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1. [bookmark: _Toc225096999]Introduction
The Ford EcoBoost 1.6 GDTi is a turbocharged four-cylinder engine that sits at the higher end of the modern powertrain market. Its bottom-end components are subjected to significant cyclic loading from both combustion pressure and inertia forces throughout every cycle, and understanding their fatigue behaviour is key to determining both safe operating limits and long-term component life.
This report covers a fatigue assessment of the conrod midpoint, gudgeon pin and conrod bolt from 1000-6000RPM, extends the analysis to 9000RPM, carries out a bolt redesign to recover the rated-speed safety factor and compares flat-plane and cross-plane crankshaft torque. This analysis is particularly relevant to motorsport, where engines are routinely run beyond their production limits and a thorough understanding of safety margins is essential for informed design decisions.




















2. [bookmark: _Toc225097000]Methodology
All calculations were performed in MATLAB using the in-cylinder pressure dataset provided. Component specifications are listed in Tables 1 and 2. Piston acceleration was calculated using the two-term kinematic approximation, with Fnet = Fgas - Finertia across all RPMs:

Conrod midpoint stress was calculated as  .The gudgeon pin was modelled as a simply supported beam with resultant stress combining bending and shear:

Bolt stress used preload  plus the fraction of cap inertia force transferred via the stiffness ratio . Fatigue safety factors (FSF) were evaluated using the modified Goodman principle (Shigley et al., 2011):

For the bolt,  replaces Se, where Kt = 4.3 was calculated from the Roark's formulas U-notch polynomial (Young, Budynas and Sadegh, 2012) for M8×1.0 thread geometry. Goodman diagrams show the actual stress range (orange bar) against the allowable range (purple bar), and FSF is their ratio.
The pressure data was extrapolated to 9000RPM. Four redesign strategies were swept continuously to find the exact value needed to recover the target FSF, including wasted shank (three-section series stiffness model), surface finish (Marin ka factor), preload variation (Faxial from separation limit to 95% Sy) and material upgrade, assessed with both cut (Kt = 4.3) and rolled threads (Kt = 3)(Budynas and Nisbett (2014)).  A combined wasted shank and surface finish sweep was also performed.
Instantaneous crank torque combined gas and inertia force across four cylinders using firing offsets of 0°, 180°, 360°, 540° (flat-plane) and 0°, 270°, 450°, 540° (cross-plane). Mean torque was taken as the sum of instantaneous values divided by 720, and standard deviation quantified variation between configurations.
Table 1. Engine specifications.
	Parameter
	Value

