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[bookmark: _Toc225087494]Introduction
The structural integrity of internal combustion engine components is critical to an engines durability, particularly as engine speeds and cylinder pressures increase. Components such as the connecting rod, gudgeon pin, and connecting rod bolts are subjected to cyclic loading generated by both combustion pressures and reciprocating inertial forces. These loads produce significant alternating stresses that may lead to fatigue failure if components are not appropriately designed. Consequently, accurate assessment of these forces and the resulting stresses is essential for evaluating component reliability and identifying potential opportunities for mass and performance optimisation. 
This report analyses the forces generated within the Ford 1.6 GDTI engine, which is a direct injection turbocharged engine, and evaluates the resulting stresses in the key bottom end components. Fatigue safety factors (FSF) are determined using Goodman diagrams to analyse whether components exhibit appropriate design margins or evidence of over-engineering. Emphasis has been placed on the connecting rod bolts, as these components experience high tensile loads and are commonly the limiting factor in high engine speed operation. The study investigates the effects of increasing engine speed, which is commonly required when engines are used in a motorsport application. The report also investigates the effects on component fatigue behaviour and explores what potential redesign methods could be considered. Finally, crankshaft torque characteristics are compared for flat plane and cross plane configurations to evaluate their suitability for different applications. 


[bookmark: _Toc225087495]Combustion Engine Fundamentals
Combustion pressure within the cylinder acts on the piston crown, generating a force that is transmitted through the piston to the gudgeon pin and into the connecting rod. The connecting rod then transfers this load to the crankshaft, where it is converted into rotational motion. The magnitude of this force can be determined by multiplying the cylinder pressure by the piston crown area, allowing the combustion gas force acting on the piston to be calculated throughout the engine cycle. Which can be defined as:

Equation 1
During the combustion stroke, the expanding gases generate a force that drives the piston downward and produces a torque on the crankshaft. Meanwhile, pistons in the cylinders which are not on the combustion stroke continue to accelerate and decelerate, generating inertia forces that contribute to the overall crankshaft loading. This can be defined as:

Equation 2
These forces combined generate the force which acts upon the crankshaft to generate torque. Which can be defined as one of two equations dependant on whether the force is compressive or tensile:


Equation 3
Equation 4


[bookmark: _Toc225087496]Connecting Rod
The connecting rod experiences tensile forces generated by the reciprocating mass and compressive forces due to the combustion pressure.  These forces are combined to obtain the total force that the rod will experience. The midpoint of the connecting rod was selected for analysis as this location represents the axial loading within the rod avoiding localised stress concentrations present at the small and big end fillets. 
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Figure 1: Goodman Diagram for Connecting Rod Centerpoint
The Goodman analysis diagram is used to determine the fatigue safety factor (FSF). (Figure 1). The minimum stress calculated was -206 MPa and maximum stress was 30.3 MPa. This shows that the compressive combustion forces have a greater influence than the tensile inertia forces. The actual stress range operates well within the bounds of the endurance limit and ultimate tensile strength (UTS). The FSF of 4.14 shows that the component is likely over-engineered for the analysed operating conditions, although this analysis assumes ideal combustion events and does not account for stress concentrations caused by the manufacturing process or the geometric features, which would reduce the effective FSF. As the Ford 1.6GDTi is a mass production engine, the component design is not only driven by performance and weight but also manufacturability and cost, which would contribute to the high FSF. 



