘distortion energy at yielding’ with the ‘general equation for a triaxial stress state’; thus the von Mises failure criteria is formed.  



Therefore as per (Hearn, 1997) and (Efficient Engineer, 2020):



Why has von Mises been developed? 
(Hearn, 1997) emphasises the reliability of the theory which has undergone considerable verification, especially for ductile materials. A component stress analysis output using FEA is often used for the equivalent von Mises stress, where the analysis shows the distribution of the equivalent stress within a component. Yielding contour maps can aid the designer to identify points of failure suggests (Efficient Engineer, 2020). 
Also, (Efficient Engineer, 2020) highlights that von Mises is independent of the hydrostatic stress because it considers the difference between principle stresses. (Hearn, 1997) portrays a bold statement saying von Mises is ‘probably’ the best theory when compared to Rankine, Tresca, Saint-Venant and Haigh.  



[bookmark: _Toc57407408]1.4	Comparing Elastic Failure Theories 
[bookmark: _Ref55840519]Figure 4: Failure Envolope for Rankine

(Andriyana, 2008) describes the yield surface for a two-dimensional stress plane, thus  equalling zero. For the Rankine Theory, yielding occurs when or  equals the yield stress which can be represented graphically as per Figure 4 provided by (Hearn, 1997). (Efficient Engineer, 2020) states yielding to occur when the stress state reaches the ouster line.  
For the Tresca Theory, (Hearn, 1997) states the first and third quadrants will produce the same graphical representation as Rankine, thus: 
 or 
Additionally, for the second and forth quadrants (Hearn, 1997) suggests straight lines will be produced (Figure 5), thus: [bookmark: _Ref57396852]Figure 5: Failure Envelope for Tresca

 1 or   1

For von Mises with a biaxial stress state, (Hearn, 1997) suggests a reduction in the theory to form (Figure 6) an ellipse at 45 degrees to coordinate axes. Thus, 



[bookmark: _Ref57396904]Figure 6: Failure Envelope for von Mises

(Efficient Engineer, 2020) compares the three theories within a single graph represented by Figure 7.  The comparison also plots example ductile material experimental data. The results show Rankine to have a large unsafe area in the second and forth quadrant. Comparing Tresca and von Mises, both theories agree with the experimental observations, although von Mises has an ever so slightly better fit to the data. Also, the comparison highlights Tresca yield surface to sit within the von Mises envelope, hence  (Pattillo, 2018) states Tresca to be more conservative. (Kuang-Hua, 2015) states the average maximum difference between Tresca and von Mises theory for an isotropic material to be no more than 15% which is supported by (Efficient Engineer, 2020). 

[bookmark: _Ref55842481]Figure 7: Combined Failure Envelope

For a triaxial stress state, the values within the cylinder represent a safe condition and hence failure outside of this envelope as shown in  Figure 8 by (Hearn, 1997).  As (Efficient Engineer, 2020) suggests von Mises and Tresca are unaffected by the hydrostatic stresses, the triaxial graphical representation can be extended along the hydrostatic axis. (Hearn, 1997) notes an infinite envelope along the hydrostatic axis. 

[bookmark: _Ref55844023]Figure 8: Triaxial Yield Envelope for von Mises Theory (Left) and Tresca Theory (Right)

2. [bookmark: _Toc57407409]von Mises failure theory and turbine engine mount development

[bookmark: _Toc57407410]Why is the design of an engine mount important? 
Engine mount systems are an integral part of an aircraft, retaining a gas turbine to the airframe as show within Figure 9 by (Suciu, 2012). The majority of gas turbines contain three engine mount, including axially pivotal engine support and a thrust mount according to (Freild, 1995). [bookmark: _Ref57050311]Figure 9: Gas Turbine Engine Mount