	Bore
	79mm

	Crank radius
	40.7mm

	Conrod length
	134mm

	Reciprocating mass
	347g

	Rotational mass
	313g



Table 2. Component specifications.
	Component
	Parameter
	Value

	Gudgeon pin
	L2 (half-length)
	7.75mm

	
	Cross-sectional area
	227.54mm2

	
	Y
	10.5mm

	
	I (second moment of area)
	8423mm2

	
	UTS
	1000MPa

	
	Se (endurance limit)
	450MPa

	Conrod midpoint
	Cross-sectional area
	196.39mm2

	
	UTS
	1000MPa

	
	Se
	450MPa

	Conrod cap
	CSA
	210mm2

	
	E (Young’s Modulus)
	170 000N/mm2

	
	L (clamped length)
	31mm

	Conrod bolt
	CSA
	42.43mm2

	
	E
	200 000N/mm2

	
	Working length
	27.26mm

	
	UTS
	1100MPa

	
	Sy (yield strength)
	990MPa

	
	Se
	495MPa


















3. [bookmark: _Toc225097001]Initial Fatigue Analysis 
3.1. [bookmark: _Toc225097002] Connecting Rod Midpoint
The conrod midpoint is loaded in compression during the power stroke by combustion pressure and pulled into tension near TDC on the exhaust stroke by the decelerating reciprocating assembly. Because the compression loading is larger on average, the mean stress is negative, which is beneficial from a fatigue standpoint. At 6000RPM this gives a stress range of 235.3MPa centred on a mean of -87.34MPa, with an FSF of 4.16.
On the Goodman diagram (Figure 1), the negative mean pushes the operating bar left, away from the failure boundary. An FSF of 4.16 at the maximum rated speed suggests the conrod is carrying more material than it needs from a fatigue perspective. Published work by Shenoy and Fatemi (2006) indicates that section reductions of 10-20% are achievable in conrods with comparable safety margins without compromising fatigue life. In a motorsport context this matters beyond just weight as a lighter conrod reduces the cap inertia load, which improves the margin on the bolt, the component that generally limits the system.
[image: ]
Figure 1. Goodman diagram for the conrod midpoint.
3.2. [bookmark: _Toc225097003]Gudgeon Pin
Unlike the conrod midpoint, the pin carries combined bending and shear, and the loading direction reverses within each cycle as combustion and inertia forces take turns dominating. At 6000RPM the combined resultant stress gives a range of 295.7MPa at a mean of -83.73MPa, and an FSF of 3.298.
Figure 2 shows both components sitting in the compressive mean region of the Goodman diagram, but the pin’s actual range bar is noticeably taller, 26% larger than the conrod’s. This is because bending and shear combine by root-sum-of-squares, so the multiaxial stress produces a larger resultant range than the only axial loading at the midpoint. The FSF drops from 6.562 at 1000RPM to 3.298 at 6000RPM, a similar decline in magnitude to the conrod, but because the pin starts and ends at lower values it will cross FSF = 1 at a lower speed. Thus, any redesign efforts targeting higher RPM should re-evaluate the pin alongside the bolt.
 
[image: ]
Figure 2. Goodman diagram for the gudgeon pin
3.3. [bookmark: _Toc225097004]Conrod Bolt
The bolt behaves differently to the other two components because the joint mechanics dominate its loading. The assembly preload of 37735N (90% Sy) keeps the cap in compression throughout operation, meaning the cap and bolt act as springs in parallel. Only the stiffness fraction of external cap force is carried by the bolt. This is what keeps the stress range so small relative to the mean, and is also why the high preload is not just a tightening requirement but an active part of managing fatigue in the bolt.
Thread roots are well documented as the primary fatigue initiation site, and the stress concentration places the critical material where mean stress is already at its highest, emphasising the importance of including Kt. Without Kt the FSF sits around 4.59, similar to the conrod and pin. Once included, FSF drops to 1.313, highlighting how omitting it would produce a misleading assessment.
The bolt’s operating bar sits at a mean of 906.42MPa, close to the UTS line, rather than in the compressive region of the other components (Figure 3). The actual and allowable range bars are nearly the same height, making the tight margin clear. The Kt-adjusted and unadjusted Goodman boundaries are both shown, and the gap between them again shows the importance applying Kt. Figure 4 shows the bolt’s FSF falling steeply as inertia forces scale with ω², crossing below the conrod and pin at around 3500RPM.
[image: ]
Figure 3. Goodman diagram of the conrod bolt.
[image: ]
Figure 4. FSF vs RPM for all components.




4. [bookmark: _Toc225097005]Extrapolation of Pressure Data
4.1. [bookmark: _Toc225097006]Bolt FSF at 900RPM
Extending the analysis to 9000RPM using extrapolated pressure data shows the bolt FSF dropping to 0.526. The 50% increase in speed produces a 2.25x increase in cap inertia force due to ω² scaling, which pushes the stress range from 37.30MPa to 83.93MPa. On the Goodman diagram the bar position hardly shifts, but the range bar grows rapidly upward until it exceeds the allowable. FSF = 1 is crossed at around 6800RPM, only 13% above the rated speed, which puts a clear limit on what the original bolt design can sustain (figure 5). 
[image: ]
Figure 5. Bolt FSF extended to 9000RPM











5. [bookmark: _Toc225097007]Bolt Redesign
With an FSF of 0.526 at 9000RPM and a target of 1.313 to match the rated-speed value, four redesign strategies were investigated. Each was swept across its full practical range so that the shape of the FSF response and the exact required design parameter could be identified.
5.1. [bookmark: _Toc225097008]Wasted Shank
A wasted shank reduces the bolt cross-section along part of its length, lowering Kbolt and reducing the stiffness fraction so less cap inertia force reaches the bolt. The continuous sweep (Figure 6) identified the required waist as 7.96mm², giving a diameter of 3.18mm against the original 7.35mm, calculated with .
The curve in Figure 6 is asymptotic. Halving the area only gains 0.182 in FSF because Kbolt is still large relative to Kcap. It’s only below ~25% area that the improvement becomes rapid, as Kbolt becomes small enough to effectively decouple the bolt from the joint stiffness. The main practical problem with this approach is that putting 37735N of preload through a 7.96mm² waist gives an assembly stress of around 4740MPa, which is more than four times the yield strength of the bolt material. The standalone geometry is not manufacturable without either a shorter waste length, a tapered profile to spread the load or a reduction in preload.
[image: ]
Figure 6. Wasted shank redesign sweep.
5.2. [bookmark: _Toc225097009]Surface Finish
Surface treatment raises Se by introducing compressive residual stresses or reducing crack initiation sites at the thread root. Because FSF is proportional to Se the required multiplier can be found analytically (Figure 7). This multiplier is 2.50x (Se = 1237MPa). Even the most aggressive case tested, 1.5x, only gives FSF = 0.788, short of the target.
In practice, thread rolling and shot peening typically achieve Se multipliers of ~1.3-1.5x at best (Juvinall and Marshek, 2012), so surface treatment alone could not restore FSF.
[image: ]
Figure 7. Surface finish redesign sweep.

