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[bookmark: _Toc193053498]Introduction 

The performance and durability of internal combustion engine components are critical factors in achieving high power output and reliability. In high-performance engines, connecting rods, gudgeon pins, and bolts must withstand extreme cyclic loading, requiring precise design and material selection. This study focuses on analysing the forces, stresses, and fatigue characteristics of these components, particularly under high-revving conditions.
The motivation behind increasing an engine’s RPM is to enhance power output and improve performance (Ali, et al, 2022), a common objective in motorsport applications. However, as rotational speed increases, so do the inertial and combustion forces acting on the engine’s internal components (Falahat, et al, 2014). This results in significant tensile and compressive stress variations, leading to fatigue concerns. The connecting rod bolts, in particular, are highly susceptible to failure due to the cyclic nature of these loads, necessitating a detailed evaluation of their fatigue safety factors.
This report employs mathematical modelling to calculate forces, stresses, and fatigue life across multiple RPM ranges. Using Goodman diagrams, the fatigue safety factors of the connecting rod, gudgeon pin, and conrod bolts are assessed. Additionally, modifications to bolt geometry, including a waisted shank and rolled threads, are explored to mitigate stress concentrations and extend component life. Material selection is also evaluated, with maraging steel emerging as a superior alternative due to its high ultimate tensile strength and endurance limit. The study aims to identify optimal design improvements to ensure the longevity and reliability of high-RPM engine components.

[bookmark: _Toc193053499]Force and Stress Analysis

Engine components experience two primary forces: inertia forces and gas forces, both of which significantly impact stress and fatigue life. Gas forces result from combustion pressure, pushing the piston downward, generating compressive loads on the gudgeon pin, connecting rod, and crankshaft. These forces vary with engine speed and load, peaking during the power stroke.
Inertia forces, caused by the acceleration and deceleration of reciprocating components, act in both tensile and compressive directions. At TDC (exhaust stroke), inertia forces pull the connecting rod and rod bolts in tension, while at BDC, they compress the assembly. These forces increase exponentially with RPM, making high-speed operation more demanding on all components. Balancing gas and inertia forces is critical in engine design to ensure durability and performance while minimizing fatigue stress.

[bookmark: _Toc193053500]Inertia force
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AI-generated content may be incorrect.]Figure 1 - Inertia reaction force caused by the acceleration of the engine components


Figure 1 shows piston inertia forces varying with crank angle at different RPMs. Forces peak at TDC (0° and 360°) and BDC (180°), with flat sections appearing only at BDC. This occurs because at BDC, the connecting rod is at a greater angle, reducing the crank’s influence on piston acceleration, leading to a smoother transition.
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AI-generated content may be incorrect.]Combustion ForceFigure 2 - Combustion force acting on the piston through the crank angle and RPM range, including interpolated RPM sites


Figure 2 shows combustion force varying with crank angle and RPM, peaking just after TDC where cylinder pressure is highest. At low RPM (1000–5000 RPM), the combustion force is stronger due to longer burn duration and complete combustion. However, at higher RPM (>6000 RPM), the force drops because combustion time shortens, flame propagation is limited, and volumetric efficiency decreases.
For 7000–9000 RPM, pressures were interpolated, meaning values were estimated rather than measured, smoothing the curve but potentially omitting real high-RPM effects.
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AI-generated content may be incorrect.]Connecting rod forceFigure 3 - Connecting rod force, combining inertia and gas forces, accounting for rod angle


Figure 3 illustrates the total force acting on the connecting rod, combining both inertia and combustion forces. At lower engine speeds (1000–4000 RPM), combustion forces largely counteract inertia forces, reducing overall stress on the rod. However, as engine speed increases beyond 5000 RPM, inertia forces grow quadratically (), while combustion force remains relatively constant. This results in higher tensile loads at TDC during the exhaust stroke, where inertia dominates in the absence of a counteracting gas force. Beyond a critical RPM, combustion forces are no longer sufficient to balance inertia, leading to increased stress on the connecting rod and bolts. This rising stress can contribute to fatigue failure, highlighting the critical importance of material selection and structural integrity in high-RPM engine applications.
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Figure 4 - Connecting rod and Gudgeon pin stresses, accounting for specific loading conditions

