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This paper proposes a method that significantly improves the prediction accuracy of structural degradation in the main bearing wall of diesel engine cylinders. Firstly, based on the component scaling method, a scaling study is conducted on the main bearing wall to obtain a scaled model of the main bearing wall. By performing crack growth rate (da/dN) tests and threshold value (∆Kth) tests on the scaled model, accurate da/dN and ∆Kth data for the main bearing wall are indirectly obtained. Based on this, an accurate da/dN model for the main bearing wall, considering structural and load factors, is constructed, and the accuracy of the scaled model is verified by introducing standard single-edge notched bend (SENB) specimens for comparison. Secondly, based on the scaled model and the da/dN model measured from SENB specimens, structural degradation prediction studies are conducted on the main bearing wall, establishing two prediction models for the structural degradation of the main bearing wall. Finally, fatigue tests are conducted on the main bearing wall to verify the accuracy of the structural degradation prediction model built from the scaled model. Simultaneously, microscopic characterization studies are conducted on the fracture surface of the main bearing wall to determine the microscopic failure mechanism. Fatigue test verification shows that the fracture mode of the main bearing wall is primarily ductile fracture dominated by dimple fracture. The structural degradation prediction model for the main bearing wall built from the scaled model, which fully considers the structural and load factors of the main bearing wall, can more accurately reflect the structural degradation of the main bearing wall compared to traditional SENB specimens.
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1 INTRODUCTION
Diesel engines are essential for various modes of transportation and are often referred to as the core of transportation systems (Ren et al., 2024). However, due to continuous exposure to mechanical stress, components of diesel engines are susceptible to fatigue failure, particularly the upper main bearing wall of the engine block (Hutchinson, 2023; Zhang et al., 2024; Kieser and Xie, 2002). It is crucial to develop a precise model for assessing the degradation of the upper main bearing wall, monitor its condition in real-time, and promptly conduct maintenance or replacement to prevent failures and ensure the safe operation of diesel engines (Suresh and Morton, 1993).
An accurate crack growth rate (da/dN) model is crucial for establishing a precise degradation model for the upper main bearing wall. The crack growth rate (da/dN) model described in this paper is a mathematical relationship used to describe and predict the rate at which a crack propagates in a material or structure under cyclic or sustained loading. This model establishes a quantitative relationship between the da/dN and the stress intensity factor range (ΔK), reflecting the physical mechanism of crack initiation and growth until final failure. This da/dN model comprises the fatigue crack threshold (∆Kth) and the da/dN curve. Currently, these parameters are typically determined using the load reduction and load increase methods outlined in ASTM E647 (American Society for Testing and Materials, 2014) standard. However, this approach is constrained by the size and operational limitations of fatigue testing machines (ASTM E766-14, 2019). Consequently, da/dN tests necessitate stringent conditions and the use of smaller specimens, making it challenging to accurately measure the da/dN curve for upper main bearing walls with large sizes, complex structures, and heavy loads. This limitation significantly undermines the predictive accuracy of the da/dN model for upper main bearing walls, thereby impeding the precise forecasting of structural degradation.
To address this issue, relevant personnel have primarily explored the following two approaches. First, they adopted the method of cutting samples from components and preparing them into small standard single-edge notched bend (SENB) specimens (American Society for Testing and Materials, 2014), and then conducted fatigue crack propagation (FCP) tests on these SENB specimens (Yarullin et al., 2024; Langari et al., 2023). However, this method is only applicable at the material level of the components and completely ignores the influence of component structure and load factors, significantly reducing the accuracy of the measured data. Second, they employed online monitoring to directly conduct FCP tests on diesel engine components (Ren and Liu, 2025; Xu et al., 2023). However, this method typically requires high-precision sensors and data acquisition systems, leading to higher equipment costs and maintenance requirements. Especially in large and complex components, the installation and debugging of instruments are more challenging (Brown and Smith, 2017). Additionally, this method can only measure the behavior of the component surface or local areas, failing to comprehensively reflect the fatigue characteristics of the components, particularly in cases of micro-cracks or non-uniform stress distribution (Zhao and Li, 2015; Molaei et al., 2020; Correia et al., 2017). Therefore, although online monitoring offers the advantage of real-time monitoring, it still cannot be widely applied in practical engineering. In summary, there is currently no method that can accurately obtain the da/dN model for actual complex components.
