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[bookmark: _Toc216266661][bookmark: _Toc225003681]1. Introduction
The internal combustion engine remains fundamental to automotive and motorsport applications, where performance and reliability depend on the mechanical integrity of key components. Critical bottom-end components (Tawil, 1997), including the connecting rod, gudgeon pin and connecting rod bolts, are subjected to complex cyclic loading from combustion pressure and inertial forces. Understanding the magnitude and distribution of these forces is essential to ensure durability, prevent failure, and optimise weight and strength in high-performance applications (Henrik Peterson, 2026).
The Ford 1.6 GTDI engine was used as a representative platform to evaluate component behaviour under realistic loading conditions. By combining in-cylinder pressure data with calculated piston kinematics, instantaneous forces throughout the engine cycle were determined. These forces were converted into stresses and analysed using fatigue methods, including the Goodman approach, to assess safety factors and identify potential failure points. Evaluating these across a range of engine speeds highlights the increasing influence of inertial loading on component life.
This report presents an analytical assessment of the engine’s bottom-end components, focusing on forces, stresses and fatigue safety factors at standard operating speeds, before extending the analysis to 9000 rpm using interpolation. Additional torque analysis and force trends provide further insight into operational limits and identify the components most susceptible to failure, supporting improved design and material selection.

The objectives of this report are therefore: 
1. Calculate forces acting on the critical components using pressure data and calculated engine kinematics. 
2. Determine the stresses and evaluate the fatigue safety factors under the cyclic loading conditions. 
3. Examine the influence of increasing engine speeds on component stresses and the relevant safety margins. 
4. Provide a basis for engineering recommendations, including potential redesign strategies to maintain reliability and optimise component performance under increased loading conditions. 
Combing the analytical calculations and the visualisations of forces, stresses and safety factors, this report aims to provide a solid and robust understanding of the behaviour of the critical engine components under dynamic conditions and to inform design considerations. 

[bookmark: _Toc216266663][bookmark: _Toc225003683]2 Methodology
[bookmark: _Toc225003684]2.1 Engine Data and Assumptions
2.1.1 Engine Parameters and assumptions 
Key geometric parameters for the Ford 1.6 GDTI were used in this analysis including bore, stroke, crank radius and connecting rod length, The reciprocating mass of this assembly was also considered to calculate and evaluate inertial forces. 
Several assumptions were made to simplify the first principles approach: 
1. The component used were treated as rigid bodies. 
2. Frictional effects, thermal expansion and damping were neglected. 
3. The loading forces were axial along the main axis of motion with the inertial forces considered as linear. 
4. Bolt preload and stiffness were incorporated for the connecting rod bolts 
These assumptions allow a balance between accuracy and computational efficiency, providing a realistic estimation of associated forces and stresses while remaining suitable for analytical evaluations.  
2.1.2 Piston Kinematics 
The piston displacement as a function of crank angle was calculated using the standard crank-slider relationship:
[bookmark: _Toc225094136][bookmark: _Toc225107135]Equation 1 is used to calculate piston displacement (s)
where is the crank radius, is the connecting rod length, and is the crank angle.
From this displacement, the piston velocity and acceleration were determined numerically using central finite differences:
[bookmark: _Toc225094137][bookmark: _Toc225107136]Equation 2 is used to calculate piston velocity and piston acceleration (v), (a)
This approach ensures consistency between displacement, velocity, and acceleration for the calculation of inertial forces.
2.1.3 [bookmark: _Toc225003685]Force Analysis
The total force experience by each component is calculated by combining the equations below: 
1. Gas force, calculated from the in-cylinder pressures supplied in an excel document:
Equation 3 shows the relationship between pressure and piston area.
2. Inertial force, arising from the acceleration on the reciprocating mass of the components: 

[bookmark: _Toc225094139][bookmark: _Toc225107138]Equation 4 is used to calculate the inertial force on the internal components.

