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1. [bookmark: _Toc225018324]Introduction
The reciprocating internal combustion engine subjects its bottom-end components to high dynamic loading throughout combustion cycles. Forces arising from cylinder gas pressure and the inertia of reciprocating masses combine to produce complex and varying stresses in the connecting rod, gudgeon pin, and con rod bolts. Without fatigue assessment, these components are susceptible to failure through progressive crack initiation and propagation, a well-documented failure mode in high-cycle fatigue applications (Norton, 2011). Ensuring sufficient fatigue safety factors is therefore fundamental to both component reliability and informed design optimisation.
The Ford 1.6 EcoBoost GDTi serves as the subject engine for this analysis. As a turbocharged four-cylinder unit operating under elevated cylinder pressures, it presents a relevant and industrially applicable case for bottom-end structural assessment. 


2. [bookmark: _Toc225018325]Analysis 
2.1 [bookmark: _Toc225018326]Internal Force Analysis
[image: ]The connecting rod experiences compressive loading during the power stroke and tensile loading during inertia-dominated phases. Piston area was assumed to be equal to the bore area, a simplification with the absence of exposed piston ring area. Piston acceleration was calculated using the two-harmonic approximation, valid for this engine geometry (Taylor, 1985). Figure 1 - Gas Force vs Crank Angle vs Engine Speed


Figure 1 shows force peaks near TDC on the power stroke increasing with engine speed, reaching ~50 kN at 6000 RPM. The sharp peak and its rapid decay confirms combustion loading is impulsive, a characteristic common to turbocharged engines where peak cylinder pressures can reach 100 bar (Stone, 2012). Outside of the power stroke the gas force is negligible across all speeds, meaning it contributes minimally to the mean stress experienced by the rod over a full cycle.
[image: ]Figure 2  - Reciprocating Inertia Force vs Crank Angle vs Engine Speed

[image: ]Figure 2 exhibits inertia force growing with engine speed, reaching ~8,500 N at 6000 RPM. At TDC inertia force opposes gas force, partially unloading the rod, whilst at BDC it acts alone placing the rod into tension. The ω² dependence of the inertia force means that higher engine speeds become an increasingly significant contributor to the total fatigue loading, becoming the dominant driver beyond the standard operating range (Heywood, 2018).Figure 3 - Net Force vs Crank Angle Vs Engine Speed

Figure 3 shows the dominant loading is compressive, peaking at 40kN during the power stroke. At higher speeds a tensile region becomes increasingly prominent during the exhaust and intake strokes where inertia forces exceed residual cylinder pressure. This transition from a compression to a combined tension and compression loading with increasing RPM has direct implications for fatigue life.
[image: ]2.2 Connecting Rod MidpointFigure 4 - Goodman Diagram for Connecting Rod Mid-Point

Figure 4 shows the stress range plots within the allowable boundary. 4.14 safety factor indicates the component has considerable fatigue margin under standard operation, suggesting the rod midpoint is over-engineered relative to requirements, consistent with the findings of Ilman and Barizy (2014), noting that connecting rod design is frequently governed by buckling resistance and manufacturing constraints over fatigue.
The negative mean stress confirms the midpoint is predominantly loaded in compression, consistent with the gas force dominating loads. Fatigue assessment was performed using the Goodman criterion, accounting for the influence of mean stress on the allowable alternating stress amplitude and is suited to components experiencing non-zero mean stress (Norton, 2011). 
2.2 [bookmark: _Toc225018328]Gudgeon Pin Analysis
The gudgeon pin transmits combustion, and inertia loads under combined bending and shear loading. Pins are typically manufactured from case hardened low alloy steel, with the hardened surface providing wear resistance at the bearing interfaces whilst the tough core resists bending fatigue. Inertia force was calculated using only the exposed pin mass representing the unsupported portion between the piston bosses, as only this area contributes to the bending load (MAHLE GmbH, 2021). 
[image: ]Figure 5 - Goodman Diagram for Gudgeon Pin

[image: ]Figure 5 places the operating point within the allowable boundary. The allowable stress range and resulting FSF - 3.39, confirm adequate fatigue life across the operating range. The predominantly compressive mean stress reflects the dominance of gas loading over inertia at the standard RPM range, consistent with the force analysis presented previously. The lower FSF to the rod, is expected as the pin experiences simultaneous bending and shear across a short unsupported span, producing a greater combined stress than the uniaxial loading of the rod midpoint. The pin geometry is heavily constrained by the piston boss and small end dimensions, limiting the ability to optimise the cross section for fatigue without affecting piston mass and packaging (MAHLE GmbH, 2021).Figure 6 - Goodman Diagram for Gudgeon Pin with Surface Finish Applied