[bookmark: _Toc225087497]Gudgeon Pin 
The gudgeon pin is subject to bending forces as the piston connects at either end of the pin, which applies force axially to the connecting rod. The connecting rod is attached to the center of the pin which is applying force in the opposing direction. During the combustion stroke, the underside of the pin will be placed in compression, and the topside of the pin will be placed in tension, the forces will act in the opposing direction under inertia force. 
The actual stress range lies within the boundaries which are defined by the ultimate tensile strength and material endurance limits, with an FSF of 3.14 (Figure 2). This indicates that the gudgeon pin could be designed differently to be optimised further, but as mentioned for the connecting rod, the analysis is based on ideal combustion conditions and does not account for detonation or knock which would put the pin under increased force. 
In addition, stress concentrations occur at the interface between the piston and the gudgeon pin due to the change in load path and contact stresses. These localised stresses can significantly reduce fatigue life and are therefore an important consideration when evaluating the true FSF of the component.
When the gudgeon pin is manufactured it is possible to alter the material properties slightly by introducing a surface finishing technique. A commonly used surface finishing method for gudgeon pins is nitriding. Nitriding is a type of case hardening process. The process introduces nitrogen atoms into the surface layer of the steel by placing the component in a nitrogen rich environment at relatively low temperatures (below the austenitisation temperature) to form a hard nitride layer on the surface of the component. Nitriding has excellent wear resistance characteristics which is favourable when designing an engine and has an improved fatigue resistance to the standard steel component before treatment. (Sild.S 12/06/2023) After applying a reduction in stress caused by the surface pressure of the nitriding process the FSF of the gudgeon pin increased to 3.36.
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Figure 2: Goodman Diagram for Gudgeon Pin


[bookmark: _Toc225087498]Connecting Rod Bolt
The connecting rod bolt is responsible for attaching the connecting rod cap to the main body of the connecting rod. The rod bolt is torqued to the manufacturers specification to ensure sufficient clamping force and ensure correct bearing clearance. This places the bolt under constant axial stress and causes the bolt to stretch. The bolts primarily experience high tensile loads caused by inertial forces of the reciprocating mass. At higher engine speeds the rapid acceleration and deceleration of the piston generate large inertial forces that attempt to separate the rod cap from the connecting rod. The threads of the bolt create a stress concentration region which must be taken into consideration when calculating the FSF. 
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Figure 3: Goodman Diagram for the Connecting Rod Bolt at 6000 RPM
The Goodman diagram shows the FSF of the standard bolt at 6000 RPM is 2.4. (Figure 3) This was calculated without taking into consideration combustion gas forces. Calculating the FSF without considering gas forces allows the analysis to focus on the worst-case loading scenario dominated by inertia forces, as combustion pressures may vary between cycles. The FSF of 2.4 shows that the bolt will be able to withstand the loads at standard operating conditions at 6000rpm although the bolt can be further optimised for performance and weight. Similarly to the other components, as this is a mass production engine the design specification must balance, cost, manufacturability and performance.  
Production car engines are often adapted for use in motorsport applications, where the maximum engine speed is frequently increased. This assessment investigates the engine speeds up to 9000 RPM. 
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Figure 4: Goodman Diagram for Connecting Rod Bolt at 9000RPM
As shown in figure 4, the maximum stress has increased by 58.7MPa when the engine speed was extrapolated to 9000RPM, with the FSF dropping to 1.01. Which when considering factors such as stress concentrations from manufacturing, and spikes in combustion pressures, this would realistically result in a FSF lower than 1, resulting in the bolt failing through fatigue.