Net force then becomes: 
Equation 5 denotes the total force on the engine components.
2.1.4. Component Force Distribution 
The connecting rod, gudgeon pin and conrod bolts were assumed to be distinct load-bearing components: 
· Connecting rod force: This was calculated by resolving the total piston force along the rod axis using the crank angle and rod geometry 
· Gudgeon pin force: Was assumed to be equal to the connecting rod force at the pin interface. 
· Bolt force: This was then calculated by combining the preload experienced and the proportion of tensile force, then accounting for the joint stiffness. 
2.2 [bookmark: _Toc225003686]Stress and Fatigue Analysis
2.2.1 Stress calculations 
The axial stress in each of the components was calculated through the division of the applied forces against the cross-sectional area of each respective component. 
[bookmark: _Toc225094141][bookmark: _Toc225107140]Equation 6 shows the calculation of stress.
Where necessary, the value of tensile stress and compressive stresses was used to evaluate the range of cyclic loading. Incorporating preload and dynamic tensile forces ensure a realistic stress estimation for the connecting rod bolts. 
2.2.2 Fatigue Analysis 
Fatigue behaviour was assessed using Goodman theory, which considers both mean and alternating stresses (R. Budynas, 2015): 
[bookmark: _Toc225094142][bookmark: _Toc225107141]Equation 7 shows the goodman equation.
Where:
· = alternating stress 
· = mean stress 
· = endurance limit 
· = ultimate tensile strength 
The alternating and mean stresses for each component were determined from the max and minimum values over the whole engine cycle. This approached allowed for calculation of the component specific fatigue safety factors and the identification of the critical components most likely to fail under loading. 
2.2.3 Multi RPM analysis 
To evaluate the behaviour across the full operating range an rpm sweep from 1000 to 6000 RPM was conducted using the pressure columns given in the datasheet. For each RPM: 
· Piston kinematics and forces were calculated
· Stresses and fatigue safety factors were determined 
· Maximum gas and inertial forces were calculated to assess loading trends 
This method allowed the identification of critical engine speeds where component safety factors were compromised.
2.2.4 Visualization and Data interpretation 
Graphical analysis was used to support this interpretation: 
· Pressure vs crank angle was used to validate input data 
 
[image: ]
[bookmark: _Toc225094233][bookmark: _Toc225107110]Figure 1 shows the pressure vs crank angle results for the full rpm sweep.









· [image: ]Component forces vs crank angle 
[bookmark: _Toc225094234][bookmark: _Toc225107111]Figure 2 shows the conrod forces experienced over the crank angle for the rpm sweep.
· [image: ]Gas and inertial forces experienced against crank angle [bookmark: _Toc225094235][bookmark: _Toc225107112]Figure 3 shows the gas and inertial forces against crank angle.




[bookmark: _Toc216266667][bookmark: _Toc225003687]3 Base Engine Results and Analysis 
[bookmark: _Toc216266668][bookmark: _Toc225003688]3.1 Cylinder Pressure and Force Analysis
The variation of in cylinder pressures against the crank angle can be seen in Figure 1 above. As expected, the pressure reaches its peak soon after top dead centre (TDC) during the combustion phase, before decreasing through the expansion stroke. The pressure profile governs the magnitude of the gas force applied to the piston during the cycle. 
[image: ]
[bookmark: _Toc225094236][bookmark: _Toc225107113]Figure 4 shows the gas and inertial force acting on the piston through the rpm sweep.
The resultant piston force shown in figure 4 above is the combination of the gas and inertial force acting on the piston. The gas force dominates during the compression and expansion strokes producing huge compressive loads, where inertial forces become increasingly significant at the higher rpm ranges (Taylor, 1985). This interaction between them results in alternating tensile and compressive loading on the components causing alternating stress through the system. 
The separation of these forces into tensile and compressive components highlights that the system goes through fully reversed loading, which is critical for fatigue analysis. Peak compressive forces occur shortly after combustion where the peak tensile forces are observed close to TDC due to the quick deceleration of the rotating components. 




