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Abstract - The complex loading the connecting rod tolerates mandates an adequate solidity
to withstand the applied forces. Therefore, it is necessary to accurately evaluate the stresses
applied to the connecting rod and predict its fatigue life in the engine's actual operational
conditions. The present study aimed to predict the high-cycle fatigue (HCF) life of the
connecting rod by changing the fuel from gasoline to bioethanol using the results of the
connecting rod dynamic analysis. For this purpose, the stress was predicted using finite
element analysis (FEA) and ANSY'S software. The nCode Design Life software was applied,
along with the Goodman criterion, to estimate HCF life. The mechanical analysis results
showed that using bioethanol instead of gasoline would increase the connecting rod stress
by about 3.46%. According to the HCF life analysis, the minimum fracture cycles of the
connecting rod in gasoline and bioethanol states were 2.744x109 and 2.356x109 cycles,
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respectively, observable in the area between the shank and the small end. Therefore, the
HCEF life of the connecting rod in the bioethanol state would be about 0.388x109 cycles, or
14.14% reduced. As shown by the HCF safety factor, the connecting rod had no critical area.
800-hour durability test showed no rupture in any part of the connecting rod. According to
the 800-h durability test, the connecting rod will not rupture in any sections.

1. Introduction

The connecting rod connects the piston (reciprocating motion) to the crankshaft (rotational motion). Since the connecting
rod is subjected to axial tensile and compressive forces due to inertia and combustion, as well as the bending moment
resulting from rotational inertia, this element should be designed to be highly reliable. While this component should be
strong enough to withstand the applied forces, it should also be light enough to reduce the inertial force due to mass [1-
3]. Inrecent years, the growing focus on improving engine efficiency and reducing fuel consumption has imposed greater
thermal and mechanical stresses on engine components, presenting a new challenge for engine designers. Such conditions
make the analysis and optimization of the connecting rod crucial, and require precise examinations of the stresses applied
to the connecting rod and its fatigue life in the engine's real operational conditions [4], [5]. Depletion of fossil fuel
resources, along with the expansion of their environmental footprint and increasing demands, has shifted researchers
toward alternative approaches to reduce engine emissions, such as substituting fossil fuels with bioenergy ones. In this
regard, alcohols are considered one of the best options to replace (or be combined with) gasoline [6], [7]. Ethanol fuel is
one of the most favorable alcohol fuels, used as an additive to gasoline. Globally, the most prevalent mixture of ethanol
and gasoline consists of 10% (or less) alcohol and 90% gasoline. Such a mixture, known as gasohol, can be used in
lightweight vehicles, with no specific necessary modification to the engine and fueling system [8], [9]. The bioethanol
condition produces higher in-cylinder pressure than gasoline due to its oxygenated molecular structure and higher flame
speed, which enhance combustion [7], [10]. Consequently, the connecting rod experiences greater loading and stress,
leading to a reduction in fatigue life.

