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Abstract
The connecting rod of high-power marine diesel engine fractured near the bolt hole before reaching the life expectancy, in which the typical fatigue fracture characteristics were found. The study improved the traditional simulation method of connecting rod to simulate the diesel engine more realistically. On the basis of the crank train model, various relevant boundary conditions are considered by introducing membrane mesh. The simulation results are consistent with the failure analysis of diesel engine, which verifies the correctness of simulation method proposed in this research. The material used for the connecting rod is 42CrMoA, which fatigue performance can only be obtained through fatigue testing. The yield limit of the material is 950MPa and an exact S-N curve is obtained by the fatigue test. This paper combined the material fatigue property with dynamics simulation, and found that the minimum safety factor of connecting rod occurs 5°CA after the TDC and is 1.33, which is satisfied but not sufficient. Meanwhile, the relationship between the bolt preload force and the stress level was investigated as the damage of connecting rod appears in the bolt hole region. Various preload forces were analyzed and the safety factor increased from 1.33 to 1.97 when the preload force is set to 80kN, which increased by 43%. In addition, the influence law between preload force and stress as well the empirical formula between them were summarized. This research not only provides a new method for the selection of preload force, but also allows rapid analysis of the connecting rod stress without complex finite element models in the conceptual design stage.
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Introduction
The connecting rod belongs to the core component of the marine engine, which plays the role of energy conversion in the operation process. In high strength and high load operation, it needs reliable strength, otherwise it can easily lead to accidents. In addition, the bearing cap at the big end is bolted to the rod body, and its influence on the fatigue strength of the connecting rod is significant[1]. Therefore, many scholars have carried out research in the field of the connecting rod design optimization and the bolt preload.
[bookmark: _Hlk116890149]For example, Dmitriev, SA presented a method that has been developed to perform calculations of the connecting rod deformation in the process of compressing air with liquid in cylinder. The calculations had been proven according to the classical theory of resistance of materials[2]. Vaz, BF evaluated the application of electronic speckle pattern interferometry (ESPI) to measure stresses in connecting rods. The measurements of the stress and strain fields obtained by the ESPI technique were in accordance with the simulations[3]. Gao fitted an empirical formula to calculate the maximum stress of the connecting rod, providing a new analysis method for similar models in conceptual design and technical design[4]. At present, most scholars have studied the fatigue strength of the connecting rod by building a simple crank train model in general-purpose software for analysis, which is vastly different from the actual operating condition of diesel engine. This study introduces membrane as shell to consider friction, lubrication and various other boundary conditions based on the existing studies to simulate the engine more realistically. This behavior improves the commonly used simulation methods and produces results that are more informative[5]. Meanwhile, the failure analysis of the diesel engine verifies the correctness of the improved simulation method proposed in this research.
The bolt, as the most critical component of the connecting rod, has been the subject of many scholarly studies. Jia, DW studied the influence of thread pitch, pre-tightening force and thread connection length on the distribution of axial stress by Akira Yamamoto analytical method. The results show that the axial stress distribution of the Spiralock anti-loosing thread is more uniform, the fatigue strength and life are also improved[6]. Acri, A is focused on coating treatments of bolts and on their effect on fatigue life. Particular attention is paid to the surface preparation of the bolt (i.e. by acid pickling or sand-blasting) before the final phosphate coating operation[7]. Jimenez-Pena developed a novel contactless bolt preload monitoring method based on Digital Image. A fixed bolted setup was designed, while the bolt preload was monitored with an embedded load cell[8]. Yang, K presents a comparative study on steel bolts and glass fibre reinforced polymer (GFRP) bolt. Two preload levels were practiced in the experiments, i.e. snug-tight and full-tensioning. It was found that galvanized bolt showed the highest efficiency of torque conversion into bolt preload, while the GFRP bolt the lowest[9]. Zhang, Y experimentally studies the ultimate tensile behavior of 16 bolted T-stub connections. The experimental results are discussed in detail and validated by finite element models[10]. Wang, T designed a bolt preload force sensor to monitor bolt connection status, which fabricated with a strain gauge bonded on the top surface of a bolt head. The proposed method is easy to implement and has good application prospects[11].
At present, the calculation method of bolt preload force is generally the empirical formula based on bolt structure, part design guidelines or EN method, etc[12]. The empirical formula based on the bolt structure only considers the structural parameters without other factors, such as the friction between the connections, motion inertia and other dynamic parameters. Therefore, this method has some significance when used for static parts, but is not suitable for moving parts. Both the part design guidelines and other calculation methods require the introduction of the extrusion point concept. During the development and design process, it is necessary to perform an extrusion point test on the structural component to obtain the value of the extrusion point during installation. Due to the tedious process, the chances of errors occurring are greatly increased, which leads to an inability to guarantee the applied results. Therefore, these methods either do not take into account the dynamic state of the connecting rod or do not guarantee that the actual results will reach the expectation. By analyzing the relationship between stress values and bolt preload, the empirical equation between the two summarized in this study provides a more reliable and direct method for the selection of bolt preload and the calibration of the connecting rod strength. The research idea of this research is shown in Figure 1.
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	[bookmark: _Ref114776051]Figure 1 Schematic diagram of research idea


