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Abstract
Although simulation-based fatigue analysis is a standard tool adopted in every sector including automotive industry, the
design of engine components in automotive and motorsport applications mostly relies on simplified design approaches
supported by time-consuming testing programs. This manuscript proposes a new methodology based on individual
engine speed damage estimation and engine speed time history combined with Palmgren-Miner linear damage rule to
predict the fatigue state of the connecting rod. The track data, engine multibody simulation (AVL ExciteTM) and engine
combustion simulation (AVL BoostTM) are used to generate the initial variable trace that is processed to obtain the block
programs. Stress amplitude estimated with finite element analysis (Abaqus) are used to estimate the damage from S-N
curve and the cumulative damage is estimated with Palmgren-Miner cumulative damage model. The method proposed is
demonstrated using a connecting rod case study and the duty cycle from the race on Sebring international raceway. This
work shows the suitability of the approach and the benefit in terms of accuracy in the prediction of the fatigue life.
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Introduction

Engine components experience complex stress loading
during service due to the nature of the engine cycle.
The combustion cycle includes compressive loads gen-
erated by the gas compression and combustion tensile
and torsional loads due to the inertia of the compo-
nents in the engine. The complexity of the requirements
is reflected in the manufacturing process, materials and
testing protocols adopted for the design. One of the
most important parts of the engine is the connecting
rod as this links the piston and the crankshaft trans-
forming the vertical motion in torque.1

The materials used to manufacture engine compo-
nents range from cast and forged steel to magnesium
and beryllium alloys. In terms of material selection of
connecting rods, there are several factors to be
considered such as density, tensile strength, Young’s
Modulus, fatigue behaviour, manufacturing process
and cost. Among all the materials, steel is the most pre-
valent in auto applications and considered as a baseline
in comparison. A previous study2 focused on powder
forging (PF) connecting rod concludes that PF con-
necting rod displays similar fatigue strength as hot for-
ging SAE 1055 steel connecting rod based on fatigue

tests and other factors such as hardness, depth of dec-
arburised layer, metallurgical structure, density and
surface roughness, whilst the PF connecting rod shows
noticeable advantage in manufacturing process such as
reduced energy consumption during manufacturing
and cost saving. A later study3 found that as-sintered
connecting rod made of mixing material such as steel
powder of 4100s, and graphite demonstrates sufficient,
although lower, fatigue strength than an equivalent
forged steel connecting rod. Niche applications such as
racing cars where mass reduction drives the engine
design use high performance alloys such as titanium
alloys. A FEA study4 comparing several similar designs
with aluminium alloy 7075-T6, carbon steel 43CrMo4
and titanium alloy Ti-6Al-7V under equivalent load
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cases suggesting that while the aluminium alloy design
achieves the highest weight saving, the safety factor is
the lowest with the component experiencing high strain
values compared to the other two designs. The titanium
alloy, however, features the highest safety factor with
some compromise on weight and medium deformation.
Without considering the cost and manufacturing pro-
cess of titanium alloys, this is a very suitable material
for connecting rod. Another similar FEA comparison
study5 using three materials (AISI 4340 steel, alumi-
nium beryllium alloy and titanium alloy) suggested a
similar trend in terms of safety factor and deformation
and a similar stress distribution and concentration
across the component investigated.

The design of connecting rod also involves material
selection and fatigue strength. Engine components such
as connecting rods and crankshafts experience high
cycle fatigue (HCF) and very high cycle fatigue
(VHCF).6 Although metals with a body-centred cubic
lattice structure such as ferritic steels have a fatigue
limit and a constant fatigue strength after 1062 53 106

cycles according to related standards,7,8 some studies6,9

have pointed out that such assumption is not entirely
safe and has led to failures of components subjecting to
VHCF during the service life. Thus, in the case of test-
ing data in the VHCF region being unavailable, the
study suggests using Woehler curves for calculating the
decreasing fatigue strength in the VHCF regions. An
additional study10 investigated several high strength
steels and some other non-ferrous metallic materials,
deriving a duplex S-N characteristics. Such relations
contain two different slopes for an S-N curve, one in
the low to high cycle region and another in the very
high cycle region. The study points out that although
the two curves in both lower and higher cycle regions
tend to feature a different primary fracture modes
which are surface-initiated fracture and interior
inclusion-initiated fracture respectively, each curve pos-
sesses multiple other fracture modes such as grain
boundary cracking, machining flaw-induced fracture,
interior small shrinkage and weak microstructure that
may overlap in some regions and happen in parallel.

