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Abstract. Crankshaft is one of the crucial parts for the internal combustion
engine which required effective and precise working. In this study, the aim
of the study is to identify the stress state in the crankshaft and to explain the
failure in automotive crankshaft and fatigue life of crankshaft by using finite
element analysis. The 3D solid modelling of the crankshaft model was
designed and developed using SolidWorks. A static structural and dynamic
analysis on an L-twin cylinder crankshaft were used to determine the
maximum equivalent stress and total deformation at critical locations of the
crankshaft. The model was tested under dynamic loading conditions to
determine fatigue life, safety factor, equivalent alternating stress and
damage using the fatigue tool. The results obtained from this study indicated
that the crankshaft has obvious fatigue crack which was belongs to fatigue
fracture. The fatigue fracture developed was only attributed to the
propagating and initiate cracks on the edges of the lubrication hole under
cyclic bending and torsion. Overall, the crankshaft is safe for both static and
fatigue loadings. In dynamic analysis, the critical frequency obtained in the
frequency response curve should be avoided which it may cause failure of
the crankshaft.

1 Introduction

Throughout many decades, internal combustion engine (ICE) has played a crucial role in our
daily life. Research has been actively carried out to learn about the improved model for the
generation. This contributes to the maximization power of ICE and minimization of fuel
consumption of the automobile vehicle and air pollution to the environment, such as
greenhouse effect [1]. ICE plays an important part in automotive industry due to the
necessarily to transport goods and people [2].

The crankshaft is an essential mechanical part in ICE because it transforms the linear
movement of the pistons into rational movement in the shaft. The crankshaft is upheld by a
few main bearing journals and the rotation of the crankshaft happens because of the torque
created by the connecting rod that connects with the piston to the crankshaft at crankpin [3].
The engine may be unavailable to use if the crankshaft is not working fine. The purchase and
replacement would be expensive.
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The repair cost will not only involve the crankshaft but instead it will affect other parts
as well such as the cylinder head, interfacing pole, chambers. This required extensive
timeframe to fix, principally in light of the crankshaft area inside the engine [4]. The
crankshaft bears complex loads and the condition of its workplace is harsh [5]. It is significant
that the issues surrounding failure of crankshaft remained unsolved, and manufactures
encountered numerous issues in relation to multi-axis load such as torsion and bending, the
concentration of stress, the gradient of the stress and the effect of the variable amplitude load.

The advancement in technology makes the need for high speed engineering machines. As
a result, there is the need for compensation between speed, efficiency and size in the
development of an engine crankshaft. In the past decade, the methodology to identify stress
in crankshaft can be determined using frame and beam model. With the current advance
technology, the stress on crankshaft can be determined using finite element analysis (FEA).
FEA involves the simulation of a physical engineering structure using a numerical technique.
It involves subdividing the structure into smaller elements called mesh. Several numbers of
design analysis under different constraints are performed with FEA. In designing a complex
structure, computer-aided design (CAD) is used. Among the software which can be
implemented to perform analysis by using computer aided engineering is ANSYS. The
computer aided software is able to determine the optimal performance as well as the lifespan
with regards to design failure. Harmonic analysis can be used to determine the stress due to
harmonically changing loads. Endurance limit can be defined as the fatigue limit. If the stress
applied is lower than the endurance limit, it will have an infinite fatigue life. The examples
of more renowned theory for fatigue analysis is Soderberg and Goodman failure theories [6].

ANSYS can be implemented to analyses the crankshaft. The use of harmonic analysis is
able to determine the stress and effect of components such as flywheel on a crankshaft [7].
In the previous research conducted, harmonic response for torsional deformation can be
identified using transient analysis [8]. Giakoumis et al. [9] had carried out analysis on a
crankshaft inertia torque harmonic for finding the torsional deformation. Talikoti et al. [10]
had used the harmonic method of mode superposition to perform the transient dynamic
analysis in order to determine the stiffness, stress and value of the steady state of deformation.
Reddy [11] had conducted the static structural analysis to optimizing the design of the
crankshaft. The static structural analysis provides the details on the deformation and total
stress of the crankshaft by incorporating different raw material and design. According to
Mourelatos [12] as time changes, the load applied on various area of crankshaft changes,
therefore, structural dynamic analysis should be performed. During the operation of the
crankshaft, it undergoes various type of vibration such as torsional, flexural, axial and couple
[13, 14]. There is different type of the crankshafts had designed and developed using various
type of the CAD software such as PRO-E, CATIA-VS5 or SolidWorks before conducting the
analysis of the crankshaft model in ANSY'S [14-17]. Most of the analysis determined that at
the center of the crankshaft, it is under maximum stress and deformation located at the center
of the crankpin and fillet area [18-20].