Various studies have been conducted to analyze, predict, and optimize the stress and fatigue life of the connecting
rod. For instance, Alam and colleagues analyzed the fatigue failure of a diesel engine connecting rod, indicating that
improper machining and drilling of the oil hole can cause tensile residual stress, ultimately leading to fatigue failure [2].
Moreover, Nuthalapati and Malkapuram's study on composite application in the production of connecting rods showed
that composite connecting rods can be considerable substitutes for aluminum connecting rods due to their lighter weights.
However, composite connecting rods are not competitive with forged steel ones [11]. In a study on the high-cycle fatigue
analysis and optimization of the connecting rod, Silva and Bittencourt reported a reduced mass of the connecting rod (by
about 3%) as the result of its optimization [12]. Using high-strength steel, Kaiho and colleagues increased the connecting
rod's strength by 10%. Notably, their resulting connecting rod was 8% lighter than the primary one [1]. Sathish and
colleagues analyzed and modeled the connecting rod made from various aluminum alloys using the finite element method
(FEM). Their findings suggest lower stress tolerance in the connecting rod made of AA2014 aluminum alloy [13].
According to the results of Witeka and Zelekb's study on stress analysis and stall of the connecting rod in a turbocharged
diesel engine, the connecting rod failure is predominantly caused by high stress due to the bolts' preload [14]. By
predicting the connecting rod's high-cycle fatigue life, Kolayath and colleagues reported the minimum fatigue life between
the shank and the small end [3]. Interestingly, Gandhul and Shriwastava documented a new prediction method for
connecting rod fatigue life using Goodman's fatigue criteria [15]. Moreover, by analyzing the connecting rod fatigue
stresses, Mohammed Mohsin and Mohamed observed the minimum fatigue life in its shank area [16]. Using Ansys
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software, Godara and colleagues studied the design and analysis of the connecting rod, indicating the area between the
shank and small eye as a critical area, where the maximum von Mises stress occurs [17]. In a mechanical analysis and
topological optimization performed by Bhamdare and colleagues, the optimization of the connecting rod decreased its
weight approximately 11% [18]. Another approach, presented by Xu and colleagues, to predict the connecting rod fatigue
life by using the Palmgren-Miner cumulative damage model, predicted the minimum fatigue life near the small end (at
its joint with the shank). As their findings suggest, the variation and reduction of the connecting rod thickness caused
critical points in such an area [19]. Another study by Jia et al. evaluated the impact of forging marks on the strength of
connecting rods using FEM. Based on the results, such marks should be avoided in critical areas of the connecting rod
due to their adverse effect on the strength [20]. The study on structural optimization of a diesel engine's connecting rod
by Muhammad et al. demonstrated an increase in high-cycle fatigue safety factor by approximately 19% [21]. Raki¢ and
colleagues analyzed the diesel engine connecting rod fracture, reporting insufficient machining, lack of finishing, and
maximum stress in the failure zone as the causes of the connecting rod fracture [22]. Baldini and colleagues developed a
new analytical method to evaluate stress in the connecting rod cap, validated by FEM [23]. The connecting rod fatigue
life was predicted by Savaripour and colleagues, using the outcomes of combustion tests, in which the minimum safety
factor of high-cycle fatigue was calculated as 1.586 in the critical area between the shank and small end [24]. The
mechanical analysis of the connecting rod by changing its material was performed by Seralathan et al., suggesting that
the A356-5%SiC-based connecting rod tolerates lower stresses than other materials [25].

The topological optimization and analysis of the connecting rod by Shanmugasundar and colleagues showed the area
between the shank and small eye as critical, with the maximum stress [26]. Also, Rao et al. predicted fatigue life by
altering the engine's compression and varying the connecting rod's material. The results of fatigue analysis demonstrated
that the fatigue life of the titanium alloy-based connecting rod is approximately 100 and 10 times that of the forged steel
and the aluminum alloy, respectively [27]. Honarvar and colleagues studied the impact of shot blasting on the connecting
rod fatigue life and reported that shot blasting can increase the connecting rod's fatigue life from 194000 cycles to
approximately 2 million cycles [28]. Juarez and colleagues investigated the fracture of a diesel generator connecting rod
used for electric energy production and found that improper machining in the lubrication channel can lead to its fracture
[29]. Zhu and colleagues' fracture analysis on a reciprocating compressor connecting rod's cap and bolts demonstrated
that high-cycle fatigue causes fracture of the cap and bolts [30]. In another study, Pan and Zhang optimized and predicted
the fatigue life of the connecting rod in a piston engine, reporting a minimum fatigue safety factor of 0.88, which would
increase to 1.32 after optimization [31]. The connecting rod fatigue life was also predicted by Zheng and colleagues and
showed a minimum fatigue safety factor of 1.5 [32]. Through their optimization of the connecting rod to increase engine
power (up to 17%), Ismail and colleagues found that slight alterations in connecting rod geometry can reduce the stress
(up to 25.5%) [33]. Strozzi and colleagues studied different regular and irregular failures of internal combustion engine
connecting rods by a stress-level approach, examining failure interpretations with traditional calculations and more
advanced analytical patterns using FEM predictions [34]. In a study, Kandreegula and colleagues analyzed the stress and
predicted the fatigue life of the connecting rod, showing a very good fit between experimental and simulated results [4].
Ketmuang and Wongthong examined the impact of fatigue behavior on the gasoline engine connecting rod failure,
reporting fatigue as the reason for its failure [35]. The fatigue analysis of an optimized connecting rod by Cecchel and
colleagues indicated that the fatigue cracks initiate from the point with maximum tensile stress. Moreover, the starting
point of the fatigue failure corresponded well with the simulated results [36]. Rahmatinejad et al. employed static analysis
and fatigue life prediction using FEM, evaluating a minimum fatigue life of 10® cycles [37]. Similarly, the evaluation of
the impact of design parameters on the stresses at the small end by Elmaihy et al. revealed a reduction in stress by
increasing the cylinder diameter [38]. Using FEM and experimental data, Kuldeep et al. developed a composite connecting
rod with improved tensile and compressive load-bearing capabilities [39]. Furthermore, decreasing the shank thickness
from 3 to 2 mm showed no structural damage [40]. Zheng et al. demonstrated that topological optimization can reduce
the weight of the connecting rod and its applied stresses by approximately 15.62% [41].