To address the aforementioned issues, this study initially conducted a scaling analysis on the upper main bearing wall to ensure a consistent stress field pre- and post-scaling. Subsequently, the wall was equivalated to a smaller scaled model for ease of clamping onto the fatigue testing machine. Following this, da/dN tests were performed on the scaled model to indirectly obtain precise da/dN data for the upper main bearing wall. SENB samples were also utilized for comparative purposes (Section 2). Concurrently, a da/dN model for the upper main bearing wall was formulated using the measured da/dN data from both the wall and SENB samples (Section 3). Subsequent to this, an accurate degradation model for the performance of the upper main bearing wall was established based on the scaled model and the da/dN model derived from the SENB sample data, enabling the prediction of structural degradation. Finally, fatigue testing of the upper main bearing wall was conducted, and the actual structural degradation curve was plotted. By comparing the projected structural degradation values from the model with the experimental results, the precision of the structural degradation model developed from the scaled model was validated (Section 4).
2 MATERIALS AND EXPERIMENTS
2.1 Main bearing wall of cylinder block and its scaled model
This section focuses on the upper main bearing wall of an HT300 cast iron diesel engine cylinder block, with its material parameters detailed in Table 1. Due to the large size, complex structure, and variable loading conditions of the upper main bearing wall, data acquisition is relatively challenging. To facilitate fatigue crack propagation (FCP) testing on the upper main bearing wall, this study first conducts a scaling analysis to ensure identical stress fields before and after scaling (Petrović et al., 2021). Considering the dimensions of the fatigue testing machine, a scaling ratio of 1:7 was adopted, reducing the large-scale main bearing wall (Figure 1a) to a scaled model (Figure 1b) suitable for mounting on the testing machine. To validate the accuracy of the FCP data obtained from the scaled model, a SENB specimen was introduced as a control, with its dimensions specified in Figure 1c. To minimize the potential influence of material microstructure on the test results, 16 scaled models and SENB specimens were fabricated using wire cutting from the upper main bearing wall. From these, six specimens with the most similar microstructural distributions were selected for repeated FCP testing to enhance the reliability of the experimental results (Wei et al., 2023).
TABLE 1 | Properties of HT300 cast iron material.	Element name	Fe	C	Si	Mn	P	S
	Chemical composition (wt%)	93.98	3	1.98	0.96	0.041	0.039


[image: Diagram showing three models: a partition, a partition equivalent, and a SENB specimen. Each model is accompanied by a table of dimensions. The partition has dimensions: thickness 35 mm, length 385 mm, width 315 mm, with circle and bolt hole diameters. The partition equivalent is scaled with thickness 5 mm, length 55 mm, and width 45 mm. The SENB specimen adheres to ASTM standards with thickness 5 mm, length 55 mm, and width 30 mm, including a pre-crack length of 2 mm.]FIGURE 1 | Dimensions of the research object. (a) Upper main bearing wall. (b) Scaled model. (c) Single-edge notched bend specimen.2.2 FCP test
The accurate establishment of the da/dN model for the upper main bearing wall hinges on the precise determination of FCP data, which comprises the da/dN curve and the threshold stress intensity factor range (ΔKth). To enhance the accuracy of FCP data measurement, this section employs a scaled model of the upper main bearing wall that incorporates structural factors. Specifically, da/dN tests (Section 2.2.1) and ΔKth tests (Section 2.2.2) are conducted using the scaled model. Additionally, SENB specimens are introduced for comparative analysis to validate the accuracy of the scaled model. This approach ensures a robust evaluation of the model’s precision and reliability.