[bookmark: _Toc216266669][bookmark: _Toc225003689]3.2 Stress distribution in Components
[image: ][image: ]The calculated stress variation in the connecting rod (seen in figure 2) pin (Figure 5) and conrod bolt (Figure 6). The connecting rod experiences the higher magnitude of the stress compared to the Gudgeon pin (Pulkrabek, 2014); this can be attributed to the stress exhibiting a direct load path between the piston and the crankshaft. The stress profiles all follow the same trend due to the nature of the cyclic loading with significant compressive stress during the combustion phase and tensile stress during the high-speed inertial phases. [bookmark: _Toc225094237][bookmark: _Toc225107114]Figure 5 shows the stress acting on the pin during the cycle.
[bookmark: _Toc225094238][bookmark: _Toc225107115]Figure 6 shows the stress acting on the conrod bolt.


[bookmark: _Toc216266670][bookmark: _Toc225003690]3.3 Fatigue Analysis
[image: ]The fatigue safety factors for each component were calculated using the Goodman theory, with results for the conrod summarised in figure 7 below. The connecting rod and Gudgeon pin have relatively high safety factors indicating that they are not likely to fail under normal loading conditions. 
[bookmark: _Toc225094239][bookmark: _Toc225107116]Figure 7 shots the safety factors visualised over the rpm ranges.

[image: ][bookmark: _Toc225094240][bookmark: _Toc225107117]Figure 8 shows the FS factor for the conrod bolt over the crank angle for each rpm range.



[image: ]As seen in the figures above, the connecting rod bolts have a lower FS value compared to the connecting rod and the Gudgeon pin, making them the critical component in this assembly, primarily due to the high mean stress from the preload and additional fluctuating stresses. The presence of high mean stresses on this component significantly reduces fatigue life according to goodman’s theory (A. Weinert, 2011). [bookmark: _Toc225094241][bookmark: _Toc225107118]Figure 9 shows the conrod fatigue safety factor against crank angle for each rpm range.

[image: ]The Goodmans diagrams, (Figures 10, 11, 12) illustrate this behaviour, showing that the operating conditions for this engine are deemed to be within acceptable lifetime expectancy, although the conrod bolt has an fatigue safety value the lies closer to the failure boundary, compared to the other components whereas the conrod and Gudgeon pin operate well within the safe region suggesting potential over design in these components. (P. Date, 2017)[bookmark: _Toc225094242][bookmark: _Toc225107119]Figure 10 shows the goodman diagram for the Conrod.

[image: ][image: ][bookmark: _Toc225094243][bookmark: _Toc225107120]Figure 11 shows the Goodman diagram for the Gudgeon pin.
[bookmark: _Toc225094244][bookmark: _Toc225107121]Figure 12 shows the Goodman diagram for the Conrod bolts.

The variation of safety factor for the connecting rod bolts is shown in Figure 9 above, the minimum safety factor occurs at the crank angles corresponding with the peak tensile stresses. Typically, near TDC during the exhaust and intake stroke, this is consistent with the dominant inertial forces at high engine speeds. These results highlight the importance of using the full cycle rather than just relying on peak pressures alone, while combustion produces the highest compressive loads, it is the inertial effects that can govern fatigue critical conditions. 



[bookmark: _Toc225003691]3.4 Critical Discussion  
[image: ]The connecting rod bolts were identified as the most critical component due to their exposure to high tensile loads and stress concentrations associated with threaded regions. Although the calculated safety factors indicate safe operation, the margin of safety may be reduced significantly under increased engine speeds. This can be seen in Figure 13 below. [bookmark: _Toc225094245][bookmark: _Toc225107122]Figure 13 shows the bolt safety factor against crank angle.

[image: ]The calculated P-V diagram (Figure 14) demonstrates the thermodynamic cycle that the engine undergoes, from which the work per cycle and IMEP (Indicated mean effective pressure) were calculated. The IMEP provides a useful measure of engine performance and is a visual way of determining the validity of the model. The IMEP represents the average pressure that would produce the same work output (Heywood, 2018).  [bookmark: _Toc225107123]Figure 14 shows the P-V diagram taken form the engine model.


[image: ]Torque and power figures were also calculated, with the multi cylinder torque profile showing a smoother distribution compared to the single cylinder case. [bookmark: _Toc225107124]Figure 15 shows the instantaneous torque produced by the engine.