Hence, while the stress analysis and fatigue life prediction of the connecting rod in gasoline and diesel-powered
engines have been extensively studied, the impact of bioethanol fuel on connecting rod stress and fatigue life in bi-fuel
engines has not been explored. Growing environmental concerns over fossil fuel consumption and the depletion of their
reserves have intensified research into renewable and sustainable fuels. Bioethanol has emerged as a renewable fuel,
particularly when blended with gasoline. Previous studies have reported improved engine performance, including brake
torque, brake power, and volumetric efficiency, alongside decreased carbon monoxide and unburned hydrocarbon
emissions [6], [7], [10]. However, the effects of bioethanol on stress distribution and fatigue life of engine components,
especially the connecting rod, remain mainly unexplored. Nowadays, various vehicles use bioethanol fuel as a
replacement for gasoline to improve engine performance and reduce emissions. Considering the mentioned benefits of
bioethanol fuels over gasoline, there is a lack of precise and comprehensive investigation on the impact of bioethanol fuel
on stress distribution and the fatigue life of the connecting rod in bi-fuel engines. The present investigation studied the
impact of bioethanol fuel as an alternative to gasoline on the connecting rod fatigue life. In the mechanical analysis, the
stresses applied to the connecting rod can be evaluated using two static and dynamic methods. While the latter leads to
more correlation with the actual results, various references employed the former due to its simplicity and time-saving
nature. However, according to [5] and [42], there is a significant difference between the results of static and dynamic
analysis [5], [42]. This research used the dynamic method for mechanical analysis and prediction of the connecting rod
fatigue life. This study then aimed to assess the effect of bioethanol gas fuel on the high-cycle fatigue life of the connecting
rod using dynamic analysis results. For this purpose, the connecting rod was first modelled in SolidWorks. The boundary
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conditions in mechanical analysis were extracted from the engine's one-dimensional (1D) simulation in GT-Power and
MATLAB. Then, its mechanical stresses were analyzed in two gasoline and bioethanol conditions using Ansys software.
Eventually, the high-cycle fatigue life and the impact of altering the fuel to bioethanol were predicted and evaluated,
respectively, using Ansys nCode Design Life.

2. Materials and Methods

2.1 The Finite Element Model and Behavioral Model

Simulation methods are cost-effective and time-efficient, enabling the conduction of several tests. The FEA can be used
to evaluate the effectiveness of different designs [4], [5], [13]. The connecting rod was first modelled in SolidWorks.
ANSY'S Workbench was used to identify the piston stress distribution. The HCF life of the connecting rod was then
studied by inserting the mechanical results into the ANSYS nCode Design Life. Figure 1 displays the connecting rod
used. The engine and material properties are presented in Tables 1 and 2, respectively. The piston pin and crankshaft were
also modelled to increase the reliability of the mechanical analysis and high-cycle fatigue life prediction of the connecting
rod. The finite element model comprised 74,984 elements and 213,392 nodes to increase accuracy. The three-dimensional
Tet10 elements were used to mesh the connecting rod. This element is tetrahedral with 10 nodes.