The geometrical design of a connecting rod can be
divided into major considerations, namely the cap and
the shank as Figure 1 demonstrates. The cap is the
lower part of the cylinder shape located on the crank
end which is commonly connected to the shank of the
conrod through two bolts. Analytical approach to
examine multiple different cross section designs in the
cap region of connecting rod were presented by Baldini
et al.11 including the validation with results from FEA.
Based on this study, regardless of the applied load, the
bending stress in the cap region is mainly affected by
the cap cross sectional geometry and initial gap between
the crankpin and the cap. Furthermore, normal stress
in the cap region is approximately 10 times higher than
the bending stress.

For the shank, there are two designs that are preva-
lent in automotive industries namely I-beam and H-

beam. An FEA study13 comparing the two designs with
identical weight, meshing method and materials under
equivalent load conditions has shown that the stress
field is different with a different location of the peak
stress. The FEA results for the H-beam profile show
that the maximum von Mises stress is 15.7% lower and
peak displacement is 43.1% lower compared to the I-
beam design. However, I-beam profile is more domi-
nant in the current market due to its simpler and
cheaper manufacturing process.

The first attempt to estimate the stress field in the
connecting rod and predict its residual fatigue life was
presented by Webster et al.14 This study presented a
3D model of the entire component under tension and
compression highlighting the limitation in the complex
stress distribution at the connecting rod bolt section.
The four locations with significant stress levels were the
upper section of the cap end, the interface region of the
bolt section and the lower rib, the interface region of
the lower rib and the shaft and the conrod bolt end.
Another study2 presented the experimental results of
mechanical testing on connecting rod highlighting the
link between fatigue strength and hardness.

Based on the stress analysis, different parts of the
connecting rod are subject to different magnitudes of
stress.15 More importantly, the stress types and ampli-
tudes which are two major factors on fatigue analysis
vary across the connecting rod. Experimental studies
have shown that both piston and crank end pin surfaces
are subject to fretting fatigue due to the high frequency
of reciprocating frictional contacts,16 while the connect-
ing rod shank region is often failed due to the tensile
stress.17 For the I-beam design, typically fatigue failure
point is in correspondence of four specific notches well
reported in the literature.18 Several studies including12

have identified multiple locations and its corresponding
fracture modes in connecting rod (Figure 1).

While engine dyno test can reliably assess the fatigue
life of engine components such as connecting rod in a
control environment, test duration and cost make this
approach unsuitable for product development. For this
reason, stress life and strain life methods, adopted for
high cycle and low cycle fatigue analysis respectively,
are the preferred approaches. However, life methods
use experimental data, usually derived from constant
amplitude load on standard specimens, to define corre-
lation between number of cycles and stress or strain.19

Finite element modelling can overcome this problem,
providing a more accurate estimation of the stress or
strain field experienced by the component under service
load conditions. The load time history is used as input
to estimate the stress field in the component. However,
in real life applications engine components experience
variable amplitude stress-time histories with amplitude
changing over time. This requires the use of specific
approaches to extract block programs with cycles by
cycle counting approaches.20 While a standard counting
method such as rainflow method is widely used in auto-
motive and aerospace applications,21 a study suggests
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an alternative method to count main cycle, secondary
cycle and carrier cycle separately.22 Although this
method is more accurate, it involves more complicated
automated calculation during the counting process.

The counting methods transform the spectrum with
variable amplitude load or stress time history in a series
of blocks. Each of them is characterised by a given
amplitude so that the particular block can be dealt with
as a constant amplitude load acting on the component
under investigation. The analysis of each block provides
the damage produced and the combination of the dam-
age produced by each block represents the total dam-
age. Several damage models including linear such as
Palmgren-Miner23 and non-linear such as Macro and
Starkey load-dependant damage theory and Kwofie
and Rahbar model based on fatigue driving stress24

have been proposed. The linear approach is usually the
most used even though it neglects key factors such as
load sequence.