Both static and dynamic forces act upon an engine mount (Figure 10 provided by) (Suciu, 2012), the greatest being horizontal thrust loading where a Trent XWB can generates 97,000 lb thrust according to (Rolls-Royce, 2017). Additional loads include vertical loading from the engine weight, being 7,277kg according to (EASA, 2013) as well as bending moment produced by ‘aerodynamic forces’ acting of the engine nacelle known as lip loading suggest (Freild, 1995).
Additionally, engine mounts are susceptible to fatigue and vibration, often caused by resonance according to (Aeroengine Safety, 2020). (Kim, 2003) emphasises the importance of understanding loading conditions, material properties and operational environment. This is supported by (Aeroengine Safety, 2020) emphasising that a designer must consider operational wear and corrosion as well as the engine mounts manufacturing process such as casting, forging or billet which have their own characterised properties. [bookmark: _Ref57052598]Figure 10: Engine Mount Loading

The extreme loading emphasis the importance of correct and adequate component design, especially when safety of the passengers is essential. (CAA, 2020) emphasises an average fatality rate of one in 287 million UK passengers which is reflected in the aviation industry having the highest level of safety requirements and regulatory oversight. As a comparison, (CAA, 2020) compares to a probably of one in 19 million of being struck by lightening in the UK.  
However, miscalculation do occur as witnessed by an airworthiness directive that orders mandatory inspection and replacement of defective engine mounts with a revised design to enforce a safety failure because cracking could form from fatigue and cause engine separation from the aircraft according to both (FAA, 1995) and (Aeroengine Safety, 2020). 

[bookmark: _Toc57407411]Engine Mount Material 
According to (Tech, 2020) the majority of engine mounts are manufactured from stainless steel as shown in Figure 11. (Aalco, 2005) highlights that stainless steel is a ductile material, where ductility is the measure is percentage of the elongation before fracture during a tensile test. Hence stainless steel has a high elongation. [bookmark: _Ref57055521]Figure 11: Stainless Steel Engine Mount



According to (Harish, 2020), material failure occurs at the ‘onset’ of plastic deformation and thus when the normal stress reaches the yield stress. A triaxial stress state can have stresses that cause (1) change in volume (hydrostatic) and (2) shape distortion (deviatoric) as described by (NPTEL, 2009). 
Refer to Appendix 4 for an understanding of hydrostatic and deviatoric stress. 
(Efficient Engineer, 2020) suggests there are no shear stresses for a hydrostatic stress configuration, so this component can be very large but will not contribute to yielding. This supports (Hearn, 1997) statement of a ‘truly homogenous material’ having the ability to withstand high hydrostatic pressures without failure, hence maximum direct stress alone will not ‘constitute as a valid failure criterion for all loading conditions’.  
Refer to Appendix 5 for comparison of brittle to ductile material characteristics. 