Results and Discussion
Fatigue test of connecting rod material
The material used for the connecting rod is 42CrMoA, which mechanical properties can only be obtained by fatigue testing. The S-N curve was obtained by fatigue testing the sample rod with the same material as the connecting rod through the 8801 electro-hydraulic servo fatigue testing machine, and was imported into the FEMFAT material library[13].
	[image: 微信图片_20220815184508]
[bookmark: _Ref114929253]Figure 2 Servo fatigue testing machine
	[image: 微信图片_20220815185507]
[bookmark: _Ref114929267]Figure 3 Fatigue test sample rods


Equipment preparation: The equipment required for the test is one 8801 electro-hydraulic servo fatigue testing machine (as shown in Figure 2), fifteen 42CrMoA rods (as shown in Figure 3), and one computer. The specification of the sample rods is Φ16×Φ10×170mm. The sample rods were clamped on the testing machine for tensile testing and the yield limit of the material is 950MPa.
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[bookmark: _Ref113370845]Figure 4 S-N curve of 42CrMoA
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[bookmark: _Ref113370854]Figure 5 Local magnification of S-N curve


The fatigue test procedure is as follows. The loads for this fatigue test were divided into seven groups according to the material yield limit, which were 90%, 85%, 80%, 77.5%, 75%, 50%, and 40%[14]. In addition, two samples were tested in each group to improve the accuracy and reduce the test error. The load was applied in the form of a sine ratio with the stress ratio of -1[15]. After several dozen days of material fatigue testing, all data were compiled and curve fitting was performed to finally obtain an accurate S-N curve for 42CrMoA (Figure 4/Figure 5).
Fatigue characteristics analysis of the connecting rod
Pre-treatment of the connecting rod fatigue analysis
The object of this study is the connecting rod of high-power medium speed marine diesel engine with the main parameters shown in Table 1. Since some details have little effect on the analysis results, small chamfers and small threaded holes are ignored[16]. The solid model is built by Pro/e based on the parameters of the part. It retains the internal cooling oil channels and simplifies the detail features such as the locating pins of the connecting rod[17]. The material of the analyzed connecting rod is 42CrMoA, which mechanical properties are obtained by fatigue testing.
[bookmark: _Ref114597134]Table 1 Main parameters of connecting rod model
	[bookmark: OLE_LINK19]Parameters
	Value

	Cylinder diameter (mm)
	320

	Rated speed (r/min)
	520

	Maximum pressure (MPa)
	17.94

	Connecting rod mass (kg)
	253.3

	Connecting rod length (mm)
	950

	Rotation radius (mm)
	350

	Connecting rod material
	42CrMoA


	[bookmark: _Ref113370953]Table 2 Mesh independence analysis

	Mesh size (mm)
	Maximum stress (MPa)
	Mesh size (mm)
	Maximum stress (MPa)