The approach proposed in this article is discussed
with the use of a case study applying track data to
derive discretized rpm histograms, engine combustion
simulation (AVL BoostTM) to acquire cylinder pressure
trace of each rpm bin, engine multibody simulation
(AVL ExciteTM) and FEA software (Abaqus) to gener-
ate the load cycles of each rpm bin. For the fatigue life
prediction, since the load cycle for each rpm power
stoke is relatively simple giving that the cycle in each
rpm bin features same tensile and compressive load, the
counting algorithm can be simplified greatly, and maxi-
mum and minimum values can be identified easily.
Combining the obtained load cycles, track data, mate-
rial S-N curve and cumulative damage model, fatigue
damage caused by each load cycle at each engine speed
can be multiplied by the corresponding number of that
load cycles per lap on track. Therefore, a cumulative
fatigue damage per lap and fatigue life in terms of num-
ber of laps can be calculated.

For demonstrating purpose, this study created an
AVL BoostTM model of the GM LT1 engine and a sin-
gle cylinder AVL ExciteTM model to evaluate the fati-
gue life of a given connecting rod model shank region

based on the material properties of EN DD12 steel and
track tested data from a vehicle using the aforemen-
tioned engine at Sebring International Raceway.

Methodology

The methodology can be summarised in the following
individual sections as shown in Figure 2. The input
information includes the track data, CAD model and
material properties for this method. The arrow indi-
cates the sequence of the procedure. Each section will
be explained separately in the following sections.

Track data processing

An engine speed trace with a sampling rate of 83.33Hz
in the time domain was acquired from the GM Vehicle
Performance Data Recorder (Parts number: 84437246)
and GM LT1 engine. The data was converted into time
histogram with a bin width of 200 rpm and a total of
20 bins from 2500 to 6500 rpm using Cosworth Pi
Toolbox. A total of three fastest laps was selected
through three sessions. The time versus rpm histogram
is further converted into number of Power strokes at
each rpm per lap. The average of the three laps is taken
as shown in Figure 3.

Equation (1) is used to convert rpm into power
strokes assuming the model is a 4-stroke engine, mean-
ing every 2-crankshaft rotation for 1 power stroke

Figure 1. Common failure locations on the connecting rod.12

Figure 2. Overview of the procedure of this method.
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cycle. For each bin, the middle rpm was used for the
calculation.

No: of Powerstroke cycle=
time secð Þ � RPM

60

� �
2

ð1Þ

AVL BoostTM model

In order to obtain the cylinder pressure curve in the
angle domain for each rpm bin, an AVL BoostTM

model is created based on the natural aspirated V8 GM
LT1 engine used in the car from which the previously
mentioned rpm data originates. The general specifica-
tions of the model are set to match with the published
data of the engine, which are summarised in Table 1.

Given the relation between torque output and
BMEP (Brake Mean Effective Pressure), the output
torque curve from the simulation of AVL BoostTM

model and dyno testing of the physical engine were
used to validate the output cylinder pressure curve
from the AVL Boost TM (as an exponent) model as
shown in Figure 4. The focus of the study being the
methodology, the aim with the AVL BoostTM model
was to achieve the same peak torque as the engine dyno
data and to generate relevant pressure curves. Engine
parameters such as ignition timing are fixed instead of
being varied with engine speed hence the discrepancies
between both curves in Figure 4.

The model was then used to generate cylinder pres-
sure curve for each rpm bin from the track data. The

simulated cylinder pressure curve at 2600, 4600 and
6400 rpm is shown as Figure 5.

Meshing and condensation

The FE model of the connecting rod used in this study
is shown in Figure 6. Material is defined as EN DD12
steel with density of 7.85 g/cm3, Young’s modulus of
207GPa and Poisson’s ratio of 0.29. The length and
bore diameters are from the stock connecting rod
design of the engine with the same I-beam profile. The
model contains 80,601 nodes and 44,796 elements
including 40,398 quadratic tetrahedral elements of type
C3D10 (no hourglass control, faster resolution) and
4398 modified tetrahedral elements of type C3D10M
(hourglass control making it suitable for contact sur-
faces, better accuracy, require more computational
power) and assumes linear elastic material model beha-
viour. Following mesh sensitivity, the minimum ele-
ment size is 1.64mm while the maximum is 3.47mm.