The connecting rod axial stress graph follows the same shape as the conrod force graph, since stress is directly proportional to force. 
At low RPM, stress remains moderate, but as RPM increases, inertia forces grow, leading to higher stress amplitudes at TDC (0° and 360°), where tensile loads are greatest. 
Unlike axial stress in the conrod, gudgeon pin stress depends on leverage and moment of inertia, leading to different magnitudes and peak locations. As RPM increases, both axial and bending stresses grow, increasing fatigue loading on engine components.

[image: A graph of a graph with different colored lines

AI-generated content may be incorrect.]
Figure 5 - Single connecting rod bolt stress, filtered to show only tensile loading condition
Figure 5 shows how the connecting rod bolts experience only tensile stresses, with peak stresses occurring at TDC during the non-power stroke (intake/exhaust stroke). These calculations don’t consider the pumping loss forces that would reduce these peaks slightly.
[bookmark: _Toc193053504]Torque-to-Yield (TTY) Bolts and Preload Stress
Torque-to-yield (TTY) bolts, such as those used in connecting rods, are designed to be tightened beyond their elastic limit into the controlled plastic deformation region. This process ensures a consistent and precise preload force, which is the primary source of stress in the bolt under normal conditions. (Moo-Zung, 2011)
In a conrod bolt, this preload stress accounts for approximately 60% of the yield strength as axial tension, while the remaining applied torque is lost to friction at the threads and under the bolt head. By tightening the bolt past its yield point—but staying below its ultimate tensile strength (UTS)—TTY bolts create a uniform clamping force. This controlled deformation helps maintain joint integrity, reducing variations between fasteners and preventing loosening during high-stress engine operation.
[bookmark: _Toc193053505]Concentration at the Thread Root
The thread root is the most vulnerable point for fatigue failure due to stress concentration factors (Kt). The sharp radii at the thread root amplify local stresses, increasing the risk of crack initiation.




[bookmark: _Toc193053506]Impact of Engine Speed on Bolt Stress
· Low RPM (1000–4000 RPM): Bolt stress remains moderate, with preload stress as the dominant factor.
· Mid RPM (5000–7000 RPM): Inertia forces become more significant, increasing cyclic loading and fatigue risk.
· High RPM (8000–9000 RPM): Stress fluctuations become extreme, with peak values exceeding 900 MPa, approaching the bolt’s yield strength. This greatly accelerates fatigue, reducing the bolt’s lifespan and increasing the risk of failure.

[bookmark: _Toc193053507]Fatigue Safety

Fatigue Safety Factors (FSF) are used in engineering design to ensure components can withstand cyclic loading without failure. The FSF is calculated by comparing the endurance limit (material fatigue strength) to the maximum expected stress. A higher FSF means a lower risk of fatigue failure but may result in over-engineering. Engineers balance weight, durability, and cost by choosing an FSF that ensures reliability without excessive material use, typically 1.5–3 for high-performance engine components.
A Goodman Diagram is a graphical tool used in fatigue analysis to assess a component’s durability under cyclic loading. It plots component stress, with boundaries defined by the material’s endurance limits, typically 45% of the Ultimate Tensile Strength (UTS). These limits determine the maximum stress range a material can withstand indefinitely.
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AI-generated content may be incorrect.]Figure 6 - Goodman diagram for the connecting rod at 6000rpm


Figure 6 evaluates the axial stress at the midpoint of the connecting rod at 6000 RPM. The FSF indicates safe operation well within endurance limits, though suggests the rod may be over-designed, presenting an opportunity for mass reduction. Higher RPMs will increase stress amplitudes, reducing FSF and requiring further evaluation for fatigue performance.
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Figure 7 - Goodman diagram for the gudgeon pin at 6000rpm
Figure 7 indicates a very safe operating condition. The pin is likely over-designed, suggesting an opportunity for material reduction. Higher RPMs will increase stress amplitudes, so would need further calculation to asses this.
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Figure 8 - Goodman diagram for stock connecting rod bolt at 6000rpm
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Figure 9 - Goodman diagram for stock connecting rod bolt at 9000rpm