(@) (b)

Figure 1. (a) Connecting rod assembly and (b) finite element model of the connecting rod

Table 1. The intended engine Characteristics

Parameter Value

Cylinder radius (mm) 39.3
Crankshaft radius (mm) 42.5

Engine volume (cc) 1650

Peak torque (N-m) 155@4000rpm

Peak power (hp) 113@6000rpm

No. of valve 16

Fuels Gasoline, Bioethanol(E10)

Table 2. Material properties of the connecting rod assembly

Young's modulus  Density  Poisson's ratio

art (GPa) (kg/m?) 0
Piston pin 206 7850 0.292
Bush 115 2700 0.324
Connecting rod 210 7250 0.330
Crankshaft 221 7833 0.300

2.2 The Boundary Conditions of Mechanical Loads

The connecting rod undergoes complex motion, linking the reciprocating piston to the rotating crankshaft. Through the
slider-crank mechanism, it transmits combustion-induced loads from the piston to the crankshaft [43]. The slider-crank
mechanism was used to analyze the applied forces on the connecting rod, as shown in Figure 2, in which the 2, 3, and 4
components represent the crankshaft, connecting rod, and piston, respectively.
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Figure 2. Slider-crank mechanism
According to geometrical relations, we have [43]:
s=rcos@+Icosff 1)
Isinfi=rsin@ (2)

Regarding Figure 2, r, 1, 8, and 3 express the crankshaft radius, the connecting rod length, the crankshaft angle, and the
connecting rod angle, respectively. The angular velocity and angular acceleration of the connecting rod can be obtained
by deriving Eq. 1, according to the following equations [43]:

T, cosé 3

"~ 1 cosp )
s -résin@+rFsinf

- Icosfp )
By deriving Eq. 2, the piston's velocity and acceleration would be expressed as follows [43]:
vy =5=-r@sin-Ifsinf (5)
a, =$5=-r& cos6-I cosB-If?sinf (6)

The forces acting on the piston and connecting rod were determined using Equations (3)-(6), which describe their
respective velocities and accelerations along with the corresponding free-body diagrams. According to such kinematic
relationships, the acceleration of the connecting rod's center of mass is given by the following equation [43]:

dg=/bp cosp-bw*sinP1i + [bf sinp-bw?cosp — a,]] @)
Regarding the piston free body diagram, shown in Figure 3(a), the piston equilibrium equations are as follows [43]:

Fsax=F14 (8)
Fsyy=Fgas+mpap (9)

where; Fgas shows the gas force resulting from the combustion, and m, and a, are the piston's mass and acceleration,
respectively.

i gas
EEE——
f;4—><-lg4x
F;4y
(@) (b)

Figure 3. Free body diagram of the (2) piston and (b) connecting rod

journal.ump.edu.my/ijame 13804



Ashouri | International Journal of Automotive and Mechanical Engineering | Volume 23, Issue 3 (2026)

The Faux piston's lateral force can be calculated regarding the connecting rod free body diagram shown in Figure 3(b).
The balance equations of the connecting rod regarding Figure 3 are as follows [43]:

Fazx=Fz3x+Mcacx (10)
F23y=Fa3y+mcacy (12)
Fzsvacos+Fisxbcos-Fizybsinf-Fzsyaf-Iof =0 (12)

where; m¢ represents the connecting rod mass, acx and agy respectively show the acceleration of the center of gravity in
the x and y directions, I represents the moment of inertia, and b and a show the distance of the center of gravity from the
small and big ends, respectively. The applied forces of the connecting rod were obtained using Equations (13)-(16) [43]:

Fazy=F34 (13)
Fz3y=Fa3y+mcacy (14)
-I6f3-F2syasing -Fasybsinf — am, ag,cosp
Fazx= (15)
acosf+bcosp
-I6f3-F2syasing -Fisybsinf + bm.ag,cosp
Fazx= (16)
acosf+bcosp

The forces applied to the connecting rod were calculated and applied to the connecting rod using the program written in
MATLAB software. The crankshaft was constrained during the mechanical analysis, while the forces obtained from the
connecting rod dynamic analysis were applied at the piston pin. Frictional contact was defined at the interfaces between
the components, with a friction coefficient of 0.1.