Based on the meshed profile, a membrane for the
piston end pin and crank end pin respectively are cre-
ated with surface-based TIE Constraint. A 5-percent
tolerance for each membrane slave surface is defined,
followed by membrane meshing for both ends. Then, a
condensation task is created in AVL ExciteTM based

Table 1. GM LT1 engine specs.25

Variables Values

Bore 103.251mm
Stroke 92mm
Peak torque 465 Ib ft
Intake runner volume 297 cc
Intake valve diameter 54mm
Exhaust runner volume 107 cc
Exhaust valve diameter 40.386mm

Figure 3. Histogram of average power cycles of each rpm bin.

Figure 4. Torque curve comparison between AVL BoostTM

model and LT1 engine dyno test.26

Figure 5. Cylinder pressure traces in crank angle domain at
2600, 4600 and 6400 rpm.
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on Craig-Bampton method.27 This method combines
motion of boundary points with modes of the structure
to reduce the size of finite element model. Following
the AVL ExciteTM tutorial to condense the connecting
rod model, the boundary DOFs were defined as follow-
ing: all nodes on the membrane of both ends (DOFs 2
and 3), on the connecting rod centre of gravity (DOFs
1–6) and eight other nodes on axial joint connection
(DOF 1).

AVL ExciteTM model

The assembly of the model in AVL ExciteTM is shown
in Figure 7.

The pressure curve for each rpm bin generated from
AVL BoostTM is used in AVL ExciteTM to evaluate
compression load for a given rpm as a global para-
meter. SAE 5W-30 (with dynamic viscosity of 0.009Pa s
at 100�C) is selected for engine oil as used in the stock
engine. Geometry and inertia are shown in Table 2.

Journals were created at both crank and piston ends
to simulate bearing and applied force. For the journal,
the same material properties as the connecting rod were
used. While the piston liner is defined as rigid and crank
pin is defined with circular motion with no active DOF,
piston pins are allowed 2 active DOFs and connecting
rod is set with 4 active DOFs, with all directions of
motions and 1 degree of rotations. The bearing contact
condition at both ends is defined as elastohydrody-
namics (EHD)28 with asperity contact, which applies
Greenwood/Tripp model29 and uses averaged Reynolds
equation. Rayleigh damping is applied on the connect-
ing rod material damping given that research has shown
it improves the stability of calculated results.30 The
simulation was performed over two power stroke cycles
(1440� crank angle) with step size of 0.00125� crank
angle (AVL ExciteTM default value) for each rpm bin,
where 0� and 720� crank angle are corresponding to pis-
ton at TDC between exhaust and intake strokes.

Static analysis

A linear static analysis is performed in AVL ExciteTM

considering the EHD pressure load and acceleration as
inertial load. A step size of 10� CA is used due to com-
puter storage limitation for the linear static analysis.
The second power cycle (from 720� CA to 1440� CA)
from the simulation of each rpm is used to ensure
convergence of the stress output results. Nodal displa-
cement and stress are obtained and von Mises and
stress values in the longitudinal direction in each step
angle are calculated. The change of stress magnitudes
and direction with respect to rpm is also investigated.
Further, a separate case of stress distribution is created
based on no combustion load and open valves (i.e.
cylinder pressure equals to atmospheric pressure) model
to examine stress due to cyclic load and rpm relations.

Fatigue analysis

The methodology discussed in this work does not
account for thermal, size and surface finish effects since
the expected temperature for the connecting rod would

Figure 6. Mesh of the connecting rod used in the study.

Figure 7. AVL ExciteTM diagram of the model assembly.

Table 2. AVL ExciteTM model properties.

Properties Values

Bore 103.25mm
Stroke 92.0mm
Connecting rod length 150mm
Liner height 150mm
Distance of crankshaft axis to liner top 300mm
Piston mass 0.5 kg
Piston pin mass 0.23 kg
Connecting rod mass/moment
of inertia at small end

0.14 kg/5.9E-5 kgm2

Connecting rod mass/moment
of inertia at intermediate point

0.18 kg/1.5E-4 kgm2

Connecting rod mass/moment
of inertia at big end

0.33 kg/3.3E-4 kgm2
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not significantly change the stiffness and the size and
surface finish effect would only linearly increase the
maximum stress without any impact on the approach.
It is also worth noting that this approach is developed
for high cycle fatigue whereby plasticity is negligible.