Figures 8 and 9 confirm that the connecting rod bolts are the weakest components in the engine assembly, with Figure 9 demonstrating their failure at higher RPMs.
At 6000 RPM (Figure 8), the bolt operates near its endurance limit, making it the most fatigue-vulnerable component under normal conditions. While it remains above the failure threshold, the stress range suggests a limited safety margin.
At 9000 RPM (Figure 9), both mean stress and stress range increase significantly, reducing the Fatigue Safety Factor (FSF) below the critical threshold. The stress range surpasses the endurance limit, confirming imminent fatigue failure at this speed.
This failure trend aligns with Figure 5, which shows that bolt stress is primarily driven by inertia forces at high RPMs. As rotational speed increases, inertia-induced cyclic loads grow quadratically, exceeding the bolt’s preload capacity and pushing stresses beyond safe limits. These findings highlight the need for a stronger bolt design to maintain engine reliability at higher speeds.

[bookmark: _Toc193053508]Bolt Improvements
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[bookmark: _Toc193053510]Waisted shank
Waisting the shank of a conrod bolt improves fatigue life by reducing bolt stiffness and optimizing the stiffness ratio between the bolt and conrod cap. A conventional bolt concentrates stress at the thread root, accelerating fatigue failure. By reducing the shank diameter to 6.5mm, as specified by DIN 7964, stress is redistributed along the bolt length, shifting peak stress away from the threads and lowering stress concentration factors (Pederson, 2013). The waisted section extends 90% of the effective bolt length, ensuring a full-diameter section at the top to aid in locating the bolt within the conrod cap. This enhances load distribution, reduces localized deformation, and improves fatigue resistance while maintaining clamping force.
[bookmark: _Toc193053511]Rolled threads
Rolling threads instead of cutting them significantly enhances the fatigue performance of a conrod bolt. The rolling process results in a smoother root radius, reducing the stress concentration factor (Kt) by approximately 20% (Pederson, 2011). This minimizes localized stress peaks at the thread root. Additionally, the cold working effect of rolling induces residual compressive stresses of up to 830 MPa (Furukawa, Hagiwara, 2014) in the thread roots. These residual stresses counteract the tensile forces experienced during engine operation, delaying crack initiation and propagation.
[bookmark: _Toc193053512]Material Changes
While geometry changes can help manage stress distribution, material properties play a fundamental role in determining fatigue life. Factors such as strength, toughness, and fatigue resistance dictate how well a component withstands cyclic loading​. High-strength materials can endure greater stresses without yielding, while improved toughness resists crack initiation and propagation. As a result, material selection is just as critical as geometric refinements in enhancing component durability.





Two materials in addition to the stock were assessed for their suitability based on tensile strength, yield strength, endurance limit, elastic modulus, and density.

Table 1 - Material properties comparison
	
	AISI 10V45 (Stock)
	Maraging 300 Steel
	Ti-6Al-4V (Titanium)

	UTS (mPa)
	1100
	2000
	1100

	Yield strength (mPa)
	990
	1900
	950

	Endurance limit (mPa)
	495
	1000
	500

	Elastic modulus (GPa)
	210
	185
	110

	Density (kg/m^3) 
	7.85
	8
	4.43



Material properties found at: (AZO Materials, 2025), (SGS, 2025).
[bookmark: _Toc193053513]Geometry and Material Comparison
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Figure 12 - Goodman diagram for stock material, improved geometry conrod bolt
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Figure 13 - Goodman diagram for maraging steel, improved geometry conrod bolt
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Figure 14 - Goodman diagram for Titanium, improved geometry conrod bolt