2.3 Modelling and Simulation of the Engine
Engine was modelled and simulated using GT-Power due to its versatility and extensive library (Figure 4).
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Figure 4. GT-Power model of engine

The present study applied the EngCylComSIWiebe combustion model in GT-Power, using the Wiebe function to
determine the mass fraction burned at each crank angle. The in-cylinder pressure was then calculated based on the injected
fuel mass and its chemical energy. To minimize discrepancies between the simulated and experimental results, the model
was calibrated by comparing brake torque, brake power, and in-cylinder pressure for gasoline and bioethanol and
adjusting the relevant model parameters accordingly (Table 3).

Table 3. Gasoline and bioethanol characteristics [8], [10], [44]

Fuel property Gasoline  Bioethanol
Density at 15°C (kg/m?®) 750.8 755.4
Kinematic viscosity at 15°C (mm?/s)  0.494 0.572
Vapor pressure at 38°C (kPa) 63.98 68.88
Latent heat of vaporization (MJ/m?) 308 1103
Lower heating value (kJ/kg) 44000 26900
Stoichiometric air—fuel ratio 14.7 8.97
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2.4 Model for HCF L.ife Prediction

The fatigue life is crucial due to exposure to repetitive forces and rupture susceptibility due to fatigue. The fatigue life of
materials exposed to mechanical loads is low-cycle if their stress reaches the plastic region. However, their fatigue would
be high-cycle if they remain under the plastic region [45]. Goodman criterion is used to estimate the HCF fatigue life [15,
31, 42]. The Goodman criterion is given by equation [45]:
%+M:l 17)
Ge Oyt N

where o, is the alternating stress, o, is the endurance limit, c,,,.,, iS the stress (average), o, is the ultimate tensile strength,
and n is the safety factor. The S-N curve was obtained from the nCode Design Life material library (Figure 5). For the
HCF analysis, the connecting rod was assigned an ultimate tensile strength of 950 MPa and an endurance limit of 350
MPa based on the Goodman criterion (Figure 6).
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Figure 5. Connecting rod S—N curve
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Figure 6. Connecting rod HCF analysis flowchart

3. Results and Discussion
3.1 In-Cylinder Pressure
The GT-Power was used for 1D simulation of the engine combustion process and to determine the boundary conditions
of the connecting rod, which is crucial for mechanical analysis and fatigue life prediction. Figure 7 shows the pressure
diagram inside the cylinder based on the crankshaft angle in gasoline and bioethanol conditions. The maximum pressure
within the cylinder occurs shortly after combustion initiation, followed by a decrease in the slope of the pressure curve.
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The maximum inner-cylinder pressure in the gasoline condition was 77.5 bar at a 376.5-degree crankshaft angle. In the
bioethanol condition, on the other hand, the maximum pressure in the cylinder was 81.07 bar, occurred at a 375.4-degree
crankshaft angle. Accordingly, the inner-cylinder pressure in bioethanol conditions would be increased by about 3.57
MPa or 4.6%. Gas pressure is a major load acting on the piston. The approximately 4.6% higher in-cylinder pressure
under bioethanol operation indicates increased thermomechanical loading, which can consequently reduce the piston's
HCEF life.

90
80
70

Gasoline
--------- Bioethanol(E10)

A T O
o O o

Pressure(bar)

w
o
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0 =
0 100 200 300 400 500 600 700 800
Crankshaft angle(degrees)

Figure 7. In-cylinder pressure versus crank angle

The higher in-cylinder pressure under bioethanol operation can be attributed to its oxygenated structure, which
promotes more efficient combustion. Additionally, its higher latent heat of vaporization enhances charge cooling and
combustion characteristics, while its higher octane number improves knock resistance, leading to higher peak cylinder
pressures. The higher flame speed of bioethanol further contributes to increase in-cylinder pressure. Therefore, the
connecting rod is subjected to greater forces and stresses under bioethanol operation [6, 7], [46], [47].