2.2.1 da/dN test
In this section, da/dN tests were conducted on both the scaled bearing wall model and the standard SENB specimens according to the stepwise loading method described in ASTM standards (ASTM E766-14, 2019). The clamping setups are shown in Figures 2a,b. As shown in Figure 2a, the SENB specimens were clamped into the fatigue testing machine using standard grips, while the scaled models were fixed using bolts.
[image: Diagrams (a) and (b) show testing setups for SENB specimens and scaled models. Diagram (a) highlights clamping, and (b) highlights a screw. Diagram (c) shows a table with load amplitudes (ΔK in MPa·m¹/²): 6-10, 10-15, 15-20 and force (F in MPa): 6, 10, 20. Loading conditions include stress ratio (R) of 0.1, frequency (h/HZ) of 10, and a sinusoidal waveform.]FIGURE 2 | MTS fatigue testing machine clamping situation and loading conditions. (a) SENB specimen clamping situation (b) Scale model clamping situation (c) Load application situation.All tests were performed on an MTS 307 servo-hydraulic fatigue testing machine. The loading conditions were set with a stress ratio (R) of 0.1 and a loading frequency of 10 Hz. A sinusoidal waveform was used. When the stress intensity factor (K) was between 6 and 10 MPa m1/2, the load was set at 6 MPa. For K between 10 and 15 MPa m1/2, the load was set at 10 MPa. For K between 15 and 20 MPa m1/2, the load was set at 20 MPa (see Figure 2c). At the start of each test, a low initial cyclic load was applied. The load amplitude was then gradually increased step by step. During the loading process, the crack length was continuously monitored in real time to record the crack growth. A series of discrete data points (Ni, ai) were obtained, where Ni is the number of loading cycles and ai is the corresponding crack length. The test was stopped when the crack reached a critical length or when the specimen fractured.
After the test, the da/dN curve was plotted based on the experimental data. The calculation process for the da/dN curve is as follows: this section first applies the least squares method to fit the experimental data of (Ni, ai). The formula for the least squares method is as Equation 1:
S=∑i=1n ai - fNi2(1)
In this equation, f(N) uses the form of a polynomial, S represents the sum of squared errors for all sample points, indicating the accuracy of the model fitting. A smaller S means that the predicted values are closer to the actual values, resulting in a better fit, while a larger S suggests poorer fitting performance. N denotes the total number of sample points, and ai is the observed crack length for the ith sample. The term (ai − f (Ni))2 is the squared error for the ith sample point, which reflects the deviation between the actual value and the predicted value. After applying the least squares method for fitting, the functional relationship between the component’s a and N is obtained, as Equation 2:
a=f N(2)
By differentiating both sides of Equation 2, the component’s da/dN can be calculated, as shown in the Equation 3:
dadN=dfNdN(3)
At this point, the (a,da/dN) data for both the scaled model and the SENB specimens can be obtained. The ΔK equation for the SENB specimens is as Equation 4:
∆K=∆PBW1/2·fa/W(4)
In the equation, ∆P represents the applied load, B is the specimen thickness, W is the specimen width, a is the crack length, and fa/W is the geometric correction function, which depends on the ratio of crack length to specimen width. The equation for fa/W for SENB specimens is as Equation 5:
fa/W=1.99 - aW1 - aW2.15 - 3.93aW+2.7aW2(5)
In the equation, W is the specimen width. The ΔK equation for the scaled model of the upper main bearing wall is as Equation 6:
∆K=YΔσπa(6)
In the equation, Y represents the shape factor of the upper main bearing wall, This paper adopts the complex da/dN curve establishment method (CCEM) studied by Sijia Ren et al. to calculate this value (Ren and Liu, 2025), Δσ is the difference between the maximum and minimum stresses, and a is the crack length.