This study focuses on the shank region of the con-
necting rod because the pin part of the connecting rod
is subject to different fatigue modes such as fretting.12

For the demonstration purpose, a conservative assump-
tion was made that the cut off stress amplitudes is 107

number of cycles, which is noticeably higher than what
suggested by the Eurocode 3 guideline.7

S-N curves are based on the material properties pro-
vided by Granta EDU pack 2021 and are modified
according to Basquin and Coffin-Manson approxima-
tions.31 For the application of different stress ratios
Granta EDU pack 2021 applies modified Goodman’s
relation31 to update the original S-N curve.

Stress range Ds is defined as:

Ds=smax � smin ð2Þ

Where smax and smin are the maximum and minimum
stresses in the stress cycle respectively and stress ampli-
tude sa is given by:

sa =
Ds

2
ð3Þ

Moreover, the stress ratio is given by:

R=
smin

smax
ð4Þ

Given the stress amplitude in one stress cycle, the S-N
curve based on stress ratio can be used to obtain fatigue
life (i.e. number of cycles to failures) for each rpm case.
Stress amplitudes that correspond to number of cycles
higher than 107 are neglected.

Palmgren-Miner linear cumulative damage model
was then used,23 and it can be expressed by:

n1
N1

+
n2
N2

+ . . . +
nk
Nk

=1 ð5Þ

where n1, n2 . . . nk represent cycles at specific stress
level according to the track data and N1, N2 . . . Nk

indicate fatigue life in cycles at the same stress ampli-
tudes according to the S-N curves. Combining with the
lap data, percentage of damage of each rpm bin and
percentage of damage from each lap can be estimated.
Each fraction represents a percentage of damage con-
tributed by that specific stress level.

The total lap number (Nlap) achievable before failure
is therefore given by:

Nlap=
1

n@2600

N@2600
+

n@2800

N@2800
+ . . . +

n@6400

N@6400

� � ð6Þ

Where n@2600, n@2800 . . . n@6400 represent cycles at spe-
cific rpm per lap and N@2600, N@2800 . . . N@6400 indicate
fatigue life in cycles at the specific rpm.

Results and discussions

FEA and stress analysis

The results for three specific engine speeds, namely
2600, 4600 and 6400 rpm are used to demonstrate that
these three cases contain all the extreme input values
through the entire rpm range. Notably, 2600 rpm
experiences the lowest combustion and cyclic loads.
4600 rpm features the highest combustion load while
6400 rpm faces the highest cyclic load as shown in
Figure 8. Peaks of cyclic and combustion loads are
respectively experienced at 0�CA and between 15 and
20�CA depending on the engine speed (0�CA corre-
sponds to TDC between compression and expansion
strokes).

According to Figure 8, the combustion-induced
force on the conrod does not evolve linearly with engine
speed in results of different combustion start and air/
fuel ratios for each engine speed to match the torque

Figure 8. Combustion induced force (a) and inertia force (b) acting on the conrod at 2600, 4600 and 6400 rpm.
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presented in Figure 4. On the contrary, it can be seen
that the inertia force acting on the conrod increases
with engine speed, that is, with angular velocity,
because of the higher deceleration/acceleration on the
piston end.

When combining combustion-induced and inertia
forces, it is possible to estimate the axial force experi-
enced by the conrod (Figure 9). It can be highlighted
that as for the inertia force, the peak tension force of
the total axial force increases with engine speed whereas
the peak compression force varies differently because of
the difference in peak in-cylinder pressures.

For 4600 rpm, despite the cyclic load leading to
higher tension force than that for 2600 rpm around
TDC in consequence of the higher engine speed, the
significantly higher combustion load leads to a higher
compression force resulting in a higher compressive
load faced by the conrod. The combustion load has
increased faster than the cyclic load.

On the contrary, 6400 rpm experiences both higher
maximum and minimum peaks as the combustion force
has reduced compared to 4600 rpm and the cyclic load
has further increased.

On the contrary to what was observed in another
study,32 the simulations carried out for this research

project show that the stress range is not constant over
all engine speeds. The maximum stress increases with
engine speed as a result of the higher cyclic load but the
minimum stress does not evolve as linearly because of
the difference in peak-cylinder pressures with engine
speed.

As shown in Figure 10, the maximum stress increases
faster than the minimum one, leading to an increase in
stress range. The main difference between this study
and the work presented by Shenoy and Fatemi32 is the
consideration of combustion load variation with engine
speed. Thanks to the simulations ran with AVL
BoostTM, the AVL ExciteTM model was provided with
a specific pressure trace for each engine speed whereas
Shenoy and Fatemi32 only had access to one which was
applied to all cases.