	5
	179.35
	9
	197.58

	6
	179.42
	12
	205.79

	7
	182.67
	15
	237.52


Since the model of connecting rod is large, minute mesh will make the calculation costly, so the mesh-independent analysis is needed. And when choosing the type, the second order element should be used to improve the simulation accuracy[18, 19]. Therefore, in this simulation, all components in the connecting rod are meshed in the form of C3D10M (Figure 6), which can simultaneously take into account the simulation computational efficiency and the accuracy of the results[20]. After the mesh-independent analysis (Table 2), the maximum stress of the connecting rod converges to a stable value, so the mesh size is determined to be 6mm, and the final overall mesh number is 882194.
	[image: ]
[bookmark: _Ref113370914]Figure 6 Finite element model of the connecting rod


Improved fatigue analysis process for the connecting rods
In the simulation, the connection relationship is set as shown in Table 3.
[bookmark: _Ref113369804][bookmark: OLE_LINK18]Table 3 The connection relationship between connecting rod components
	Set objects
	Set content

	Shell and pin
	Frictionless contact

	Connecting rod and bolt thread
	Tie

	Preload force of connecting rod bolt
	63000N

	Big end cap and bolt head
	Friction (μ=0.2)

	Rod body and big end cap
	Friction (μ=0.2)
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	Figure 7 Master node schematic


In order to reduce the computational time for simulation analysis, modal reduction is performed on the finite element model to reduce the number of freedom degrees. The modal synthesis method used in this study can greatly reduce the time required for the reduction process, while using the exact eigenvectors[21, 22].
	Table 4 Connecting rod model reduction nodes

	FEM mess section
	Main nodes number
	Freedom degree

	Connecting rod big end
	7×40
	123

	Connecting rod small end
	7×44
	123

	Gravity center
	1
	123456

	Rod thrust node
	8
	1


The substructure reduction model is imported for multi-body dynamics simulation and the freedom degree of the body global motion are defined[23]. To ensure accurate and stable results of the connecting rod multi-body dynamics analysis, the three operating cycles of the engine are calculated. When outputting the results, it is necessary to use the smallest possible step size to avoid the omission of dangerous operating points. Therefore, between the second and third cycle, i.e. crankshaft angles 1440°CA to 2160°CA, the cloud diagram results of the connecting rod are output each degree[24, 25].
Analysis results of the connecting rod transient stress
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	[bookmark: _Ref113371352]Figure 8 Maximum stress of the connecting rod
	Figure 9 Rod stress cloud diagram
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	Figure 10 Cap stress diagram
	Figure 11 Bolt stress diagram
	Figure 12 Shaped small end


After the transient dynamics analysis of the connecting rod, only the results of the dangerous phase were extracted in order to avoid the software downtime due to the huge result file[26]. During the entire operation of the diesel engine, the rapid combustion stage and lower rate combustion stage are the most dangerous. In the first stage, the pressure increases sharply and the diesel engine works roughly, which generates a huge shock load on the connecting rod. The other stage contains the highest temperature point. In addition, these two combustion phases are distributed around the TDC. Therefore, the analysis of the results in the range of 20°CA before and after the TDC[27, 28]. As shown in Figure 8, the maximum stress on the connecting rod during the entire run is 301.6 MPa, near the bolt hole in the rod body, which occurs 5°CA after the TDC, basically the same as the moment of the burst pressure.
[bookmark: OLE_LINK9]The minimum safety factor of the connecting rod is 1.33 by combating AVL Excite PU, FEMFAT and S-N curve. Many specifications were used to evaluate the connecting rod fatigue strength, but the calculation methods and evaluation specifications must be unified throughout the analysis process[29]. Otherwise, it makes no sense to use a specification to evaluate a calculation method that does not match it. FEMFAT has a specific calculation method and a matching evaluation specification, and the actual safety factor must be greater than one[30]. In order to consider the actual manufacturing defects and other factors will reduce the simulation safety factor calculated by the software, so it must exceed 1.2 to ensure that the actual safety factor is still greater than 1 after taking into account various negative factors (Table 5). Although the connecting rod meets the standard, the safety margin is low and is unsafe. Therefore, further analysis of measures to improve the fatigue strength of the structure is required.
[bookmark: _Ref113371659]Table 5 FEMFAT default value of safety factor
	Types
	Safety factor requirement