[bookmark: _Toc57407412]Why is von Mises the most suitable theory of elastic failure? 
To understand the most suitable failure theory, it is important to understand the limitations. Firstly, (Hearn, 1997) highlights that the theories assume failure under elastic loading conditions and compares against the yielding of a uniaxial test, as suggested in section one of the assignment. Also, highlights that the loading conditions of the component in service must be relatable to the simple uniaxial test, otherwise these theories will not be adequate. Loading conditions such as ‘fatigue, creep, bucking and impact’ are not suitable conditions. Therefore, for the engine mount application, the applied theories will be used to analyse the static loading of such engine mounts when under the weight of gravity. Hence, (Hearn, 1997) suggests the importance of conducting ‘design tests’ to near service conditions if there is uncertainty in the failure theories, as (Zuo, 2020) suggests the failure theories are only estimations. In this case, an engine mounts is a critical component and would require rigorous testing suggests (NTS, n.d.). 
(Hearn, 1997) suggests von Mises is the most accurate failure theory for ductile materials and thus should be used for the engine mount application, especially because von Mises is considered to be the most ‘reliable and relevant theory’. However, (Kuang-Hua, 2015) does note Tresca can be preferred within industry mainly due to its simplicity and conservative approach.  
Even though stress concentrations such as corrosion, nicks, galling, etc. affects fatigue and impact loading more seriously, (Hearn, 1997) does emphasis stress concentration consideration for static loading albeit relatively ‘unimportant’ because yielding will just occur at this point. Operation in cold temperatures (such as Russia that can witness -40 degrees C during winter according to (Weather Atlas, n.d.) which would expose aircrafts parked on the flight lines) or if the designer selected a less ductile material the possibility of ‘brittle failure’ becomes more probable. (UNSW, 2020) suggest in any case, it is good practice to minimise the stress concentration factor where possible. 
The designer will have to consider the material characteristics from a manufacturing process, where casted components can produce flaws and impurities suggests (Hearn, 1997). Hence why (Baker, 2004) infers a 100% final quality inspection rate at manufacturing bi-off via NDT methods is sometimes required. 
(Surhone, 2010) does suggest von Mises to be estimations, where an attempt is made to forecast the service stress conditions of a component. (Gate Academy, 2015) highlights analysing complex designs using the failure theories can be time ‘consuming and expensive’, where (Hearn, 1997) suggest the best result will only represent a ‘reasonable’ estimation of the maximum stress witnessed in service. 
(Hearn, 1997) also notes the perfect application for a failure theory rarely exists, so there are some inaccuracies and assumptions, such as if a designer is considering a static condition, then this may not always be the case if the ‘operators misuse’ the product. In the case of the engine mount, the principle would be similar to the application of increased stress on landing gear as suggested by (Mouritz, 2012) where the loading condition of the engine mount on an extremely hard landing of an aircraft, impact landing, can lead result in the weight of the engine turning into dynamic loading, significantly increasing the maximum stress.
Additionally, the use of the failure theory assumes an ‘homogeneous and isotropic’ material properties, therefore having equal strengths throughout the component suggest (Hearn, 1997). In reality, most material have inclusions that will leave to a stress concentration.   
Also, the failure theory and thus the designer assumes optimised assembly methods that do not inflect damage, resulting in residual stresses if the component is strained beyond the elastic limit. For example, the operator assembling the engine mount could have over torqued the fixture bolt, leading to damage to mounting brackets, flanges and the bolts themselves exceeding the ultimate tensile strength as suggested by (Swansea University, n.d.). Therefore, (CAA, 2020) suggests why the aerospace industry is so heavy regulated, where a fitter assembling a critical component must have an inspector present to cross stamp the fitters work. 
However, (Hearn, 1997) does suggest the elastic design procedure should utilise factors of safety to account for variations in material properties, estimated loading and fixing conditions and component behaviours used within the failure theory. (Qu, 2016) supports this by stating that there are assumptions that are made when calculating point of failure as described above. 
However, for static loading von Mises is recommended as stated by (Hearn, 1997). Supporting this statement, (Kerns, 2016) suggests understanding material properties and component loading will direct the designer to use the correct failure theory for correct type of stress application.  (Kerns, 2016) also provides a decision tree (Figure 12) to aid the selection of the correct failure theory, and highlights there are multiple routes to select the correct theory and theories can be used in conjunction to resolve complex problems. Hence, for static loading with a ductile material and biaxial loading then either Maximum Shear or Distortion Energy can be used. 
[bookmark: _Ref56962731]Figure 12: Failure Theory Decision Tree













In summary, reality is that the engine mount will undergo dynamic loading conditions which demands additional functionalities captured within alternative methods such as the X-FEM method as suggested by (Hiermaier, 2018). (Yazid, 2009) supports the use of X-FEM for extended computational fracture mechanics, stating the advantage is that the surface topology does not need to conform to the surface of cracks and can be coupled with LSM to produce engineering solutions to complex problems which were previously ‘practically impossible’ to solve with the standard FEM. 
 

3. [bookmark: _Toc57407413]Summary of ‘Design and FEA of an Automotive Clutch Assembly’ Report