[bookmark: _Toc225087499]Bolt geometry redesign
The original connecting rod bolt geometry was modified to incorporate a wasted shank design, advised by MALHE, (Mahle, 2016) this is where the shank diameter is reduced relative to the threaded section. In the original configuration the largest stress concentrations typically occur at the second engaged thread as the threaded section has a smaller effective cross-sectional area. Under cyclic loading this results in a non-uniform stress distribution where the threaded portion experiences higher stresses than the bolt shank, increasing the likelihood of fatigue crack initiation in this area. 
To address this issue, the diameter of the shanked portion of the bolt was reduced to ensure that most of the elastic deformation occurs in this region. This is beneficial as there will be significantly fewer stress concentrations for fatigue crack initiation. By allowing controlled elastic deformation within the shank, the load distribution along the bolt becomes more uniform, reducing the stress experienced at the thread roots. The wasted shank was designed to be smaller than the root diameter of the threads, this will ensure that the shank section becomes the most compliant section of the bolt. After this design was analysed and implemented the FSF was calculated to be 2.40. This is due to the stiffness of the bolt being decreased resulting in a more uniform stress distribution meaning it is less likely to fail through fatigue.
Although the improved bolt has an FSF of 2.4, unpredictable combustion events and manufacturing defects could reduce this close to failure range. To further improve the design of the bolt, different materials have been explored. ARP are a manufacturer of fasteners for engine components, who specialise in the high performance engine industry. A selection of their fastener materials were implemented, all ARP engine fasteners are manufactured with rolled threads. Often standard fasteners are manufactured with cut threads, this is where a die is used and material is removed to create threads. Rolled threads is a process where the material is drawn through a die and the material is deformed plastically to create the threads. This is done through a cold forming process which preserves and enhances the materials internal structure, as the grains are not cut instead they are reorganised to allow the material to conform to the contour of the threads. (Fasten.one 13/10/2025).
8740 Chrome Moly is considered a moderate strength alloy with a Youngs Modulus of Elasticity of between 180,000Psi and 210,000psi. Which is similar to the standard bolt used by Ford but has a UTS of approximately 1310MPa (AZO Materials) which is around 30% higher than the standard bolt which increased the FSF to 5.63. The increase in UTS for standard 8740 Chrome moly is around 694MPa, this shows how large of an effect the rolled threads have on increasing the tensile strength of the material. Although this material increases the FSF of the bolt substantially even beyond the required amount, to investigate further if the engine was developed to use different fuels and increased forces, higher strength materials were investigated. One of the highest strength materials that ARP Fasteners offer is a superalloy named Custom Age 625 Plus. This has a UTS of between 260,000 to 280,000psi and a Youngs modulus of elasticity of 206,842Mpa. This resulted in an FSF of 8.34, indicating that the component would be significantly over designed for the expected load conditions. Although the material offers very high strength, its cost is approximately four times higher compared to the 8740 Chrome Moly.
Bolt extension must be considered when redesigning connecting rod bolts, as the preload applied during tightening affects the clamping force acting on the big end bearing. Correct bearing clearance is critical for maintaining an adequate oil film thickness between the crankshaft and bearing surfaces. If the clearance becomes too large, the oil film may become unstable causing bearing wear and engine damage. 
The standard Ford bolt design produced a bolt extension of 15.8µm, while the redesigned bolt produced an extension of 17.2µm. As the exact bearing clearance is unknown, it is assumed that the original engine operates within the manufacturer specific tolerances. Mahle state that reduced bearing clearance can improve the load distribution, as elastic deformation of the crankshaft journal identically matches the bearing curve, reducing peak oil film thickness. Figure 5 from Mahle indicates that the lowest peak oil film thickness occurs within bearing clearances of between 15 µm and 25 µm. Assuming the original clearance lies within this range, the increased bolt extension of the wasted shank design would maintain an acceptable bearing clearance and therefore provide sufficient clamping force without compromising lubrication. (Mahle, 2016)
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Figure 5: Mahle Graph to show Peak Oil Film Pressure vs Bearing Clearance.
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Torque generation is a fundamental performance characteristic of an internal combustion engine as it represents the rotational force produced at the crankshaft. Crankshafts come in different forms dependant on the engines geometry and use case, in this report the two crankshafts are based on an inline 4 engine. One being a flat-plane crankshaft and the other being a cross-plane crankshaft. 