Because of this difference in maximum and mini-
mum stress evolutions, 2600 and 4600 rpm will experi-
ence nearly identical peak compression stresses and the
conrod at 4600 rpm will be under tension during the
compression stroke whereas at 2600 rpm, it will only
face very low compression stress (Figure 11).

Fatigue analysis

The FEA results have shown a consistent stress concen-
tration spot, which is the interface region between the
lower rib and the shank, with the studies that also fea-
ture the I-beam connecting rod.13,14

Based on overall stress amplitude and ratio of the
entire range of rpm and cycles number of each rpm,
failure initiation point is found to be at node 35137
(Figure 12) on the surface of the transition region
between the piston/small end and the shank where the
surface is a curved sharp edge, and the sectional area is
reduced to the approximate minimum. The amplitude is
marginally higher within the low rpm region at another
node in the transition region between the big end and
the shank on the surface of a similar curved sharp edge
where sectional area is also close to the minimum. It is

Figure 9. Total axial force experience by the conrod at 2600,
4600 and 6400 rpm.

Figure 10. Minimum, maximin, mean stresses and stress range
evolution with engine speed.

Figure 11. Stress experienced at node 35137 of the conrod
for 2600, 4600 and 6400 rpm.

Xu et al. 7



then discarded given that the cumulative damage is
significantly less. A plot of that the longitudinal stress
amplitude on node 35137 is are shown in Figure 11.

After counting the number of stress cycles on node
35137 of each rpm case, the combining results from the
track data and each rpm stress cycle can be summarised
as Figure 13.

Based on Figure 10 and S-N curve, the number of
cycles until failures is obtained as shown in Figure 14.
The number of stress cycles until failures are assumed
to be infinite when exceed 107, therefore lower rpm are
not shown in the Figure 14.

Using equation (5), values in Figure 14 can be con-
verted into percent of damage per lap as shown in
Figure 15.

By substituting these values into equation (6), the
estimation suggests a total operation life of 462 laps
before failures, which roughly equals to three 12-h
endurance race in GTE PRO class at Sebring.

Based on Figure 10, it can be observed that the
stress amplitude is constantly increasing as the engine
speed increases. Figure 8 shows the dominance of the
tension side (i.e. positive stress values from amplitudes
graph) both in terms of magnitude and time in tension
zone due to cyclic load. According to the study12 which
reviews common conrod failures, the transition region

between the piston pin and the shank region is com-
monly subject to fatigue crack. The fracture location
based on the experiment and FEA mentioned in the
study demonstrate the failure initiation point on the
surface of the transition region between the piston/
small end and the shank.

Node 35137 from Figure 12 matches the surface
crack initiation points shown in the experiment and the
stress concentrating spot from FEA in the study. After
comparison, it is possible to predict the surface initiate
fracture will also be displayed on the FEA predicted
spot of the connecting rod model covered in the study.

In Figure 13, the rate of increment of stress ampli-
tude curve (orange line) possesses a declining trend in
the lower to mid rpm range due to the cancelling
between compression and tension during combustion
cycle. However, the stress amplitude of the last rpm
case namely 6400 rpm noticeably increased. The sudden
disappearance of cancelling effect is caused by the
increasing rate of cyclic load growth and sudden reduc-
tion of the combustion peak pressure. Physically, the
sudden drop of the combustion pressure is due to the
rpm limiter, which is set at 6200 rpm, restricting fuel
supply. While there is no rpm limiter in simulation
setup, the matching of torque curve in this region
between the simulation model and the physical engine
as shown in Figure 4 can be used to mimic this phe-
nomenon given that the torque curve is directly related
to combustion pressure as well. From Figure 13, it can
be observed that the stress ratio is consistently rising,
which means that the tensile stress is more dominant in
the stress cycle and that the number of cycles to failures
on the updated S-N curve is reduced compared to the
original one. Hence, it can be speculated that fatigue
damage per rpm in the higher rpm region will be drasti-
cally greater due to all three factors which are higher
stress amplitudes, number of stress cycles per lap and
stress ratios. Given Figure 13, it is simple to identify the
main influence factor on fatigue damage percentage for
each rpm, either high number of stress cycles or large
stress amplitude. The partial damage of each rpm bin
per lap is shown in Figure 15. Although the number of
occurrences of the 6400 rpm peak is considerably lower

Figure 12. Location of node 35137 on the zoomed in contour
plot.