The paper by (Purohit, 2014) investigates the use of von Mises for the designing of an automotive clutch assembly, providing supporting evidence to section two of this assignment. For the Finite Element Analysis, ‘ANSYS’ was used to analyse static conditions of an assembly consisting of a clutch plate, pressure plate and diaphragm spring. (Purohit, 2014) relates to the assignment discussion by understanding equivalent stress, deformation, and factors of safety and thus von Mises for ductile materials.  
[bookmark: _Toc57407414]Finite Element Analysis and Deformation
(Purohit, 2014) states FEA to be a widely accepted engineering analysis computational tool. (Purohit, 2014) suggests fixing a component correctly with the analysis, but does highlight these fixed locations will act as rigid surfaces and thus show no deformation relative to the original location.  In reality (Dassault Systems, 2016) suggests that there would be distortion to the engine mount supports under extreme loading. As such, the results within the FEA study can produce inaccurate and unrealistic results. Hence, (Grieve, 2014) suggest that FEA is an estimation and should be used with care, where unrealistic analysis conditions will produce unrealistic results. 
(Purohit, 2014) does highlight a limitation of von Mises not being able define the status of the stress at a point, but instead enables adequate assessment to the safety of the design for majority of ductile materials. (Purohit, 2014) uses von Mises criterion to understand the factor of safety at different points, understanding when a material starts to yield because the ‘equivalent stresses reaches the yield strength of the material’. 
(Purohit, 2014) is able to include additional details where von Mises stress has no direction, which is unlike a stressed component. Von Mises can be used in the designing of an gas turbine engine because an arbitrary triaxial stress state can be represented as a single stress value. 

[bookmark: _Toc57407415]Factor of Safety
As per (Hearn, 1997), (Purohit, 2014) also suggests von Mises is commonly supported by simulation packages and is considered the most appropriate failure theory for ductile materials such as steel, brass and aluminium; a material having similar properties to the discussed engine mount. 
The goal during designing is to limit the ‘maximum equivalent stress to be less than the yield strength of the material’. Hence failure is defined as material yielding. 
Therefore (Purohit, 2014) failure states: 

Hence the design goal to prevent failure for the Engine Mount: 

However, as described by (Hearn, 1997) the operation of materials within cold temperatures, could cause fracture instead of yielding due to the reduced ductility. Therefore, (Purohit, 2014) suggests the less common definition stating fracture occurs when the ‘maximum equivalent stress reaches the ultimate material strength’,   As such: 


Hence, to calculate and understand the factor of safety:

As a result, (Purohit, 2014) suggests that the engine mount design can be optimised within the simulation. It is recommended that this is a continuous improvement process. However, (Hearn, 1997) suggests that you should not just rely on the theoretical results, but should conduct physical service run trials as described before, especially for critical safety parts. (Gulf, n.d.) suggests there are ‘no laybys in the sky’, resulting in the possibility of a fatality if failure occurs. Arguably, as discussed in section two, the probably of fatality is unlikely, but this is only due to optimised designs and a highly regulated industry suggests (CAA, 2020).
Additionally, (Purohit, 2014) highlights the importance to understanding the application of the design and the operational conditions. The papers discussion makes design considerations for the clutch assembly, possibly considering misuse for heavy race launches, and the normal operational conditions for maximised smooth clutch engagement. Therefore, an engine mount consideration for non-normal use should be made, where this maybe beyond a static analysis due to the additional weight/force during a landing of the aircraft. 
According to (Hammoud, 2013), a materials mechanical behaviour is ‘analysed based on conditions associated with particular states.’ For example, limits in compression, yield stress and post peak behaviour.   

[bookmark: _Toc57407416]Suggested steps to an FEA study
(Purohit, 2014) supported by (Lake, 2020) suggests proposed steps to follow for an FEA study:
· Divide model into small elements
· Physical Properties
· Material Properties 
· Geometry Data
· Environment (Loads and Supports)
· Evaluate Results
A known acronym used to capture the FEA methodology is ‘SIMPLE’ according to (Lake, 2020), which is a methodical order for conducting an analysis. (Dassault Systems, 2016) highlights post processing the results to be the most important of the analysis, where the time investment setting up the study would be wasted if the final results are misinterpreted. 
Firstly, it is possible to produce a numerical error when conducting a study where the ‘solver divides by zero’ resulting in an unrealistic high stress. (Lake, 2020) suggests a rigid body a unrealistic constraint will produce inaccurate local yielding. This could occur due to singularities from sharp corner, loads, restraints, contacts and zero-displacement fixtures. A technique known as ‘mesh-independent results’ can be used, performing the study with a different size mesh to identify consistency within the results. Additionally, (Dassault Systems, 2016) emphasises the need for common sense when interpreting FEA results because a study can produce ‘accurate values’ but be too large for real life. Thus, any stress above yield will violate the assumption of linear static equilibrium. It is recommended that results should be viewed with an ‘open mind’. The designer should perform a ‘nonlinear plastic study’ to fully understand plastic yielding. 
Secondly, (Dassault Systems, 2016) suggests care should be taken when interpreting the default von Mises stress colours, red and blue being the higher and lower stress values respectively, where the stresses are a scalar value greater than zero. However, stress types such as Normal Stress and Principle Stresses may have the significant stress results in compression and thus a negative integer that will be blue by default. 