[image: ]Across these analyses, the connecting rod bolts were identified to be the most critical component due to their consistently lower fatigue safety factor. This attributed to: [bookmark: _Toc225107125]Figure 16 shows the multi cylinder torque value over the engine cycle.

· High mean stress from the preload
· Superimposed fluctuating tensile loads
· Sensitivity to increasing inertial forces at higher rpms
In contrast to this, the connecting rod and Gudgeon pin show higher safety factors indicating that their design has been conservative, this can be attributed to failure of the connecting rod is considered to be catastrophic failure of the engine (J. Leon, 2015). This opens the possibility for weight reduction or material optimisation practices without potentially compromising safety. These results indicate that any design efforts should be focused on connecting rod bolt performance, either through increased cross-sectional area or improved material properties.  


























[bookmark: _Toc216266671][bookmark: _Toc225003692]4. High RPM Analysis
[bookmark: _Toc225003693]4.1 Extension to High Engine Speeds
To evaluate the performance of the engine components past its original operation range, this analysis was extended to 9000rpm, using interpolated pressure data from the given dataset. This represents a significant increase in engine speed compared to the baseline maximum of 6000 rpm, this allows the assessment of component behaviour under extreme operational conditions.
4.2 Influence of Inertial Forces at 9000rpm
At 9000 rpm, the inertial forces increase substantially due to their proportional relationship with angular velocity as seen in the equations below:
Equation 8 shows the mathematical relationship between Inertia and angular velocity.
A result of this is that inertial loading becomes a dominant contributor to total force acting on the components especially during the intake and exhaust strokes. This causes higher tensile stresses acting on the connecting rod compared to lower engine speeds. 
[image: ]The comparison of gas and inertial forces demonstrates that while gas forces remain relatively unchanged across the rpm range, the inertial forces increase dramatically, altering the loading regime of the engine components. [bookmark: _Toc225107126]Figure 17 shows the gas force and inertial force across the crank angle.








[image: ][bookmark: _Toc225107127]Figure 18 shows the gas force and inertial force across the rpm ranges.

[bookmark: _Toc225003694]4.3 Effects on Fatigue Safety Factor 
The increased inertial forces at 9000 rpm results in higher stress amplitudes across all the components while the connecting rod experiences higher tensile stress during rapid deceleration phases, the gudgeon pin shows a proportional increase in stress due to load transmission. 
[image: ]The calculated fatigue safety factors indicate a marked reduction compared to lower engine speeds. The connecting rod bolt decreases to its lowest overall level confirming that it remains the critical component under high-speed operation. [bookmark: _Toc225107128]Figure 19 shows the FS value calculated for the bolt across the rpm range and the rpm sweep.


[image: ][bookmark: _Toc225107129]Figure 20 shows the conrod safety factor against crank angle and rpm range.

[bookmark: _Toc225003695]4.4 Engineering Implications 
These results demonstrate that increasing engine speed has a significant impact on the component durability, primarily due to the dominance of inertial forces. The connecting rod bolts are again identified as the limiting factor, dropping below a value of 1 part 8000 rpm resulting in failure of the component. 
This has important implications for high performance engines and applications where engines are frequently operated at elevated rpm. To ensure reliability modifications may be required such as increasing bolt cross sectional area or using higher strength materials. 
4.5 Summary 
This extension to 9000 rpm confirms that: 
· Inertial forces dominate at higher engine speeds. 
· Stress amplitudes increase significantly.
· Fatigue safety factors decrease significantly especially for the connecting rod bolt. 
These results highlight the importance of considering high speed operation during the design phase and provide the basis for targeted component optimisation. 