3.2 Mechanical Forces Applied on the Connecting Rod

Using the inner-cylinder pressure diagram and equations 1-16, a MATLAB-written program was used to analyze the
forces applied to the connecting rod. Figures 8 and 9 depict the forces applied to the small and big ends in the axial and
perpendicular directions to the connecting rod axis. Figures 8 and 9 show the inequality of the forces perpendicular to the
connecting rod axis, which is due to the rotational acceleration of the connecting rod. On the other hand, the linear
acceleration of the connecting rod center of gravity causes the difference between the axial forces at the small and big
ends of the connecting rod. As seen in Figure 8, the maximum compressive forces applied to the connecting rod are
28321.1 and 29961 N in gasoline and bioethanol conditions, respectively, which are typically considered as the
compressive load criterion in the design. The normal force diagrams, on the other hand, are alike at both conditions, with
a maximum force of 1688.58 N. The maximum axial force in gasoline and bioethanol conditions is 19265.6 and 20874.9
N, respectively (Figure 9).
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Figure 8. Diagram of the small end of the connecting rod forces calculated by MATLAB
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Figure 9. Diagram of the big end of the connecting rod forces calculated by MATLAB

3.3 The Mechanical Analysis using the Results of Dynamic Analysis of Forces Applied to the Connecting Rod

The applied stresses result from the bending moment and axial forces. The bending moment applied to the connecting rod
results from angular acceleration, which is repeat every 360 degrees. Conversely, variations in gas pressure inside the
cylinder cause a 720-degree alteration period for the axial forces. The dynamic forces applied to the connecting rod, which
were calculated earlier, were used to analyze the stress. Due to the inability to directly apply dynamic forces in ANSYS
(by continuous variation in their magnitude and direction), multiple analyses were performed at certain intervals using
dynamic force inputs to determine the stress history at various points on the connecting rod. The results obtained from
such a method are referred to as semi-dynamic analysis. The mechanical analysis was performed in two stages. First, the
preload force of the connecting rod bolts was considered, and then the other forces were applied to the connecting rod. A
11900 kN preload force was assumed for the bolts.

The von-Mises stress distribution under gasoline conditions (Figure 10(a)) can be related to the angle at which the
inner-cylinder gas pressure reached its maximum. At this moment, the connecting rod tolerates the highest axial force.
The mechanical analysis under gasoline conditions suggests two critical areas in the region between the shank and the
small and big ends of the connecting rod, with a maximum stress of 166.83 MPa in the area between the shank and the
small end, aligning with [16] and [18]. The von-Mises stress distribution of the bioethanol condition is illustrated in Figure
10(b). The maximum von-Mises stress in the connecting rod in such a condition was 172.6 MPa, similar to the gasoline
condition in the area between the shank and the small end. Based on the mechanical analysis approach, Figure 8 shows
that the two areas between the shank and the small and big ends are critical, and the connecting rod tolerates about 5.77
MPa higher stress in the bioethanol condition. Therefore, using bioethanol instead of gasoline increases the connecting
rod stress by about 3.46%. Due to the nonlinear relationship between stress and fatigue life, even a small increase in stress
can substantially reduce fatigue life [15]. Mechanical analysis identified the regions between the shank and the small and
big ends as the critical areas due to their high stress levels. Since bioethanol operation increases the stresses, the HCF of
the connecting rod and its factor of safety were evaluated to assess its reliability under actual operating conditions.
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Figure 10. Stress contours in the connecting rod (a) gasoline and (b) bioethanol
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Figure 11 presents the stress history at the critical node in gasoline and bioethanol conditions, calculated through the
dynamic analysis of the applied forces. This figure indicates that the maximum stress in both mentioned conditions occur
at the combustion moment.
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Figure 11. The variations of the von-Mises stress distribution of the critical node for the complete combustion cycle