[bookmark: _Toc57407417]Conclusion
Rankine, Tresca, Saint-Venant, Haigh and von Mises all assume equal strength in compression and tension, which emphaises an advantage of modified Mohr’s theory which attempts to account for additional compressive strengths of brittle materials suggests (Hearn, 1997). This highlights concern for materials such as ‘concrete, cast iron and soil’ which have vastly different charicteristics in compression compared to tension accordng to (Yao, 2017). (ISRM, 2020) observes the tesnile strength of rock material to be as low as 1/10 of the compressive strength due to propergation of existing microscopic cracks. Hence, Griffith Theory of Fracture would be more accurate because it introduces surface engergy at these cracks to define rapid propengation if ‘elastic strain energy’ is larger than ‘surface energy of the crack’ as decribed by (Hearn, 1997). Hence the ‘seriousness’ of such material in tesnion with respect to failure. 
[bookmark: _Hlk57366311]However, as a gas turbine engine mount is a ductile material, von Mises would be adequate to estimate the working stress which the designer should aim to reduce so ensure the material does not exceed the maximum stress suggests (Ekeeda, 2016). Also, (Ekeeda, 2016) suggests the limiting value of stress is the maximum stress (known as yield stress for ductile materials and ultimate stress for brittle materials) and the working stress for a ductile materials is shown by (Efficient Engineer, 2020) suggesting the ‘yield surface’ of each failure theory can be plotted to make a comparison. Where a ‘yield surface is the representation of a failure theory in the principle stress space’. 
As an improvement over the previously discussed failure theories, (Helwany, 2007) suggests modified Mohr’s Theory (Figure 13 by (Efficient Engineer, 2020)) interprets the difference between tensile and compressive ultimate strengths. (Efficient Engineer, 2020) states the theory is often used for brittle material and is sensitive to hydrostatic stresses, thus the triaxial envelope will converge to a point when extended along the hydrostatic axis. (Helwany, 2007) suggests the failure envelope is created with tangential lines relevant to both circle as shown within (Helwany, 2007).[bookmark: _Ref55847168]Figure 13: Mohr’s Circle at Failure








[bookmark: _Toc57407419]

Appendix
[bookmark: _Ref57374226]Appendix 1: Common Theories of Elastic Failure
(Hearn, 1997) summarises the theories of elastic failure and also highlights the relative criterion within Figure 14. As suggested by (Kerns, 2016), it is important to understand that each theory will work best for different conditions; not all theories will work for ductile materials and vice versa. Also, (Kerns, 2016) notes using the wrong failure theory could lead to an inadequate design by either an incorrect stress calculation or poor design optimisation, thus possibly resulting in reduced business and sales opportunity.   
[bookmark: _Ref57408417]Figure 14: Six different failure theories




[bookmark: _Ref57242925]









[bookmark: _Ref57375360]Appendix 2: Basic Forms of Stress 
Both (NPTEL, 2009) and (Amir, 2015) suggests stress to be force per unit area and only two basic forms of stress exist, (1) normal stress and (2) shear stress; where other forms of stress are a combination of these basic stresses. (Amir, 2015) states a perpendicular force to a components surface exerts a normal stress and a parallel force to the components surface exerts a shear stress. (NPTEL, 2009) provides an example where bending stress is a combination of tensile, compressive and shear stresses as well as torsional stress being a form of shear stress.