2.2.2 ∆Kth test
In this section, ∆Kth tests were conducted on both the scaled model of the main bearing wall and the standard SENB specimen in accordance with the ASTM standard load-decreasing method (American Society for Testing and Materials, 2014). The tests were performed using an SENBS 307 electro-hydraulic servo fatigue testing machine under loading conditions set to a R of 0.1, a loading h of 10 Hz, and a sinusoidal waveform. The tests began with the application of a high initial cyclic load, followed by a gradual decrease in the load amplitude. During the test, experimental data were recorded in real time. After the test, the da/dN curve was plotted based on the experimental data, and the ∆Kth value was calculated accordingly. The corresponding ΔK value at da/dN=10-7 mm/cycle c≥6 from the fitted line is considered the ∆Kth for this da/dN accuracy.
2.3 Fatigue testing of cylinder block
This section presents fatigue tests conducted on the main bearing wall of the diesel engine cylinder block under three typical working conditions (WC). The tests employed a sinusoidal loading waveform with a frequency set at 30 Hz (Figure 3a). The experiments were performed in accordance with the relvant standards of the “Fatigue Testing Method for Diesel Engine Cylinder Blocks” (National Technical Committee for Standardization of Internal Combustion Engines, 2018) and were carried out on a hydraulic pulse-type block fatigue testing rig developed by the Institute of Power Machinery and Vehicle Engineering at Zhejiang University (Figure 3b). After the test, the fatigue life of the component (Nf) is recorded, as explained below. Nf is a key parameter in fatigue life prediction and represents the number of load cycles that a material or component can endure under specified loading conditions before failure occurs, such as crack initiation or complete fracture. It serves as an important indicator in structural degradation models, providing a quantitative measure of the durability of the component under cyclic loading.
[image: a) A table outlines parameters for testing: Load form (Bending moment), Wave form (Sine wave), R (0.1), h (30 Hz), and Amplitudes (WC1: 40 MPa, WC2: 36 MPa, WC3: 20 MPa). b) The hydraulic fatigue testing system features a red mechanical component, a detailed control system with wiring, and a data acquisition software interface displaying numerical and graphical data. Two mechanical test rigs are involved in the operation.]FIGURE 3 | (a) Illustration of three typical working conditions for fatigue testing of the main bearing wall, (b) Fatigue testing machine for the upper main bearing wall and its components.To minimize random and systematic errors during the experiments, the fatigue test results of the main bearing wall under each working condition were averaged. This approach not only enhanced the representativeness and reliability of the data but also effectively smoothed out potential random fluctuations in individual tests, providing more robust experimental evidence for subsequent structural degradation predictions and engineering applications.
2.4 Microstructural characterization
It is critically important to investigate the microscopic failure mechanisms of the main bearing wall in diesel engine blocks, as this can lay a solid foundation for accurate monitoring of its structural degradation. This section presents a systematic microstructural characterization study. The experimental procedure was conducted as follows:
2.4.1 Fractography analysis
The fracture surface was first cleaned using an ultrasonic cleaner to remove contaminants. Subsequently, scanning electron microscopy (SEM) was employed to examine the fracture morphology of the upper main bearing wall (Figure 4a), with particular emphasis on identifying characteristic features such as fatigue striations and dimples.
[image: Two-part image showing laboratory microscopes. Part (a) displays a Scanning Electron Microscope (SEM) setup with a large white microscope and a computer on a desk. Part (b) features a Metallographic Microscope (MM) with an optical microscope connected to a computer displaying a sample image.]FIGURE 4 | (a) Scanning electron microscope (SEM), (b) metallographic microscope (MM).2.4.2 Metallographic examination
Following standard metallographic preparation protocols, the fracture surface was progressively ground using 400–2000# silicon carbide sandpaper. After polishing with diamond paste, the microstructure was observed using a research-grade metallographic microscope (MM) to determine critical parameters, including grain size and second-phase particle distribution (Figure 4b).
2.5 Validation of scaled model accuracy
To ensure that the scaled model can accurately reflect the microscopic failure mechanism of the upper main bearing wall, this study adopts an experimental verification method. The effectiveness of the scaled model is evaluated by comparing the stress fields and da/dN curves at key failure locations between the prototype of the upper main bearing wall and its scaled model. Specifically, if the stress fields and da/dN curves of the prototype and the scaled model show good consistency in key parameters and curve trends, it proves that the scaled model can effectively simulate the fatigue crack propagation behavior of the prototype, thereby validating its effectiveness.