	Actual safety factor
	≥1

	Simulation safety factor
	≥1.2


The effect of bolt preload on the connecting rod strength
The vast majority of the connecting rod failures are caused by the connection bolts, which becomes the weak link in connecting rod failure, especially the preload. If it is poorly assembled or set, the connecting rod can be a huge safety hazard. The bolt preload force was analyzed to have a certain degree of influence on the strength of the bolt holes in the rod body[31]. Therefore, it is extremely important to calculate the accurate bolt preload force and its correct application, which shows that it is extremely necessary to carry out this study. In this research, the laws and empirical formulas for the effect of different preload forces on the connecting rod structural strength are presented.
Effect of bolt preload on stress concentration in connecting rod
In order to investigate the influence of the bolt preload force FP on the connecting rod fatigue strength, a moderate initial value was selected based on experience, and conducted studies within (0.3FP,3FP)[32, 33]. A huge set of cases were analyzed to improve the accuracy of the formula, as shown in Table 6.
To more intuitively analyze the relationship between bolt preload force and connecting rod fatigue strength, the maximum stress under different preload force is made into a scatter diagram, which includes a trend curve according to each point[34, 35]. The changing trend of the connecting rod stress with different bolt preload force during engine operation is shown by Figure 13.
	[bookmark: _Ref113547415]Table 6 Analysis results of different preload

	FP/kN
	σ/MPa
	FP/kN
	σ/MPa

	20
	489
	85
	220

	25
	476
	90
	240

	33
	453
	100
	267

	38
	420
	110
	294

	45
	380
	120
	326

	50
	342
	130
	351

	63 (Initial value)
	302
	145
	383

	69
	269
	160
	418

	72
	221
	170
	431

	75
	213
	175
	454

	80
	204
	185
	480
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	[bookmark: _Ref113443721]Figure 13 Influence trend of bolt preload Force


According to the trend curve, the relationship between the bolt preload force and the strength of the connecting rod indicates that excessive or extremely little preload force is inappropriate. When the preload force is taken as 80kN, the safety factor will increase from 1.33 to 1.97, an increase of 43%, which greatly reduces the possibility of fracture.
	[image: ]

	Figure 14 Comparison diagram before and after optimization


It is extremely difficult to change the connecting rod structure of modern diesel engine, especially the connecting rod of high-power marine diesel engine. Since forging dies can incur large costs and the yield of medium speed engines is fairly small, improving the fatigue strength of connecting rod by structural optimization is a less economical method[36]. In this study, the safety factor is improved and the possibility of fracture is reduced by changing the bolt preload without changing the connecting rod body. This is a rapid and efficient solution with good economy.
Empirical formula fitting of bolt preload to connecting rod stress
	[bookmark: _Ref113991476]Table 7 Different methods & fitting results

	Polynomial
σ=a0+ a1x + a2x2+∙∙∙∙∙∙+ anxn
	[image: ]

	The standard error is shown in the figure. R2=0.99985. The fit is good.
σ=-345.5725+161.8252x-12.0562x2+0.4662x3-0.1057x4+1.46×10-4x5
-1.234×10-6x6+2.6993×10-6x7-1.759×10-11x8+2.076×1014x9

	fitting method
	Lagrange Interpolation. The nodes number should be controlled to avoid the Runge phenomenon. Through several trials, the highest accuracy was ensured.

	fitting result
	The Lagrange interpolation is performed programmatically and expanded.
σ=-3.5×109+1.17×109x-1.8×108x2+1.73×107x3-1.15×106x4+5.61×104x5
-2.10×103x6+61.9x7-1.46x8+0.0277x9-4.29×10-4x10


In the process of analyzing the data, a variety of function procedures such as polynomial or interpolation method are used to fit and compare the measured data to both, so that the most accurate empirical formula is obtained under the same experimental conditions. In this study, on the basis of a huge set of simulations, based on data processing software, different calculation methods are used to process the analytical data of the bolt preload force and the connecting rod strength simulation, which is compared with the simulation results to obtain the most accurate empirical formula and reduce the error[37, 38]. The data in Table 6 were processed with data analysis software, different fitting methods and results in Table 7.
Comparing the calculated results of Lagrange interpolation and Polynomial fitting (Table 8), it is obvious that the fitted method is closer to the analyzed value. The correlation coefficient of the formula, R2 = 0.99985, is closest to 1. The fit is the best and the error is the smallest.
	[bookmark: _Ref113991495]Table 8 Comparison between Lagrange interpolation & Polynomial fitting