Figure 13. Summary of longitudinal stress results on node
35137 across the rpm range per lap.

Figure 14. Number of stress cycles per laps versus number of
cycles until failures.
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than that of the region between 3600 and 6200 rpm, the
corresponding fatigue damage per lap is considerably
higher and equal to 0.0485% per lap. As a result, it is
possible to conclude that the higher stress amplitude,
due to the scale and slope of S-N curve in this demon-
stration, plays a dominant role in contributing to the
total fatigue damage.

Evaluation of the methodology

The method suggested in this study demonstrates sev-
eral advantages over conventional methods in deter-
mining the fatigue cycle of connecting rod:

1. It is mostly based on simulation except for material
properties and some limited track data. Compared
with other studies where combustion loads are
obtained through testing and strain amplitude
needs to be measured, this method can be used on
a computer with a licence of several software if
material and track data is presented.

2. It is relatively simple. Some studies have used
rainflow-counting algorithm or more complicated
counting method to process the stress amplitude
throughout the entire working duration. It would
be equivalent to measure the strain on connecting
rod throughout entire race. In this study, by discre-
tising the rpm, stress cycle can be easily obtained,
and amplitude can be directly counted.

3. It is flexible. The method is a combination of mul-
tiple software and physics models. Similar software
is interchangeable, a variety of effects for fatigue
calculation can be considered and different models
for various level of accuracy or scenarios can be
applied in each stage.

However, this methodology does have areas that can be
improved and limitations:

1. More information from the track data can be used
to improve the accuracy of the method. For exam-
ple, the braking pressure or throttle times traced

data can be incorporated into the model as well as
engine cylinder pressure under different throttle
position or braking. By separating the conrod
damage under different throttle positions, it will
improve the accuracy of the cumulative fatigue
damage.

2. The application of testing data such as material
properties might not be accurate compared to the
physical model given that multiple factors should
be considered such as defects inside the connecting
rod during manufacturing process. And different
materials and manufacturing process will have dif-
ferent degrees of impact on the product defects
properties,15 leading to different accuracy on the
fatigue life predictions.

3. It does not support other applications outside of
motorsports. Track data such as time trace of rpm
and brake pressure is usually obtainable only on
the race cars equipped with racing data loggers.
Also, circuit racing is a very repetitive event, mean-
ing the rpm trace exhibits a high level of similarity
between each lap, leading to a reasonably identical
cumulative fatigue damage of each lap.
Automotive applications, on the other hand, could
be based on pre-determined driving cycles or
recorded cycles such as WLTP.

4. Since this methodology is new, there is not much
validation on this topic. Although software tools
and physics models mostly have been tested and
validated, the combination effect of all and other
factors which might influence the result are still
unknown.

Conclusion

The study has successfully applied the purposed metho-
dology and completed the original three objectives. An
engine model in AVL BoostTM and a connecting rod
model in AVL ExciteTM were created. Combustion
pressure data from AVL BoostTM were been applied
during the calculation of the connecting rod stress in
AVL ExciteTM. FEA stress simulation results of each
rpm bins were acquired (each bin has a width of
200 rpm ranged from 2600 to 6400 rpm). Tension
induced by cyclic loading and compression induced by
combustion load were found to have interference,
reducing the final stress on the connecting rod during
the combustion phase. The stress amplitudes tend to
increase as rpm rises. Track data was obtained and cal-
culation of the fatigue damage from each rpm bin on
the connecting rod based on linear cumulative fatigue
damage model and estimation of the connecting rod life
in terms of lap was performed. The connecting rod
used in the simulation was found to last 462 laps based
on the predictions, corresponding to 36h of racing.
Majority of fatigue damage per cycle is mostly contrib-
uted by the higher rpm cases. Notably the 6400 rpm
case contributes to the highest amount of fatigue

Figure 15. Percentage of damage contributed by each rpm per
lap.
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damage per lap. Overall, the innovative methodology
has simplified the traditional fatigue counting algo-
rithm yet still needs validation and detailed study on
various applications in the future.
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