The study on the failure analysis of the L-twin crankshaft has not been reported in any
open source journals. In this paper, the fatigue tool in the static structural analysis and
harmonic analysis was carried out in the simulation. This is to evaluate the fatigue behavior
of the crankshaft, estimate the fatigue life and determine the stress distribution state of a
crankshaft in the L-twin Superquadro engine which subjected to the bending and torsional
load. The Superquadro engine is a MotoGP-derived 90° V4 with the desmodromic timing
which is one of a kind engine featuring a counter rotating crankshaft and Twin Pulse firing
order. The material used in the simulation analysis is AISI 4340 forged steel and applied in
the mechanical solver in the ANSYS static structural analysis and harmonic analysis.
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2 Methodology
2.1 Solid modelling of the crankshaft model

SolidWorks version 2020 software was implemented to design the 3D modelling of the
automotive crankshaft. For this study, a crankshaft was used for the simulation analysis can
be seen in Fig. 1. According to the geometric shapes of the commercial crankshaft, the 3D
CAD modelling was designed and generated in order to obtain a more precise and accurate
result during simulation analysis. In order to conduct a simulation on ANSYS platform, an
IGES file for the 3D CAD modelling was required.

Fig. 1. Developed 3D modelling design of the crankshaft.

2.2 Simulation of the crankshaft model

The model developed at the initial stage was required to assign with the suitable material
so it may physically behave like the actual crankshaft. The AISI 4340 normalized steel was
assigned to the crankshaft model and the mechanical properties of the material is stated in
Table 1. The body size was fixed on the basis of Grid Independence Test (GIT) performed
on the geometry of the crankshaft. The five mesh were used in this study with different
element size and the results as relation between stress and strain was plotted for each mesh
with fixed solver setting and boundary conditions. Based on the GIT reported in Fig. 2, it
was being observed that the difference in the plot for the element size 0.0025 m (Mesh 4)
and 0.0001 m (Mesh 5) was almost nil and hence therefore the element size 0.0025 m was
used for the further analysis such as modal analysis, harmonic analysis and fatigue analysis.

Table 1. Mechanical Properties of AISI 4340 forged steel.

Properties Value
Modulus of elasticity/Young’s modulus (Pa) 2 E+11
Poisson ratio 0.32
Ultimate tensile strength (Pa) 4.6 E+8
Yield stress (Pa) 2.5E+7
Density (kg/m?) 7850

Fig. 3 shows the boundary conditions for the Fatigue Analysis, Modal & Harmonic
Analysis. For the boundary condition, it was being observed that the crankshaft was subjected
to bending and torsional load. The crankpin is the point of contact with piston end and
subjected to force transmitted by the piston due to explosion of gases inside cylinder block.
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The force acting on the crankshaft was calculated using Eq. 1 where F),, Pnax and A indicates
the gas force, maximum gas pressure and cross-sectional area of piston.
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Fig. 2. Shear stress vs shear strain for five different mesh size.

(a) (b)
Fig. 3. Crankshaft subjected to (a) bending load (Fi=118.25 kN), and (b) torque (144 Nm).

When the maximum gas pressure of 112.5 bar is exerted at the piston, the force acting on
the piston and transmitted to the crankshaft was calculated by using kinematics relation
which the value of the force is 118.2 kN. Ducati Superquadro engine is L-twin cylinder
design with 1285 cc, and 118.2 kN is the calculated force acting on the crankpin. This is the
maximum force value acting on the crankpin during power stroke.