	FP/kN
	Lagrange 
	Polynomial
	Simulation value

	35
	448
	455
	453

	55
	357
	365
	362

	73
	223
	221
	220

	88
	218
	225
	223

	113
	291
	297
	295

	148
	379
	387
	384

	177
	451
	457
	455


When designing connecting rod and analyzing the strength, the empirical formula proposed in this study can save a great deal of experiments and can quickly analyze the influence of the connecting rod bolts on the strength without complex finite element models. Especially in the conceptual design stage of the connecting rod, since no fixed three-dimensional model, it is practical to conduct preliminary qualitative analysis by this empirical formula.
In addition, the data processing method used in this study can be applied for various analyses, such as bolt preload, structure optimization design. What's more, by summarizing the influence law between each factor can not only avoid the complicated and error-prone simulation test; but also can get the empirical formula closer to the actual physical law under the same experimental conditions.
Fault study on the connecting rod of diesel engine and verification
The main engine is a medium-speed diesel engine and underwent a mid-cycle repair project when it reached twelve thousand hours of operation. Then the connecting rod breakage failure occurred after about three thousand hours of continued operation, i.e. a total of about fifteen thousand hours of operation. However, the overhaul should have been carried out after twenty thousand hours. Therefore, the diesel engine of this type failed before it reached its specified life. In this study, the correctness of the proposed simulation method is verified by analyzing the connecting rod failure area.
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	[bookmark: _Ref114861704]Figure 15 Comparison diagram of the connecting rod fault and simulation


As shown in Figure 15, the failure area of the connecting rod is the same as the location where the maximum stress value is located in the simulation, both of which are in the upper part of the large end C-clamp. It verifies the correctness of the improved simulation method proposed in this study. The damaged parts are arranged on the diesel engine as shown in Figure 16.
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	[bookmark: _Ref113283736]Figure 16 Parts arrangement diagram


The details are shown in Figure 17, where the connecting rod broke off from the top of the C-clamp at the big end. The fracture block and the big end cap formed a detached block that fell into the oil pan. In addition, the section color is clearly stratified, including black, dark gray and off-white. what's more, the section shape varies significantly with smooth areas, beach striped areas and final fracture areas.
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	[bookmark: _Ref113284270]Figure 17 Connecting rod damage diagram


Through the fault analysis of the connecting rod fracture, the fatigue source, fatigue extension area and transient fracture area can be obviously found. Therefore, the failure form belongs to fatigue damage. The root cause is the stress concentration at the fracture site and insufficient fatigue safety factor reserve. The failure is consistent with the simulation results, which further verifies the correctness of the analysis method proposed in this study.
Conclusion
This research studied the connecting rod of high-power marine diesel engine and obtained the accurate S-N curve by fatigue test. It is verified that the simulation method is correct by the combination AVL Excite PU with FEMFAT and the analysis of the connecting rod failure. Besides, the influence of the bolt preload force on the fatigue strength of the connecting rod was analyzed and an empirical equation between the two was fitted. The specific conclusions are as follows.
1. The accurate S-N curve of 42CrMoA was obtained by material fatigue test and combined with the equivalent stress. The minimum safety factor of the connecting rod is 1.33, which is located in the upper part of the C-clamp at the big end. In the diesel engine failure analysis, the connecting rod fracture location is consistent with the simulation results, which verifies the correctness of the simulation model.
2. An unreasonable setting of bolt preload will increase the probability of connecting rod fracture. In this study, when the bolt preload force of this connecting rod is 80kN, the safety factor will be increased from 1.33 to 1.97, which is 43% higher. This improvement scheme has the advantage of high efficiency compared with the traditional structural optimization, which form a new and economical method for solving similar failures.
3. The influence law and empirical formula between the bolt preload force and the fatigue strength of the connecting rod are summarized. An excessive or minute preload force will have a negative impact on the connecting rod strength. In the positive correlation phase, the safety factor will increase by 8% for every 10kN increase in preload force. However, beyond the optimum value, the two will show a similar pattern of negative correlation characteristics.
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