Table 2 - FSF for different materials and geometries
	
	Stock Geometry
	Improved Geometry

	Stock
	0.556
	1.836

	Maraging steel
	1.381
	3.961

	Titanium
	0.561
	2.776



The Fatigue Safety Factors (FSF) results reflect the combined influence of multiple factors, including material properties, geometric refinements, and dynamic loading conditions. The target was to match or achieve an FSF equal to or lower than the stock bolt at 6000 RPM (FSF = 1.89) while maintaining structural integrity.
[bookmark: _Toc193053514]Material Strength Properties:
· Maraging Steel, with the highest UTS and endurance limit, provided the best fatigue resistance.
· Titanium and the stock material had similar UTS and endurance limits, leading to comparable FSF values in the stock geometry.
[bookmark: _Toc193053515]Density and Inertia Forces:
· The density of the material affects the overall mass of the bolt, which in turn influences the inertia forces acting on it during operation. Though the mass difference is so small the impact is small
[bookmark: _Toc193053516]Elastic Modulus and Stiffness Ratio:
· Both Maraging Steel and Titanium have a lower elastic modulus compared to stock. increasing the stiffness ratio between the bolt and conrod cap.
[bookmark: _Toc193053517]Geometric Refinements:
· The improved geometry significantly reduced stress concentrations, leading to a much higher FSF across all materials.
· The most substantial gain was observed in Maraging Steel, where FSF increased from 1.381 to 3.961.
[bookmark: _Toc193053518]Instantaneous Torques

A standard (flat-plane) crankshaft has 180° firing intervals, causing pistons to move in pairs. This increases peak inertia forces but ensures smoother combustion torque. At high RPM, these paired motions amplify tensile loads on connecting rod bolts, increasing fatigue stress.
A crossplane crankshaft, with 90° offset crankpins, staggers piston motion, reducing peak inertia forces and smoothing torque delivery at high speeds. However, its uneven firing order introduces secondary vibrations at low RPM and can cause localized force spikes in rod bolts.
At low RPM, rod bolt forces are primarily driven by gas pressure, with standard cranks distributing loads more evenly for greater stability. Crossplane cranks create more fluctuating bolt forces due to uneven firing.
At high RPM, inertia forces dominate, significantly increasing tensile loads at TDC. In standard cranks, paired piston motion amplifies these forces, raising fatigue stress. Crossplane cranks reduce peak bolt loads, but some inertia forces still align, causing localized stress spikes.
Standard cranks offer better low-RPM stability, while crossplane cranks excel at high speeds due to reduced torsional stress and smoother torque delivery.
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The graphs illustrate how inertia forces interact in standard and crossplane crankshafts, affecting torque delivery and component stress. In the standard crankshaft graph, torque fluctuations are more pronounced due to paired piston motion, leading to higher peak forces at specific crank angles. This amplifies tensile stress on connecting rod bolts, particularly at high RPM, where inertia forces dominate.
In contrast, the crossplane crankshaft graph shows smoother overall torque due to staggered piston motion, reducing peak inertia loads. However, localized force spikes still occur, as some inertia forces align at certain points. This explains why crossplane cranks reduce fatigue stress overall but still introduce uneven loading at specific angles.
[bookmark: _Toc193053519]Conclusion
The analysis of connecting rods, gudgeon pins, and bolts in this study highlights the critical role of material selection and geometry optimization in high-performance engine design. The force and stress calculations confirm that inertial forces become dominant at high RPM, significantly increasing cyclic loads on the connecting rod bolts. The fatigue safety factors calculated using Goodman diagrams illustrate the limitations of the stock bolts, particularly at 9000 RPM, where failure is imminent.
To address these concerns, bolt geometry was modified with a waisted shank to reduce stress concentration and rolled threads to enhance fatigue resistance. The comparative analysis of materials indicates that maraging steel offers the best performance due to its superior yield strength and endurance limit. Implementing maraging steel in combination with the improved geometry results in a nearly fourfold increase in the fatigue safety factor, ensuring reliability even at extreme engine speeds.
Based on these findings, the recommended improvement is the adoption of maraging steel bolts with a waisted shank and rolled threads. This design not only extends the lifespan of the bolts but also enhances the overall structural integrity of the engine under high-RPM conditions. Future studies could further refine these recommendations by integrating finite element analysis (FEA) to validate stress distributions and optimize weight reduction without compromising strength. The results of this study provide a solid foundation for enhancing engine reliability and performance in high-speed applications.
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