Finite element analysis (FEA) was conducted in ANSYS 2019 R3 to determine fatigue
life of the simulation model under various loading conditions. Two boundary conditions as
shown in Fig. 3 were used for the fatigue life cycle evaluation. The analysis was carried out
into three stages such as fatigue analysis, modal analysis and harmonic analysis. The fatigue
analysis was performed using ANSYS Workbench fatigue module. For fatigue analysis, the
solver was programmed for the 2 steps and 50 sub steps with large defection off and program
controlled nonlinear controls. The fatigue tool was used to evaluate fatigue damage and life
cycle prediction. The case setup was tested for the same boundary conditions with zero based
and fully reversed loading and the selecting mean stress theory the results are computed. The
selections of the mean stress theory were Goodman, Gerber and Soderberg [6]. Modal
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analysis was carried out with the objective to determine the natural frequencies of free
vibrations. Ten order of natural frequency were calculated for the displacement at 10 nodes
corresponds to vibration. It had provided the further background for the harmonics analysis
at various loads which finally has a guiding significance in design and manufacture of
carnkshafts. For harmonic analysis, the harmonic behavior of L-twin cylinder crankshaft was
investigated for the bending and the torsional loading conditions. The rotating parts and
subjected to fluctuating and cyclic loads were influenced with vibration which could harm
the mountings and may produce high wear and tear. The crankshaft revolutions per minute
(rpm) depends on the flow rate of charge inside combustion chamber, it varies from 0 rpm to
10500 rpm which is a very high speed for the generation of vibrations in this study. Hence,
the behavior of the vibration effects are commonly analyzed by harmonic analysis. The
minimum frequency and the maximum frequency of the vibration were set to 2782.1 Hz and
7340.7 Hz respectively which was obtained from the modal analysis.

3 Results and Discussion

The results visualization is the post processing stage which deals with the graphical
representation of output values. Typically, the deformed configuration, mode shapes and
distribution of stress are computed and displayed at this stage. The FEA experiment was
conducted on the 3D simulation model discretized with the element size 0.0025 m for the
boundary conditions and solver setup discussed, and the results were reported in this
segment. The simulation was carried out for the two different loading conditions such as
crankshaft subjected to bending load and crankshaft subjected to maximum torque. In this
research, full reversed loading and Gerber theory were selected for the fatigue analysis.

3.1 Fatigue analysis of crankshaft subjected to bending load

The static structural case was solved at four different load values acting on the crankshaft,
whereas the maximum was considered to be 118.2 kN. Von-Mises stresses was taken as
failure criteria for ductile metal. Fig. 4(a) presents the stress value as the color map
representation for von-Mises stress. It was observed that the location of maximum stress is
located at radius at end of the crankpin. The maximum value of stress was reported as
274.21 MPa at the crankpin. For the maximum loading condition, the equivalent stress values
are below the yield stress of 460 MPa. The crankshaft had a higher chance of failure at this
location under cyclic load. The material also had a tendency to shear due to complex loading
conditions. Fig. 4(b) shows the color map representation of shear stress concentration
throughout the crankshaft. The maximum value of shear stress was calculated as 42 MPa
near the corners of the crankpin. For the maximum loading condition, the shear stress values
are below the yield stress of 265 MPa.

The stress-strain curve for equivalent stress was plotted to check the response of the
bending load as shown in Fig. 5. The curve had shown the linear relationship of stress vs
strain, which was plotted on the logarithmic x-scale to represent the skewness towards the
large values. The maximum value of stress calculated from the analysis is under safe yield
value (460 MPa). To formulate the real dynamic behavior of crankshaft, the four load values
were assigned at the same point, and the response was analyzed. It was observed that during
360° of rotation, the crankshaft was subjected to different loads at different angles, which
was a very complex situation to simulate.
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Fig. 4. Static structural cases. (a) Equivalent (von-Mises) stress and (b) Shear stress.

Von-Mises equivalent stress vs equivalent strain was plotted at different load values to
determine the yield value or fracture as shown in Fig. 6. The curve response was found to be
a linear relationship. The abscissa was set to the logarithmic scale, and, for the same strain
value, the stress generated in the crankshaft was plotted. The maximum stress value
developed for the load of 118.2 kN was reported to be 274.21 Mpa, which is under the
permissible limit and the fatigue life of 1.61 e+9 hours was evaluated.
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Fig. 5. Equivalent (von-Mises) stress vs equivalent strain
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Fig. 6. Equivalent von-Mises stress vs equivalent strain at different loads.

The fatigue analysis was performed on the crankshaft for evaluating life cycle, crack
propagation, and yield strength, which can be used for product integrity and optimization.
The fatigue tool provided in ANSYS structural was used to evaluate the fatigue life, fatigue
damage, safety factor, and alternating stress. The crankshaft was tested for the bending load
of 118.2 kN with fixed ends. Table 2 and Fig. 7 indicate the results obtained from the fatigue
test. Fatigue life indicated the available for given fatigue analysis which represent the number
of cycles until the part will fail due to fatigue.