The connecting rod static analysis results under the gasoline conditions are presented in Figure 12 to compare the static
and dynamic methods. This figure suggests that the area between the shank and the small end is a critical one, with a
maximum stress of 223.79 MPa. The static and dynamic analysis results in the gasoline condition reveal that using the
static method in the mechanical analysis of the connecting rod leads to an estimation of approximately 56.96 MPa higher
applied stresses, which is 34% higher than the permitted limit, confirming the considerable difference between the static
and dynamic results.
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Figure 12. The von-Mises stress distribution in static analysis of the connecting rod in gasoline condition

The mechanical analysis under gasoline operation showed that the von Mises stress increased with the mesh density
(Figure 13). However, beyond 74984 elements, the stress variation became negligible, indicating that 74984 elements
provided sufficient mesh convergence and were therefore selected for the analysis.
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Figure 13. Stress versus element number

journal.ump.edu.my/ijame 13809



Ashouri | International Journal of Automotive and Mechanical Engineering | Volume 23, Issue 3 (2026)

3.4 HCF Life Prediction

The connecting rod should be designed to be highly reliable and sufficiently strong to withstand the applied forces. Such
a design necessitates careful analysis of the applied stresses to the connecting rod, and subsequently, the prediction of its
fatigue life in the actual operational condition of the engine. The stress history was used in the nCode Design Life software
to examine the connecting rod fatigue life in gasoline and bioethanol states. The results of the high-cycle fatigue analysis
of the connecting rod in the gasoline state are presented in Figure 14(a), indicating that the two areas between the shank
and the small and big ends are critical, with the 2.744x109 cycles as the minimum HCF life of the connecting rod,
observable in the area between the shank and small end. The fatigue life analysis of the connecting rod in the bioethanol
state is shown in Figure 14(b). According to the figure, the minimum high-cycle fatigue life of the connecting rod in this
condition was 2.356x109 cycles, which occurred in the area between the shank and small end, similar to the gasoline
state. The fatigue analysis results show an approximately 0.388x109 cycles higher fatigue life of the connecting rod in
the bioethanol condition, indicating that employing bioethanol can decrease the connecting rod fatigue life by about
14.14%.
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Figure 14. The HCF life prediction in the connecting rod (a) gasoline and (b) bioethanol

The safety factor is estimated based on the HCF method using the Goodman equation. The results revealed no critical
areas in this regard (Figure 15). The connecting rod minimum safety factor in the gasoline and bioethanol conditions,
resulting in the areas between the shank and small end, are 2.15 and 1.905, respectively. The results of mechanical analysis
and fatigue life reveal that the two areas between the shank and the small and big ends are critical, and the maximum von-
Mises stress and the minimum fatigue life can be captured in the area between the shank and the small end. The fatigue
damage distribution is illustrated in Figure 16 to assess the various areas of the connecting rod that are potentially
vulnerable to damage. Evaluation of fatigue damage distribution results suggests that the critical areas from a fatigue
damage viewpoint correspond with the critical areas in the mechanical analysis and fatigue life approach. Therefore, in
addition to the area between the shank and the small end, which is the most critical area with maximum and minimum
von-Mises stress and HCF life, respectively, the area between the shank and the big end of the connecting rod is also
prone to fatigue cracks.
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Figure 15. Calculated HCF safety factor in the connecting rod (a) gasoline and (b) bioethanol
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Figure 16. Fatigue damage contours in the connecting rod (a) gasoline and (b) bioethanol

The comparison of the finite element analysis results for gasoline and bioethanol operation is presented in Table 4,
showing an approximately 3.46% increase in stress and a 14.14% reduction in the HCF life under bioethanol operation.

Table 4. Comparison of FEA results

Conditions ~ Stress (MPa) HCF (cycles)
Gasoline 166.83 172.6
Bioethanol  2.744x10° 2.356x10°