In figure 6, a correction of -55 MPa was applied to account for the compressive residual stress introduced by surface hardening, an established method of improving fatigue performance by opposing crack initiation at the surface (Norton, 2011). The treatment applied is consistent with a nitriding process, commonly used on gudgeon pins to develop a hard compound zone at the surface with a compressive diffusion zone beneath (Bell, 1991). This places the subsurface material in compression, directly opposing fatigue crack opening at the surface and shifting the effective stress state towards compression, increasing the allowable range and FSF to 3.56. 
Both pin values remain below the connecting rod FSF, identifying it as more critically loaded.  The safety margins suggest over-engineering relative to fatigue requirements, which MAHLE GmbH (2021) attribute to wear resistance and dimensional stability at the bearing interfaces.

2.3 [bookmark: _Toc225018329]Rod Bolt Analysis – Normal Operating Conditions
The rod bolts are safety critical, responsible for maintaining big end bearing integrity. In this case, manufactured from high strength alloy steel with a UTS of 1100 MPa, the bolts must withstand significant static preload combined with cyclic inertia loading (MAHLE GmbH, 2021).
The bolt was assumed to be tightened to 90% of yield strength, the axial preload stress was taken as 60% of this value to account for the torsional stress induced during tightening, reducing the effective axial component (Juvinall and Marshek, 2011). Joint stiffnesses were calculated for the bolt and cap to determine the proportion of dynamic load transmitted to the bolt, as the stiffness ratio is fundamental to joint fatigue behaviour. The stiffer the clamped members relative to the bolt, the smaller the dynamic load increment seen by the bolt (Norton, 2011).
Gas forces were not considered here as combustion pressure acts to compress the joint rather than separate it, meaning it does not contribute to bolt tensile loading so, the dynamic loading is driven entirely by inertia forces. A stress concentration factor of Kt = 4.49 was calculated using the Peterson method for the bolt thread geometry of M8x1.0.
[image: ]Figure 7 shows a high mean stress, a direct consequence of the preload, which intentionally places the bolt under significant tension to maintain joint separation resistance. The narrow alternating stress range confirms the stiffness ratio is effectively limiting the dynamic load transmitted to the bolt.Figure 7 - Goodman Diagram for Connecting Rod Bolt at 6000RPM with no gas forces applied

Applying Kt reduces the FSF from 11.49, demonstrating the importance of accounting for thread geometry in fatigue assessment. Ignoring the stress concentration would produce a non-conservative result and lead to premature fatigue failure, (Juvinall and Marshek, 2011). The FSF of 2.56 is the lowest of the three components assessed, confirming the bolt as the most fatigue critical component, consistent with its role as the most geometrically constrained and highly preloaded component. The sensitivity of this value highlights the importance of thread quality and surface finish in fatigue performance.
[image: ]Figure 8 - Goodman Diagram for Connecting Rod Bolt at 6000rpm with Gas Forces Applied

Figure 8 shows the alternating stress increases marginally, giving a slightly increased FSF. The marginal increase when gas forces are included reflects an opposing force on the tensile inertia loading at TDC, reducing the dynamic load. The high preload ensures the joint remains closed during operation, so gas forces never act to separate the joint, therefore never directly loading the bolt in tension (Juvinall and Marshek, 2011). 
2.4 [bookmark: _Toc225018330]Rod Bolt Analysis – Extreme Operating Conditions
[image: ]Extending the analysis to 9000 RPM provides insight into the fatigue behaviour of the rod bolt under conditions that can encountered during motorsport applications or mechanical overspeed events where operating conditions go beyond their original design (Bell, 1998). As the bolt loading in this analysis is inertia driven, the extension was achieved by scaling the inertia force with ω².Figure 9 - Goodman Diagram for Connecting Rod Bolt at 9000RPM with no gas forces applied