(©) (d)

Fig. 7. Fatigue analysis parameters: (a) Fatigue life in hours, b) Fatigue damage, c) Fatigue safety
factor, d) Fatigue equivalent alternating stress
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The crankshaft fatigue life is shown in Fig. 7(a). Fig. 7(b) shows the contour plot of the
fatigue damage, which is basically the design life or available life of the component. For the
fatigue damage, the value greater than 1 represents the failure of the component before the
design life is reached. It was observed that the failure take place at the dislocation, which is
the point of maximum stress concentration. Fig. 7(c) shows the fatigue factor of safety with
respect to the fatigue failure at a given design life. The maximum factor of safety is 15, the
value of less than one results in the failure of the component before design life. Due to the
fatigue load, the equivalent alternating stress was developed in the component (Fig. 7(d)).
The alternating stress had illustrated the maximum and minimum values for the cyclic load.
The crankpin had the portion subjected to maximum stress and the possibility of failure. The
maximum stress life of the crankshaft for the high cycle loading was determined as 1.61 e+9
hours, under the alternating stress of 18.131 MPa. The maximum fatigue damage reported as
1.88 e-1 at the crankpin, which is less than one and ensures that the product durability. For
the fatigue sensitivity, the change in fatigue results changes as the function of the loading at
the critical location of the crankshaft model. The results show the decrease in fatigue life as
the load value was increased from 50% to 150%.

Table 2. Fatigue life cycle assessment

Factors Value
Minimum life for the maximum bending load of 118.2kN (hours) 1.61¢9
Damage 0.47562
Safety factor 0.58388
Equivalent alternating stress (Pa) 1.8131

3.2 Fatigue analysis of crankshaft subjected to torsional load

The second case was formulated with the crankshaft subjected to both bending and
torsional stress. A torque of 144 Nm was applied at the extreme ends and the crankpin was
fixed. The load of 14 kN was applied for the one-time step. Fig. 8 illustrated the color map
representation of shear stress concentration throughout the crankshaft. The stress-strain curve
plotted for the response of crankshaft was present in Fig. 9, the results validated the forces
calculated at the crankpin. The color map of the crankpin and the fillet areas are the locations
of high-stress concentration and with the higher possibility of failure. The results of the
fatigue life cycle assessment were as shown in Table 3.

(a) (b)

Fig. 8. a) Equivalent (von-Mises) stress, b) Shear stress.
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Table 3. Fatigue life cycle assessment

Factors Value
Minimum life for the maximum torque of 144 Nm (hours) 2.7778 et+11
Damage 0.0036
Safety factor 5.1873
Equivalent alternating stress (Pa) 4.2865 et7
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Fig. 10. Equivalent von-Mises stress-strain relationship for the different torque values.

To formulate the dynamic loading condition, four different torque values were assigned
to the crankshaft, and the response was reported. The stress-strain curve for equivalent von-
Mises stress was shown in Fig. 10 indicates the linear relationship, and the maximum value
was calculated as 5.503 e+7 Pa, which is under safe permissible yield stress and the fatigue
life of 1.61 e+10 hours was evaluated.. The maximum value of shear stress was calculated as
15.6 MPa, which near the corners of the crankpin. The observed values obtained were close
enough to the results obtained from the crankshaft subjected to bending load. The results
obtained for both the cases of loading conditions ensure the dynamic behavior of the
crankshaft. The maximum torque applied to the crankshaft was 144 Nm, and it was decreased
to 75 Nm. This was to check the response of stress-strain curve and to evaluate stress life.
The fatigue life was calculated 2.778 e+11 hours in the absence of a bending load at the
crankpins. The crankpin and the corners were the high-stress concentration zone and with the
maximum possibility of crack formation and failure. However, in actual practice, the
crankshaft is subjected to both bending and torsional loads, and it has to deal with the
fluctuating loads with shocks as well, which depends on the engine operating conditions.