5.3. [bookmark: _Toc225097010]Preload Variation
FSF improves as preload decreases because the stress range is set by the stiffness fraction and inertia force, independent of preload. Reducing it lowers the mean stress, shifting the operating bar leftward on the Goodman diagram. The target FSF is reached at 26720N (63.6% Sy).
The joint separation limit of 10891N (25.9% Sy) is the point below which the cap lifts off, and the bolt picks up the full inertia load directly, so it represents a hard lower bound on preload. The required 63.6% Sy is safely above this, but reducing from 90% introduces practical concerns including less resistance to vibration-induced relaxation over time, a greater risk of fatigue at the cap mating face and a reduced clamping margin as temperatures rise during high-RPM running. Reducing preload is therefore not a sensible standalone solution.
[image: ]
Figure 8. Preload variation redesign sweep.
5.4. [bookmark: _Toc225097011]Material Upgrade
A higher-UTS material pushes both Goodman intercepts outward, improving FSF at all operating conditions. The options included both standard fastener grades and maraging steels, which achieve very high strength with good toughness and are used in motorsport and aerospace applications (Floreen, 1968). Endurance limits were taken as 45% of UTS throughout, consistent with published values for high-strength alloy steels (Budynas and Nisbett, 2014). The minimum required UTS with cut threads was identified as 2475MPa.
Table 3. Material alternatives and their respective UTS (ARP, 2024) (ATI, 2012).
	Material
	UTS (MPa)

	Grade 10.9
	1100

	8740 CrMo
	1241

	ARP2000
	1517

	L19 Steel
	1793

	CA625+
	1900

	Maraging C300
	2069

	Maraging C350
	2413



Figure 9 shows results for both cut and rolled threads. With cut threads, none of the standard grades reach FSF = 1, and even C350 falls short of the target despite its UTS being close to the requirement. C300 with cut threads gives FSF = 1.081, exceeding FSF = 1 for the first time in the material sweep but still below target. The smaller FSF gains at higher UTS values occur because the bolt's high mean stress leaves little room for the allowable range to grow, so each material upgrade buys less improvement than the last. With rolled threads, the Kt reduction lifts every material substantially, and L19 Steel just meets the target at FSF = 1.323, with CA625+, C300 and C350 all exceeding it. 
Therefore, neither material nor thread form alone is sufficient across most of the material range, and it is their combination that determines whether the target is achievable. This confirms that to sustain bolt integrity at and above 9000RPM, high-strength alloys are paired with rolled or ground threads.

[image: ]
Figure 9. Material redesign sweep.
5.5. [bookmark: _Toc225097012]Combined Redesign
Combining a wasted shank with thread rolling was evaluated to see whether together they could improve FSF without relying on premium materials. The analysis solves for the wasted shank diameter required when Se is simultaneously improved by 1.0-1.3x.
Table 3: Combined redesign results.
	Se Multiplier
	Required Shank D (mm)
	Shank Area (% Original)
	FSF

	1.0x (baseline)
	3.18
	18.8
	1.314

	1.1x (polished)
	3.40
	21.4
	1.314

	1.2x (ground/peened)
	3.62
	24.2
	1.314

	1.3x (thread rolled)
	3.8
	27.3
	1.314



Adding a 1.3x Se improvement through thread rolling raises the required shank diameter to 3.84mm (27% of original area), which is more practical than the 3.18mm standalone value. Thread rolling also reduces Kt by improving the root radius. In combination with ARP2000 material, this would theoretically meet the target, but the 3.84mm waist still carries an assembly stress well above yield, so further refinement, including a shorter or tapered waste, would be needed before this could be implemented.