5 Redesign of Conrod Bolts 
5.1 Design Objective 
Following the analysis conducted in part 1 and 2, the connecting rod bolts were identified as the critical component due to their consistently lower Fatigue safety factor, particularly at elevated engine speeds. At 9000rpm the safety factor falls below the acceptable limit indicating a high risk of failure under sustained operation. The objective of this redesign is to modify the bolt geometry to achieve a minimum fatigue safety factor of 1 at 9000 rpm ensuring reliable performance. 
5.2 Proposed Modifications 
To improve fatigue performance, the bolt cross-sectional area was increased, this approached reduces the stress experienced by the bolt according to the below equation: 
[bookmark: _Toc225107143]Equation 9 shows the relationship between stress and the force applied to the area.
[image: ]The calculated results show that the original cross-sectional area of 42.43mm^2 was insufficient for safe operation past 6000 rpm. The redesigned bolt was calculated to require 46mm^2 cross sectional area in order to achieve a fatigue safety factor of 1.01 minimum. [bookmark: _Toc225107130]Figure 21 shows the fatigue safety factor of the improved conrod bolt

Using the updated bolt geometry, the fatigue safety factor was recalculated under 9000 RPM conditions. The results show that the redesigned bolt achieves a safety factor greater than 1.5, satisfying the design requirement. The increase in diameter effectively reduces stress amplitude and mean stress, shifting the operating point further away from the failure boundary.






[bookmark: _Toc216266672][bookmark: _Toc225003696]6. Crankshaft Torque Comparison 
[bookmark: _Toc216266673][bookmark: _Toc225003697]6.1 Standard Crankshaft Configuration 
[image: ]The instantaneous crankshaft torque was calculated from the total force using the crank slider kinematics, accounting for both motion effects. The resulting torque profile varies over the cycle with peak torque occurring just after top dead centre during the expansion stroke and the negative torque is present during compression where energy is required to compress the air fuel mixture. When this is phased over a multi cylinder configuration, the combined torque output becomes smoother but still exhibits noticeable fluctuations.[bookmark: _Toc225107131]Figure 22 shows the crankshaft torque on the flat plane crankshaft.

[bookmark: _Toc216266674][bookmark: _Toc225003698]6.2 Cross-Plane Configuration (2632)
[image: ]The cross-plane configuration was modelled by introducing 90° phase shifts between cylinder contributions. This redistributes torque evenly across the cycle. Although peak torque remains similar, the overall fluctuation is reduced and the torque ripple amplitude decreases. This results in smoother torque delivery but introduces higher rotational inertia and increased mechanical complexity.[bookmark: _Toc225107132]Figure 23 shows the cross-plane torque figures across the crank angle cycle.

[bookmark: _Toc216266675][bookmark: _Toc225003699]6.3 Comparative Discussion 
[image: ][image: ]The standard crankshaft provides higher responsiveness but produces greater torque fluctuation, leading to increased vibration. In contrast, the cross-plane configuration significantly improves torque smoothness by reducing ripple, enhancing durability and drivability.[bookmark: _Toc225107133]Figure 24 shows the torque comparison between the flat-plane and cross-plane crankshafts.
[bookmark: _Toc225107134]Figure 25 shows the torque ripple comparison between the two crankshafts.

Overall, the cross-plane crank shaft reduces the torque variation by 16.9% compared to the flat plane crank improving smoothness of the engine and allowing for better reliability. 





[bookmark: _Toc216266677][bookmark: _Toc225003700]7. Conclusion 
This study analysed the dynamic behaviour of engine components using cylinder pressures and piston kinematics. Gas forces dominate during combustion whereas inertial forces increase with engine speed. Stress analysis showed the connecting rod experience higher loads; however, the fatigue analysis determined the conrod bolts as the most critical component due to preload and fluctuating tensile stress. The goodman criterion showed that fatigue safety factors decrease with increasing speed, particularly at 9000 rpm where inertial effects dominate.
Torque analysis demonstrated that crankshaft configuration significantly affects performance. The standard configuration produced greater torque fluctuations, while the cross-plane setup reduced torque ripple and improved smoothness, highlighting a trade-off between performance and refinement.
Overall, the results emphasise the importance of dynamic loading and fatigue in engine design. Although simplifying assumptions such as neglecting thermal effects and friction may affect accuracy, the analysis identifies critical components and operating limits, providing useful insight into engine durability and performance.
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