MATEC Web of Conferences 335, 03001 (2021) https://doi.org/10.1051/matecconf/202133503001
14" EURECA 2020

3.3 Harmonic Analysis of Crankshaft

The vibrational excitation of any structure was analyzed using the modal analysis. The
technique was used to determine the vibrational characteristics like natural frequency and
mode shapes. The harmonic analysis was performed at the various frequency of vibration
obtained from the modal analysis. The harmonic analysis of the crankshaft was carried out
by using finite element software such as ANSYS workbench. The advantage of using a finite
element software package was that mode shapes could be accurately visualized and
simulated. So, the stress and deformation in the crankshaft could be precisely calculated. The
major and the critical locations of the crankshaft can be identified, where the possibility of
failure could arise and suggest some suitable amendments may be performed on the design
of the crankshaft according to constraints and boundary conditions. The various value of
deformation and stress obtained from the analysis were shown in Fig. 11. The various graphs
were plotted to represent the behavior of the crankshaft under a speed of 10500 rpm of the
engine.

Fig. 11 shown the equivalent von-Mises stress developed at the frequency of 7340 Hz,
which is the highest frequency obtained at the modal analysis for bending as well as torsional
load. While applying the bending load, the two extreme ends of the crankshaft were kept
fixed, and the load was applied at the crankpin. Fig. 11 (a) illustrated the color map for the
equivalent stress values when the crankshaft was subjected to the vibration of 7340 Hz. The
maximum deformation was developed in the counterweight section at stress 8300 MPa. The
portion of the crankshaft close to the counterweights was subjected to maximum stress and
the possibility of crack formation.

(b)

Fig. 11. a) Equivalent (von-Mises) stress for the crankshaft subjected to (a) pure bending load and (b)
maximum torque.

10
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Fig. 11(b) indicated the equivalent von-Mises stress developed in the crankshaft when
subjected to torsional load. The fillet around the shaft near journal bearing and crankpin were
the locations of high stress represented in red color. The maximum value of stress was
observed to be 33.8 MPa in the fillet region. The frequency responses for the normal stress
values and total deformation were found in Fig. 12, 13 and 14. The peak value at the curve
was the indication of the frequency of vibration is close to resonance frequency and cause

the failure of component hence, therefore such frequency value must be avoided by
introducing necessary damping mechanism.

=

(@)

Fig. 12. Harmonic frequency vs normal stress for (a) force (Ft=118.2 kN) and torque (=144 Nm)
acting at the crankpin.

(a) (b)

Fig. 13. Harmonic frequency vs directional deformation for (a) force (F: =118.2 kN) and torque
(=144 Nm) acting at the crankpin.

(a) (b)
Fig. 14. Harmonic phase response including response of force for (a) force (Ft =118.2 kN) and (b)
torque (=144 Nm) acting at the crankpin.

Fig. 12 shows the normal stress plot at the frequency range of 3237 Hz to 7340 Hz for
the crankshaft which is subjected to bending load and torsional load respectively. The peak
value of normal stress was generated at the frequency of 3780 Hz for the bending load and

11



MATEC Web of Conferences 335, 03001 (2021) https://doi.org/10.1051/matecconf/202133503001
14" EURECA 2020

at the frequency of 3237 Hz for the torsional load. The material has the tendency to shear
undergone the directional deformation. The maximum deformation occurs at the frequency
of 3780 Hz for the bending load and at the frequency of 5843 Hz when the crankshaft
subjected to torsional load as shown in Fig. 13. The corresponding phase angle response and
the force response are shown in Fig 14. The operating frequency range could be decided from
the results obtained from the harmonic analysis and the required modifications can be made
in the design to improve the design life. The critical frequency obtained in the frequency
response curve, which is highlighted in the square at the bottom right must be avoided as it
may cause the failure of the component.

4 Conclusion

The aim of the research is to study the fatigue failure analysis of crankshaft using finite
element analysis. The stress-strain curve was a linear relationship obtained for this analysis
to ensure that the maximum stress developed is under the safe permissible range of yield
values. The results reported from this analysis stated that the failure began at the fillet region
on the lubrication hole and this was caused by the high bending stress concentration. The
high stress concentration zone was the focus of this study as its location of failure, the
crankpin and the corners were evaluated as the high stress concentration and fatigue failure
zone in this study.

Dynamic results proved that the design of the crankshaft statically safe failed under the
dynamic condition for both the loading conditions of the crankshaft. The natural frequency
under fixed boundary conditions was found to be in the range of 2782 Hz to 7340 Hz.
Besides, the harmonic analysis shows that the maximum stress and deformation appeared at
the web edge of the counterweight and the maximum stress intensity appeared at the fillets
between the crankshaft journal and crankpin. The maximum stress intensity developed at the
fillet region did not deviate from the design limit of the original crankshaft and theoretical
values.
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