3 ESTABLISHMENT OF THE DA/DN MODEL FOR THE MAIN BEARING WALL ON THE CYLINDER BLOCK
As outlined in the introduction, traditional SENB specimens primarily account for the material properties of the upper main bearing wall but fail to adequately incorporate the structural and loading influences specific to the upper main bearing wall. This limitation significantly compromises the accuracy of da/dN and ΔKth measurements, thereby undermining the ability of the resulting da/dN model to accurately describe the actual FCP behavior. Consequently, the precision of the structural degradation model for the upper main bearing wall is adversely affected. To address this issue, this section leverages the accurate FCP data obtained from the scaled model in Section 2.2 to develop a da/dN model that comprehensively considers both the structural and loading effects of the upper main bearing wall. The detailed steps of this process are illustrated in Figure 5.
[image: Traditional and accurate models for fatigue crack propagation (FCP) are compared. The traditional model uses \((da/dN) = C(\Delta K - \Delta K_{th})^n\). The accurate model for the upper main bearing wall uses \((da/dN)_{Scale} = C_1(\Delta K^*_{Scale} - \Delta K^*_{th, Scale})^{n_1}\), capable of describing FCP characteristics.]FIGURE 5 | Process of establishing an accurate da/dN model for the upper main bearing wall.Step 1. Selection of the initial da/dN model
The da/dN curve and the threshold stress intensity factor range (ΔKth) are key components of the da/dN model for the upper main bearing wall. Previous studies have shown that the Trantina–Johnson model (Wang et al., 2016) effectively describes crack arrest behavior under low driving forces by introducing ΔKth into the crack growth rate expression. This allows the model to more realistically capture the fatigue crack growth characteristics of materials, especially under variable amplitude loading conditions, where load cycles below the threshold can be reasonably ignored. As a result, the accuracy of fatigue life prediction is improved. In addition, the Trantina–Johnson model provides a more reasonable explanation for overload and underload effects, enhancing its applicability and physical consistency in practical engineering applications. Therefore, to account for both effects, we selected the Trantina–Johnson model as the initial da/dN model in this study. Its equation is given as Equation 7:
dadN=C∆K -∆Kthn
In the formula, C and n are material parameters.
Step 2. Establishment of an accurate component da/dN model based on precise FCP data
As outlined in Section 2.1, the scaled model employed in this study comprehensively incorporates the structural and loading effects of the component. Consequently, the measured FCP data (da/dN curve and ΔKth) for the upper main bearing wall exhibit significantly improved accuracy. In this study, the da/dN curve is denoted as da/dNScale*, and the threshold stress intensity factor range is denoted as ΔKthScale*. Subsequently, the FCP data of the upper main bearing wall were input into the initial da/dN model to establish a refined model capable of accurately characterizing the FCP behavior of the upper main bearing wall. The modified da/dN model for the upper main bearing wall is expressed as Equation 8:
da/dNScale*=C1ΔKScale* - ΔKth_Scale*)n1
where C1 and n1 are material parameters obtained by fitting the experimental data from the scaled model.