6. [bookmark: _Toc225097013]Crankshaft Torque Analysis
The purpose of separating inertia and gas torque contributions, and comparing flat and cross-plane crankshaft configurations, is to quantify how firing order and crank geometry affect torsional loading. This directs crankshaft fatigue life, NVH, and the mass and specification of the flywheel required (Heywood, 1988). The two contributions behave differently with each configuration and so must be assessed independently before being combined into the net crank torque.
Figure 10 shows the individual and combined inertia torque for the flat-plane configuration at 6000RPM. Because the flat-plane pairs cylinders 1 and 4 at TDC and cylinders 2 and 3 at BDC simultaneously, the individual curves are in phase in pairs and their combined total oscillates between approximately +450Nm and −450Nm at twice engine speed. This oscillation produces no net work but imposes a large cyclic torsional load on the crankshaft and main bearings throughout every revolution. 
Figure 11 shows the cross-plane equivalent, where the 90° crank pin spacing distributes the four cylinders evenly across the cycle. The individual inertia contributions are out of phase, cancelling to produce a combined total that oscillates within approximately ±25Nm, a reduction of over 95% relative to the flat-plane. This is the main mechanical advantage of the cross-plane, as the 90° spacing produces equal and opposite inertia vectors that sum to near zero at every crank position (Taylor, 1985).
[image: ]
Figure 10. Flat-plane inertia torque per cylinder and combined total at 6000RPM.
[image: ]
Figure 11. Cross-plane inertia torque per cylinder and combined total at 6000RPM.

The comparison of the two combined inertia totals (Figure 12) makes the structural implication clear. The cross-plane effectively eliminates flat-plane’s heavy cyclic loading, which reduces crankshaft bending fatigue and allows a lighter flywheel.

[image: ]
Figure 12. Combined inertia torque comparison: flat-plane versus cross-plane at 6000RPM.
The gas torque (Figure 13) shows both configurations firing all four cylinders once per 720° cycle, so the total thermodynamic energy released is the same, but the timing controls how it’s distributed. The flat-plane’s the equally spaced 180° intervals mean consecutive firing pulses overlap in their torque contributions, keeping the combined gas torque consistently positive throughout the cycle. The cross-plane created a 270° gap between the first and second firing events during which no cylinder contributes a positive torque pulse. This produces peaks of approximately 1100Nm but also troughs of around −370Nm, a minimum 69% deeper than the flat-plane. The greater peak-to-trough range of the cross-plane gas torque is a consequence of its unequal firing intervals and represents additional cyclic loading with no thermodynamic benefit over the flat-plane (Stone, 1999).
[image: ]
Figure 13. Gas torque comparison: flat-plane versus cross-plane at 6000RPM.
The net crank torque (Figure 14) is the sum of both contributions and represents the load experienced by the drivetrain on every cycle. The flat-plane crank torque remains positive throughout the full cycle, and the cross-plane, despite its inertia advantage, produces greater peaks and troughs, due to the firing gap allowing the decelerating assembly to dominate. Thus, the drivetrain is periodically absorbing energy from the rotating mass rather than delivering it. This reversed torsional loading into the gearbox input shaft on every cycle demands heavier crankshaft bearings, a more substantial torsional damper and greater drivetrain stiffness to avoid resonance at higher torque (Stone, 1999). Therefore, the inertia advantage of the cross-plane is outweighed in this application by the gas torque irregularity it introduces, making it an unsuitable choice for the EcoBoost 1.6.
[image: ]
Figure 14. Crank torque comparison: flat-plane versus cross-plane at 6000RPM.
















7. [bookmark: _Toc225097014]Conclusion
The fatigue analysis confirms that all three bottom-end components are within safe limits at 6000RPM, but that the conrod bolt is operating with a much tighter margin than the other two components.
The conrod midpoint (FSF = 4.16) has an allowable Goodman range of 978.60MPa against an actual range of 235.26MPa. It is the most over-designed component, carrying excess material that adds mass and increases the cap inertia load on the bolt. Published work suggests 10-20% reductions are achievable without fatigue compromise, which would also improve the bolt margin.
The gudgeon pin (FSF = 3.298) is adequately designed at the rated speed but has a steeper FSF decline with RPM than the conrod, meaning it would reach its fatigue limit at a lower speed. In any development beyond 6000RPM, the pin should be re-evaluated with the bolt.
The conrod bolt is the critical limiting component. Applying Kt = 4.3 brings the FSF from an ~4.59 down to 1.313, illustrating the importance of modelling the stress concentration factors. At 9000RPM the FSF falls to 0.526, and FSF = 1 is crossed at approximately 6800RPM, establishing 6000RPM as a structural limit.
With cut threads, none of the four strategies reach the target individually. The wasted shank needs a 3.18mm waist that cannot handle the preload stress. Surface finish alone needs a 2.50x Se multiplier, beyond any standard process. Preload reduction risks joint degradation. No standard fastener material meets the target with cut threads. The combined approach of a thread-rolled 3.84mm waist bolt in ARP2000 is the most practical solution, combining geometric, surface and material benefits.
The inertia torque analysis demonstrates that the cross-plane configuration reduces combined inertia torque oscillation by > 95% of flat-plane, but this is outweighed by the irregular gas torque delivery from the firing gap, which produces crank torque troughs of −380Nm compared to near-zero for flat-plane. The flat-plane is therefore the appropriate choice for the EcoBoost 1.6 in its production road car application.
The three components span FSF = 1.313 to 4.16, suggesting the design is not internally consistent from a fatigue standpoint. A redesign combining conrod mass reduction with the bolt upgrade would produce a lighter, more balanced assembly with better headroom for higher-speed operation.
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FSF vs RPM for All Components
T T T