The ω² dependence of the inertia force means that extending 9000 RPM represents a 2.25x increase in inertia loading, which has a large effect on the bolt stress range. In Figure 9, the operating point shifts positively, with the stress range increasing substantially whilst the mean stress rises marginally due to the increased dynamic bolt force increment. 
The allowable range decreases as the mean stress approaches a greater fraction of UTS, and the FSF falls to 1.08. Being close to one, this indicates the bolt is operating at the boundary of its limit, meaning small increases in dynamic loading, material variability, or surface condition could lead to fatigue crack initiation. (Juvinall and Marshek, 2011). In production engines, this represents an unacceptable condition for sustained operation and confirms the standard bolt specification is not suitable for similar  applications.Figure 11 - Interpolation of gas forces to 9000RPM demonstrating linear estimations
Figure 10 -  Goodman Diagram for Connecting rod bolt at 9000RPM with gas forces applied

In figure 10, the FSF improves marginally compared to the inertia only case, consistent with the behaviour observed at 6000 RPM. The difference between the cases remains negligible, reinforcing that gas forces have little significance in fatigue loading and inertia is dominant at elevated speeds.
2.5 [bookmark: _Toc225018331]Geometry Change
For increased FSF at higher RPMs the wasted shank was modified, reducing the CSA to decrease stiffness, therefore the proportion of dynamic load transmitted to the bolt through the stiffness ratio (Juvinall and Marshek, 2011). The bolt was divided into three sections under the head, wasted shank, and the thread with combined stiffness calculated as three springs in series. The target FSF is determined by the value generated for the bolt at 6000rpm, 2.56. 
[image: ][image: ]The trend in figure 13 shows an increase in FSF with a decreasing diameter, driven by reducing bolt stiffness lowering the dynamic load fraction seen by the bolt. 5.4mm gives an FSF of 1.55, below the target and unsuitable for extended high RPM use, though it represents the practical minimum diameter as the preload force acting through any smaller CSA would exceed the material yield strength, causing plastic deformation during tightening before achieving the intended preload. At 4.2mm the FSF improves to 2.10, short of the target, and carries the same limitation. Whilst neither diameter is directly viable, they show the potential of the wasted shank approach if paired with a higher strength material where the yield constraint is relaxed. Using the ARP 8740 material with yield strength of 1240 MPa would shift the practical minimum diameter downward, potentially allowing diameter values in the range of 4.2 to 4.8mm, to become viable and bringing the FSF closer to the target.Figure 13 - FSF vs Wastage Shank Diameter at 9000rpm
Figure 12 - Goodman Diagram for Connecting Rod Bolts at 9000rpm with optimised wastage shank diameter

The optimal practically viable solution, with the standard material, combines 5.4mm with rolled threads, which introduce compressive residual stresses at the thread root, reducing the effective stress range and improving FSF without further geometric modification (Bell, 1998). Figure 12 represents the most achievable improvement within the existing material and assembly constraints, showing that recovering the original FSF requires a material upgrade or further geometrical alterations. 
2.6 [bookmark: _Toc225018332]Material Change
ARPs 8740 chrome moly steel bolts are widely used in high performance engine applications (ARP, 2023). The alloy is a chromium-molybdenum steel that is quenched and tempered to achieve a UTS of 1378 MPa and yield strength of 1240 MPa - a 25% increase over the standard material. The higher yield strength permits a greater preload to be applied, raising the mean stress and increasing joint separation resistance.
[image: ]Keeping the original bolt geometry, the increased UTS raises the axial preload stress increasing the mean stress from the standard material. Whilst this shifts the operating point further along the mean stress axis, the proportionally larger increase in endurance limit means the allowable stress range expands and the FSF improves. Figure 14 - Goodman Diagram for Connecting Rod Bolt at 9000rpm with gas forces applied after ARP Material is applied

Figure 14 shows the FSF improves to 1.43 at identical conditions. However, the FSF remains below the original value of 2.56, confirming that material substitution alone is insufficient. This highlights an important design principle, material upgrading can extend the operating envelope but cannot compensate indefinitely for increased inertia loading, and geometric redesign remains necessary to achieve adequate FSF at elevated speeds (Juvinall and Marshek, 2011). The ARP 8740 material would represent a practical and cost-effective upgrade for applications where moderate RPM extension is required, given that it is a direct replacement requiring no geometric modification to the connecting rod cap (ARP, 2023).
2.7 [image: ][image: ]Combination of Changes Figure 16 - FSF vs Wasted shank Diameter after ARP Material is applied at 9000RPM
Figure 15 - Goodman Diagram for the connecting rod bolt with both material change at optimised wasted shank CSA and ARP Material Change at 9000RPM

Figure 15 shows a combination of the modified bolt geometry 5.4mm and improved material selection, clearly displaying an increase in FSF closer to the target value. The trend graph indicates the target of 2.56 is achievable at 4.2mm with the ARP material, confirming that the combination of material upgrade and geometric redesign represents the most effective strategy for recovering fatigue margin, when neither approach alone was sufficient.