4 ESTABLISHMENT AND VALIDATION OF THE STRUCTURAL DEGRADATION MODEL FOR THE MAIN BEARING WALL
4.1 Establishment of the structural degradation model for the main bearing wall
To improve the prediction accuracy of the structural degradation model for the upper main bearing wall, this study develops a structural degradation model that comprehensively considers the effects of structural features and loading conditions, based on da/dN data obtained from scaled model tests. To verify the reliability of the scaled test results, a comparative analysis was also conducted using standard SENB specimens. In engineering practice, structural degradation of a component is characterized by a gradual decline in key mechanical properties such as strength, stiffness, and toughness as service time or loading cycles increase. The physical essence of this degradation process lies in the continuous accumulation of micro-damage caused by cyclic loading, environmental corrosion, thermo-mechanical coupling, and wear during long-term operation. This accumulation eventually leads to a progressive deterioration of macroscopic mechanical performance until the component reaches its critical fatigue life Nf. In summary, from the perspective of damage mechanics, Nf quantitatively represents the accumulated degradation reaching the failure threshold. This relationship can be clearly described by Miner’s linear cumulative damage theory, with its mathematical expression given as Equation 9:
D=∑i=1nniNi and D≥1(9)
In this equation, D represents the accumulated damage value, ni is the number of cycles experienced under the ith stress amplitude, and Ni is the number of cycles required to cause fatigue failure at that stress amplitude. This formula indicates that the reduction of remaining life is closely related to the cumulative load and service time. Therefore, structural degradation is essentially a process in which the material state evolves over time. In this section, the relationship between the component’s fatigue life Nf and time t is used to represent the structural degradation process.
The establishment procedure of the structural degradation model is illustrated in Figure 6. First, the Wiener process, one of the most commonly used stochastic process models for structural degradation, is selected as the basic model (Jing et al., 2023). The core concept of this model is to treat the structural degradation process as a continuous process with random fluctuations, assuming that the change in degradation over time follows a stochastic process with increments that are normally distributed and independent. Therefore, the Wiener process can effectively describe degradation processes that exhibit a linear trend accompanied by random variability, providing high modeling flexibility. The mathematical expression of the Wiener model is given as Equation 10:
Xt=x0+μΛt+σBt(10)
[image: Performance degradation model schematic showing three sections. The top section details the initial performance degradation model equation with input data matrices. The middle section presents the expression for component failure threshold. The bottom section describes component life expectancy calculations and a performance degradation curve graph with component performance on the y-axis and time on the x-axis.]FIGURE 6 | Component structural degradation model establishment process.In this equation, X(t) represents the actual degradation level of the component at time t, and x0 denotes the initial degradation state. The term Λ(t) is a deterministic function of time that characterizes the drift component in the stochastic process. It is typically used to describe the trend effect accumulated over time due to external conditions or internal mechanisms. When Λ(t) takes a linear form (e.g., Λ(t) = t), it indicates that the system’s drift grows at a constant rate over time. If it adopts a nonlinear or integral form, it can capture more complex time-dependent evolution patterns. Unlike the random perturbation term B(t), the value of Λ(t) is fixed and predictable at any given time, reflecting the deterministic part of the system’s evolution. Here, μ is the drift coefficient, σ is the diffusion coefficient, and B(t) represents standard Brownian motion. Furthermore, based on the two upper main bearing wall da/dN models derived from the scaled model and the SENB specimens presented in Section 3, we use the da/dN data to predict the structural degradation behavior of the component and assume the Equation 11:
a=a1a2⋮an,N=N1N2⋮Nn(11)
Substituting the a and N data obtained from the component test into the Wiener model, the likelihood function and the log-likelihood function of the component’s nonlinear function are respectively as Equations 12, 13:
fθ∣a=12πnΞexp−a−μNTΞ−1a−μN2(12)
ln⁡fθ∣a=−n2ln2π−lnΞ−a−μNTΞ−1a−μN2(13)
In the formula, Ξ=σ2Q, Q=t1t1⋯t1t1t2⋯t2⋮⋮⋱⋮⋮⋮⋱⋮⋮t1t2⋯tn, T=Λt1Λt2⋮Λtn. By taking the derivative of the likelihood function and finding the extremum, we obtain as Equation 14:
μ^=TTΞ−1XTTΞ−1T=TTQ−1XTTQ−1Tσ^2=X−μTTQ−1X−μTn(14)
Therefore, the probability density function expression f(l) of the Wiener model reaching the threshold and the reliability function (Ps) are respectively as Equations 15, 16:
fl=D−xk−Λtk+l−Λtk−ldΛtk+l−Λtkdl2πσ2l3exp−D−xk−μl22σ2l(15)
Ps=PZ>0=Pytk+Δt⩽acry,y1:m⩽acrPytk+Δt⩽acry,y1:m⩽acr∫Θ∫Ωgθ1,θ2,σε,tk,Δt,acrdσεdθ(16)
In the formula, D is the failure threshold corresponding to the fracture failure of the component. Based on the obtained f(l) of the component, the expected (E) of the component at different times can be obtained, and its formula is as Equation 17:
Ep(θ1,θ2,σε|V1:m)gθ1,θ2,σε,tk,Δt,acr=∫Θ∫Ωgθ1,θ2,σε,tk,Δt,aorpθ1,θ2,σε∣y1:mdσεdθ=1N−M∑n=M+1Ngθ1n,θ2n,σεn,tk,Δt,acr(17)
In this equation, E represents the expected lifetime of the component, which quantifies the remaining service life from the current state to the failure state. By calculating the expected lifetime, the time-dependent relationship of the remaining life can be determined. Visualizing this relationship enables the construction of the structural structural degradation curve. This curve clearly illustrates the decreasing trend of structural performance over time during service, providing a theoretical basis and quantitative support for remaining life prediction and maintenance decision-making. Finally, based on the predicted Nf at different time points, two structural degradation models of the upper main bearing wall, derived from the scaled model and the SENB specimens, are plotted and designated as Dscale and DSENB, respectively.
4.2 Accuracy verification of the structural degradation model for the main bearing wall
To validate the accuracy of the structural degradation model for the main bearing wall established in this study based on the scaled model, an accuracy verification study was conducted as follows. First, evaluation criteria were determined. This section employs the root mean square error (RMSE), coefficient of determination (R2), mean absolute relative error (MARE), and mean absolute error (MAE) as evaluation metrics for the structural degradation model. The formulas for these metrics are as Equations 18–21:
RMSE=1N∑i=1nyi−y^i2(18)
R2=∑i=1nyi−y^i2/∑i=1nyi−y¯2(19)
MAE=1n∑i=1nyi−y^i(20)
MARE=1n∑i=1nyi−y^iyi(21)
Second, structural degradation evaluation was conducted. The accuracy of the scaled model was verified by comparing the structural degradation models Dscale and DSENB—derived from the scaled model and the SENB specimen, respectively—with the actual structural degradation behavior of the main bearing wall obtained in Section 2.3.
5 RESULTS AND DISCUSSION
5.1 Microscopic failure mechanism of the main bearing wall
Accurate determination of the actual FCP mode in the upper main bearing wall of diesel engine cylinders is of critical importance for enhancing the precision of structural degradation monitoring. Accordingly, this section presents a comprehensive microstructural characterization study of the upper main bearing wall following the experimental procedures detailed in Section 2.4.
Figures 7a–d respectively illustrate the fracture surface morphology and microstructural characteristics of the upper main bearing wall. Initial macroscopic examination (Figure 7a) reveals that the fracture surface exhibits characteristically flat morphology. Quantitative analysis indicates significant grain coarsening at the fracture zone. Furthermore, pronounced flake graphite segregation and markedly increased pearlite interlamellar spacing are observed, both of which are typical morphological features associated with instantaneous fracture. Microscopic analysis (Figures 7b–d) of three distinct regions located 3 mm, 6 mm, and 18 mm from the crack initiation site demonstrates consistent plastic deformation within the matrix material. The fracture surfaces in these regions predominantly exhibit dimple rupture features, indicative of ductile fracture mechanisms.