[bookmark: _Ref57378076]

Appendix 3: Understanding Brittle Materials
(Swansea University, n.d.) states that brittle materials produce limited plastic flow. Once a crack is initiated, the propagation rate will be rapid leading to failure without warning. (Freiman, 2012) emphasises the crack propagation to be perpendicular to the applied stressed. (Swansea University, n.d.) emphasises two types of propagation, (1) tramsgranular and (2) intergranlar fractures as shown within Figure 15. 
[bookmark: _Ref57245500]Figure 15: Types of brittle factures

[bookmark: _Ref57401300]Appendix 4: Hydrostatic and Deviatoric Stress  [bookmark: _Ref57386356]Figure 16: Strain Energy, U

(NPTEL, 2009) suggests the importance of understanding strain energy which can be defined as the energy absorbed by a component during loading, thus strain will increase as load increase. In an ‘ideal’ scenario where no energy is lost through heat, strain energy, U is the internal work done by the load and thus the area under the load/elongation graph as shown in Figure 16. 
Thus, 			
A triaxial stress state consists of two main stress states being (1) distortional state of stress of deviation due to a deviatoric stress state,  and (2) strain energy due to hydrostatic state of strain, . Therefore: 

(NPTEL, 2009) and (Efficient Engineer, 2020) also states hydrostatic stresses are stresses acting on an object submerged in liquid that cause a change in volume
(Pattillo, 2018) suggests the hydrostatic component within a triaxial stress state is the average of the three principle stresses. Therefore: 

 (Harish, 2020) emphasis shear deformation to be the yielding mechanism for ductile materials; where shape distortion only causes yielding, thus known as deviatoric stresses. (Efficient Engineer, 2020) states the deviatoric component is ‘calculated by subtracting the hydrostatic component from each of the principle stresses’ as shown in Figure 17.[bookmark: _Ref55041705]Figure 17: Deviatoric Stress Component

The hydrostatic and deviatoric components can be expressed as matrices using the principle stresses, hence (Efficient Engineer, 2020) presents Figure 18.[bookmark: _Ref55041819]Figure 18: Matrix form hydrostatic and deviatoric stress


According to (Efficient Engineer, 2020) Mohr’s Circle can be used to understand the hydrostatic and deviatoric torque components of a triaxial stress state as shown in Figure 19. Mohr’s Circle can be reduced to a single point for a hydrostatic stress configuration as there are no shear stresses. This point will be the average of the three principle stresses. [bookmark: _Ref55240483]Figure 19: Increasing Hydrostatic Component in Mohr’s Circle

(Efficient Engineer, 2020) also infers shifting Mohr’s circle along the stress axis results in an increase in the hydrostatic component. If the radius of Mohr’s Circle increases without the average stress increasing, then there will be an increase in the deviatoric component.  Therefore, as failure of ductile materials only ‘depends’ on the deviatoric component, a ‘good failure theory’ for ductile materials should produce consistent result regardless the location of Mohr’s Circle along the stress axis. Hence, Rankine ‘is not consistent with the observations that yielding is independent of hydrostatic stress and is not good theory for ductile materials’. However, both ‘Tresca and von Mises failure criteria are consistent with this observation’.

[bookmark: _Ref57247126]Appendix 5: Ductile vs Brittle Materials
To aid the comparison, the table below shows a material characteristics comparison according to (Swansea University, n.d.). (Ekeeda, 2016) infers failure of brittle materials occurs at fracture when the normal stress within a component reaches the ultimate strength, hence a characteristic of brittle materials which fails without warning.

	
	Ductile 
	Brittle

	Fracture Stress
	Greater than yield strength
	Lower than yield strength

	Energy Absorption
	High
	Low

	Nature of Fracture
	Necking, rough fracture surface, linking up of cavities
	No necking, shiny granular surface, cleavage or intergranular

	Type of Material
	Metals
	Ceramics, glasses

	Crack Propagation
	Slow
	Fast

	Nature of Failure
	Plastic deformation warning, less catastrophic
	Little deformation, more catastrophic
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Fig. 15.6. Maximum shear stress failure envelope.
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Fig. 15.6. Maximum shear stress failure envelope.
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