3 [bookmark: _Toc225018334]Torque analysis 
[image: ]The standard inline four-cylinder firing order spaces combustion events at 180˚, whilst the cross-plane configuration offsets the crank pins at 90˚, altering how torque contributions combine.Figure 17 - Torque inertia vs Crank angle for Cross plane and Standard engine layouts


[image: ]Figure 17 shows the standard configuration produces a large amplitude inertia torque, with the four cylinders combining due to the 180˚ phase, resulting in a variance of ~900 Nm. The cross-plane configuration shows near complete inertia torque cancellation, with the 90˚offset causing the inertia contributions from opposing cylinders to cancel, reducing the total inertia torque amplitude to ~40 Nm. This is an advantage of the cross-plane layout and explains its use in passenger cars prioritising refinement (Heywood, 2018). Figure 18 - Gas torque vs Crank Angle for Cross Plane and Standard Engine layouts

Figure 18 demonstrates the cross-plane configuration producing higher instantaneous peak gas torques due to the altered phasing of combustion events, however it exhibits greater trough to peak variation. The standard configuration produces a smoother, more consistent torque delivery with lower peak values but smaller oscillations between firing events. For road cars, this smoother delivery is preferable as it reduces vibration transmitted through the drivetrain, contributing to reducing fatigue loading on transmission components. 
[image: ]For motorsport applications the higher instantaneous peaks of the cross-plane configuration can be advantageous where acceleration between corners is prioritised over NVH (Bell, 1998). However this must still be considered, as with the recent issue with AMR26, where the vibrations generated are so severe it makes the car painful to drive and forces early retirements (BBC, 2026). Figure 19 - Comparison of Empirical engine torques and calculated engine torques with and without friction losses applied

Figure 19 displays two different mappings of the same engine achieved through boost and fuelling adjustments (Ford Motor Company, 2024). The calculated mean torque sits above both empirical curves across the mid RPM range, consistent with the analysis not accounting for all friction losses, pumping losses, and heat transfer effects. The friction loss model, accounting for piston ring and side friction only, reduces the calculated torque by approximately 6%, bringing it closer to empirical values but slightly overestimating at higher speeds, due to the exclusion of valve train friction, bearing losses and auxiliary loads. This overestimation is expected of a simplified analytical model (Heywood, 2018), but the general shape and magnitude of the calculated curve correlates well with the empirical data.
The convergence of the friction-corrected curve with the empirical data in the mid RPM range where boost pressure is fully developed gives confidence in the force and torque calculations underpinning the entire analysis.

4 [bookmark: _Toc225018335]Conclusion
The fatigue analysis of the Ford 1.6 EcoBoost GDTi bottom-end components confirms all three components operate within safe fatigue limits across the standard RPM range, with FSF values of 4.14, 3.39 and 2.56 for the connecting rod midpoint, gudgeon pin and con rod bolt respectively.
Gas forces were derived from measured cylinder pressure data, inherently assuming complete and consistent combustion at every cycle. In practice, events such as misfire or fuel cut would eliminate the partial cancellation of inertia force at TDC that gas pressure provides, increasing the net separating force on the cap joint and reducing the bolt FSF below the values calculated here. This represents a credible risk, particularly at high engine speeds where inertia forces are already dominant.
Extending the analysis to 9000 RPM reduces the bolt FSF to 1.08. This confirms the standard bolt specification is unsuitable for sustained operation beyond design. Geometric redesign through a wasted shank reduced to the practical minimum of 5.4mm, improves the FSF marginally but cannot recover the target of 2.56 with the standard material. Material substitution using ARP 8740 chrome moly steel improves the FSF to 1.43 at 9000 RPM, whilst the combination of material and geometry changes achieves 1.93. This confirms that recovering the original fatigue margin at 9000 RPM requires both geometric and material modifications.
The cross-plane crankshaft configuration produces near complete inertia torque cancellation compared to the standard configuration, making it preferable for road applications where NVH refinement is prioritised. The standard configuration however delivers smoother, more consistent torque output better suited to high performance road and motorsport applications where drivetrain fatigue and driveability are critical. The calculated mean torque correlates well with Ford empirical data for both tune states, with the friction correction bringing the analytical model into close agreement across the mid RPM range, validating the methodology underpinning the entire analysis.
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