60 T T T T

~—@— Conrod Midpoint
~—#— Gudgeon Pin
—— Bolt

FSF

s

oiiiﬁiiif B I S R
1000 1500 2000 2500 3000 3500 4000 4500 5000 5500
RPM

6000




image6.png
FSF

60

PM

Bolt FSF Extended to 9000R!
T T

—@— Measured
~—@— Extrapolated

1000

2000

3000





image7.png
FSF at 9000RPM (Kt=4.30)

Wasted Shank Redesign Sweep
T T T

40 50 60
Shank CSA as % of Original Bolt CSA




image8.png
FSF at 9000RPM (Kt=4.30)

1.8

1.6

N

IS

o
©

0.6

0.4

Surface Finish Redesign Sweep

Target FSF=1.313

Se Multiplier (x base Se

_________________________________ FSF=1]
|
|
|
| ,
&
|3
3
o |
I8
&
Q
I I joc
2 25 3.5
)




image9.png
Preload Variation Redesign Sweep

)|
;

S

T

a

8l 2
|

|

(AS %6°52) 1wl uonesedas

(0€#=1) INdH0006 1 4S4

0.8

0.6

0.4

0.2

100

30

20

Preload (% of Sy)




image10.png
25

FSF at 9000 RPM
o

0.5

Redesign 4: Mat:
T

[ Cut threads (standard materials)
I Rolled threads (standard materials)
[ Cut threads (maraging)

I Rolled threads (maraging)

&80 oo

Selection — Cut Threads (Kt=4.30) vs Rolled Threads (Ki
T T T





image11.png
Torque (Nm)

Torque Inertia for Flat Plane Configuration
I

500 T T T T
Cylinder 1
Cylinder 2
400 — — — Cylinder 3 -
— — Cylinder 4
e Total Torque Inertia
300 - b
200 1
100 - .,
or .
-100 —
-200 - b
-300 1
-400 - n
500 I | | | 1 1 I
-400 -300 -200 -100 0 100 200 300 400

Crank Angle (deg)




image12.png




image13.png
Torque (Nm)

500

400 -

300 -

200 -

100 -

-100 -

-200 -

-300 -

-400 -

Torque Inertia Comparison of Cross vs Flat Plane
I T T T T

~— ~— Cross Plane
Flat Plane

-500
-400

-300

-200 -100 0 100 200 300
Crank Angle (deg)

400




image14.png
Torque (Nm)

1200

1000

800 -

600 -

400 -

200 -

-200

Gas Torque Comparison of Cross vs Flat Plane
T T

Flat Plane
Cross Plane

-400
-400

-300

-200

-100

0
Crank Angle (deg)

100

200

300

400




image15.png
Torque (Nm)

1200

1000

800 -

600 -

400 -

200 -

-200

Crank Torque Comparison of Cross vs Flat Plane
T T

Flat Plane
Cross Plane

-400
-400

-300

-200

-100

0
Crank Angle (deg)

100

200

300

400




image1.jpeg
Prifysgol Cymru
Y Drindod Dewi Sant

University of Wales
Trinity Saint David




image2.png
Alternating Stress (MPa)

Goodman Diagram for Conrod Midpoint
T

1500 T T T T T [
Upper Endurance Limit '5
Lower Endurance Limit |
s Actual Range (6000 RPM) |
s Allowable Range (6000 RPM) |
1000
|
|
|
|
500 |
|
|
|
0 |
|
|
|
|
-500 |
|
|
|
R I 1 | | I I
1000 ‘

-200 0 200 400 600 800 1000
Mean Stress (MPa)