[bookmark: _Toc225087501]Flat Plane Crankshaft
A Flat-plane four-cylinder crankshaft has cylinders 1 and 4 aligned, then cylinders 2 and 3 aligned. Flat plane crankshafts generate large inertia torques with high frequency vibrations as engine speeds increase. They are often paired with heavy flywheels to balance the engine. Figure 6 shows the flat plane crankshaft inertia torques for each cylinder then the combined crankshaft torque. The graph shows the large inertia torques and the pairings of cylinders 1 and 4 and cylinders 2 and 3. 
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Figure 6: Flat Plane Inertia Torques
[bookmark: _Toc225087502]Cross Plane Crankshafts
A cross-plane crankshaft does not have any cylinders aligned with an offset of 90 degrees between each cylinder, meaning that each piston is at TDC at different crank angles. This improves the balance of the engine but generates uneven firing intervals which lead to irregular torque delivery and increased torsional vibrations, which effect the smoothness and drivability, which is why they are less often used in production car engines. Cross-plane crankshafts also require larger counterweights which means that the crankshaft mass increases, in turn increasing the rotational inertia. Cross plane crankshafts are mainly found in high performance engines where smoothness and drivability is less important than torque delivery. Figure 7 shows the smaller crank inertia torques and the unbalanced cylinder torques.
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Figure 7: Cross Plane Inertia Torques
Figure 8 displays the comparison between the flat-plane crankshaft and the cross-plane crankshaft. The graph displays the large differences between the two. The flat-plane crankshaft has large widely spread inertia torques. This is due to the reciprocating masses caused by the pistons moving in pairs separated by 180 degrees. As a result the reciprocating masses accelerate and decelerate simultaneously in pairs, causing the inertia forces to add consecutively. This produces large periodic torque fluctuations at the crankshaft. 
The cross-plane crankshaft produces significantly reduced inertia torque fluctuations with amplitudes of around 20Nm. As mentioned, the crank pins are spaced apart 90 degrees meaning that the pistons all reach TDC and BDC at different crank angles. The smaller, more consistent inertia torque fluctuations is due to the reciprocating masses being out of phase with each other, the inertia forces from each cylinder partially counteract each other causing them to be cancelled out. This reduces the total inertia torque produced by the inertial forces resulting in a much smoother torque at the crank.
The graph demonstrates that the cross-plane crankshaft reduces inertia torque fluctuations compared to the flat plane configuration. The reduction occurs due to the phase difference between crank throws spreading the piston accelerations throughout the crank rotations. 
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Figure 8: Comparison of Inertia Torques
[bookmark: _Toc225087503]Mean Crank Torque
Figure 9 displays the mean crankshaft torque for the calculated flat-plane configuration, the mean crankshaft torque from empirical data and the calculated mean crankshaft torque minus the frictional losses generated by the interaction between the piston rings and the cylinder walls.
At engine speeds of below 1500RPM the empirical and calculated results follow similar trends. This difference may arise as the model assumes ideal combustion events whereas the empirical data will have accounted for combustion efficiency, volumetric efficiency and effects such as knock. The estimated torque overpredicts above 1500 to 4500. This offset can be attributed to the calculated model assuming the entire combustion pressure is used to propel the piston downwards whereas the empirical results account for parasitic losses which reduce the crank torque. Above 4500RPM the empirical results decrease rapidly where the calculated results decrease slowly. The calculated results do not consider, pumping losses, piston skirt friction, crank bearing friction or oil viscosity change due to temperature. To conclude the offset is due to the calculated model making simplified assumptions and neglecting factors that are prevalent in the real world. 
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Figure 9: Mean Calculated Crank Torque vs Empirical Data
[bookmark: _Toc225087504]Conclusion
This study evaluated the stresses acting on key bottom end components of the ford 1.6 GDTi engine and assessed their fatigue performance using Goodman analysis. The connecting rod and gudgeon pin exhibited high FSF, indicating conservative design margins typical of mass production engines. In contrast, the connecting rod bolt approached fatigue failure at elevated engine speeds. Redesign through wasted shank design and improved material selection significantly increased the fatigue resistance, while torque analysis demonstrated how crankshaft configuration influences inertia torque fluctuations and engine smoothness. 
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Fatigue Safety Factor Connnecting Rod Bolt 6000RPM
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Goodman Diagram for Connecting Rod
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