3.5 Validation

The mechanical analysis results were evaluated based on [48] and [49]. The mechanical analysis in the latter was
conducted using dynamic analysis results of the applied forces on the connecting rod, showing two areas between the
shank and the small and big ends as critical, with a maximum stress of 175.25 MPa occurring between the shank and the
small end. Likewise, the mechanical analysis of the present study showed that the two areas between the shank and the
small and big ends are critical, with a maximum von Mises stress of 166.83 MPa in the gasoline state, observable in the
area between the shank and the small end of the connecting rod. The 4.8% discrepancy between the mechanical analysis
results of the present study and [49] indicates a good correlation between the two studies. On the other hand, [48]
performed the mechanical analysis of the connecting rod through the static method, showing the maximum von-Mises
stress in the gasoline state as 234.85 MPa at the area between the shank and the small end. The results of using the static
method in the present research also showed that the maximum von-Mises stress of 223.78 MPa in the gasoline state
occurred at the area between the shank and the small end. In other words, the difference between the mechanical analysis
results and the static method in [48] and the present study is approximately 4.71%. Therefore, the critical areas in this
research and [48] are the same, validating the accuracy of the mechanical analysis. However, as stated earlier and by [5]
and [42], it would be improper to employ the static method in mechanical analysis due to the significant discrepancy
between the static and dynamic outcomes. Thus, this study employed the dynamic method to elevate the accuracy of the
mechanical analysis and fatigue life prediction of the connecting rod. According to the HCF safety factor results (Figure
15), no critical areas can be reported. Due to the scope of this study, the 800-hour endurance test was performed on the
engine to simulate the real operating conditions and ensure the engine's capability of maintaining the desired function
under stress and adverse conditions. During the test, various functional data were collected, including torque and output
power, fuel consumption, and temperature. Upon completion, the engine is disassembled, and its components are
inspected for wear, failure, damage, and cracking. The block program is presented in Table 5. The test was conducted in
accordance with the established standards of Peugeot and FEV. The results of the 800-hour durability test reveal no
damage in the critical areas of the connecting rod (Figure 17).

Table 5. Block program of 800-hour engine durability test [50]

Step (m&Ttiz ) Eng(lp;ﬁs;;) eed Load specifications
1 5 6000 Rated power
2 4 2000 BMEP= 2bar
3 5 3500 Max torque
4 1 750 Low idle
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(@) (b)
Figure 17. (a) HCF test device and (b) the connecting rod after HCF test

4. Conclusions

This study predicted the HCF life of the connecting rod by changing the fuel from gasoline to bioethanol using dynamic
analysis results and employing FEA to provide a precise prediction of the stress distribution and fatigue life. As the
mechanical analysis indicated, the maximum von-Mises stress of the connecting rod in gasoline and bioethanol states was
166.83 and 172.6 MPa, respectively, observable in the area between the shank and the small end. In other words, the
connecting rod in the bioethanol state tolerates about 5.77 MPa higher stress. Therefore, replacing gasoline with
bioethanol increases the connecting rod stress by about 3.46%. The FEA analysis results demonstrated the inaccuracy of
the static method in the mechanical analysis of the connecting rod due to the significant discrepancy between the static
and dynamic results. According to the high-cycle fatigue life analysis, the minimum fracture cycles of the connecting rod
in gasoline and bioethanol states were 2.744x109 and 2.356x109 cycles, respectively, observable in the area between the
shank and the small end. Therefore, the HCF life of the connecting rod in the bioethanol state would be reduced by about
0.388x109 cycles, or 14.14%. As the simulated results suggest, in addition to the area between the shank and the small
end of the connecting rod, which is the most critical area with maximum von-Mises stress and minimum HCF life, the
area between the shank and the big end is also prone to initiating a fatigue crack. The comparison of the simulated results
with the mechanical analysis results of [46] validated the accuracy of the mechanical analysis with an excellent
correspondence between the findings and the critical areas of the connecting rod. The HCF safety factor showed no critical
area in the connecting rod. The FEA results were compared with the outcome from the engine durability test, which
validated the results. The 800-hour test results, as an index of urban driving for the component's HCF evaluation, showed
no specific damage in the connecting rod. Despite previous reported results on improved engine performance and reduced
emissions with bioethanol, the present study indicates that its use in dual-fuel engines increases the stresses acting on the
connecting rod. Therefore, mechanical analysis is required to determine the stress distribution in critical regions and
ensure that the stresses remain within permissible limits. Furthermore, predicting the HCF life and factor of safety of the
connecting rod is essential for assessing its structural reliability and preventing fatigue failure under actual engine
operating conditions.
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