[image: Diagram illustrating an engine block failure and fractography analysis. The left panels show the engine block's external damage and a close-up of the fracture surface with red markers indicating locations of interest. The right panels display microscopic images of the fracture surface at marked regions, showing three distinct areas labeled Region 1, Region 2, and Region 3, each exhibiting ductile rupture characteristics at varying distances from the initiation point: 3 mm, 6 mm, and 18 mm respectively. Scale bar is included for reference.]FIGURE 7 | Microstructure analysis of the main bearing wall in a diesel engine cylinder block. (a) Macroscopic fracture of the main bearing wall. (b,c) Microstructure of the fracture at distances of 3 mm (b), 6 mm (c), and 18 mm (d) from the starting point.Based on the combined macro- and microstructural evidence, we conclusively identify the fracture mode of the upper main bearing wall as primarily ductile fracture characterized by dimple rupture. These findings provide crucial experimental evidence for understanding the failure mechanisms of the upper main bearing wall and significantly contribute to improving the accuracy of structural degradation monitoring.
5.2 ΔKth and da/dN curves of the upper main bearing wall
The accuracy of the ΔKth and da/dN curves of the upper main bearing wall directly determines the precision of its da/dN model, thereby influencing the prediction accuracy of its structural degradation. Therefore, this section employs a scaled model that comprehensively considers the structural and loading factors of the upper main bearing wall to conduct three sets of repeated FCP tests, thereby obtaining accurate ΔKth and da/dN curves. Additionally, SENB specimens are introduced for comparison to elucidate the influence of structural and loading factors on FCP results (Carpiuc-Prisacari et al., 2017; Erdogan and Sih, 1963; Irwin, 1957; Leung and Su, 1995; Zhu et al., 2021).
Figure 8 sequentially presents the da/dN curves and ΔKth of the three scaled models and SENB specimens in the full FCP stage and near-threshold region. As shown in Figure 8, the da/dN curves of the three scaled models are significantly lower than those of the SENB specimens in both the full FCP and near-threshold regions. Moreover, the ΔKth values of the scaled models are notably higher than those of the standard SENB specimens. This indicates that, under the same testing conditions, the scaled models exhibit stronger resistance to crack propagation. The primary reason for this is that the FCP path in the scaled models is influenced by their geometric shape and load distribution, resulting in a more tortuous crack path. This tortuous FCP path significantly increases the energy consumption of crack propagation, thereby slowing the crack growth rate in the scaled models (Harris and Patel, 2017). Furthermore, Kim and Park (2018) and Zhang and Lee (2015) have pointed out that the local strengthening effects of complex structures and the discontinuities in material microstructure can significantly enhance the crack propagation resistance of components under actual loading conditions by influencing crack growth behavior. This further underscores the necessity of fully considering the actual geometric features and loading conditions of components during FCP experiments to improve the accuracy of da/dN and ΔKth measurements.
[image: Graphs and charts display fracture crack propagation (FCP) curves for three specimens, comparing SENB specimens with partition equivalents. Panels (a), (c), and (e) show full-stage FCP curves, while (b), (d), and (f) depict near-threshold FCP curves. Each includes data tables with ΔK values. Panel (g) illustrates stress field accuracy verification, comparing the main bearing wall and an equivalent part, alongside a stress comparison chart showing stress variation across coordinate points.]FIGURE 8 | da/dN curves and ΔKth of three identical scaled models and SENB specimens in the full FCP region (a,c,e) and near-threshold region (b,d,f) and stress field (g).5.3 Scale model accuracy verification
To ensure the accuracy of the micro-failure mechanism results for the upper main bearing wall obtained using the scaled model, this section follows the procedures described in Section 2.5 to validate the accuracy of the equivalent model by assessing the consistency between the test results of the upper main bearing wall and its equivalent component. In addition, the results from standard SENB specimens, which consider only material properties, are compared with the actual characteristics of the upper main bearing wall to highlight the limitations of conventional ISO specimen testing methods.
Figures 8a–f shows the da/dN curves of the upper main bearing wall and its equivalent parts, as well as the SENB specimens. The calculated da/dN curves of the upper main bearing wall and its equivalent parts have small errors, while the SENB specimens show the opposite. Figure 8g displays the stress field of the upper main bearing wall and its equivalent parts. As can be seen from Figure 8, the stress fields of both are highly consistent. Therefore, the scaled model has high equivalence and can be used to study the microscopic failure mechanisms.
5.4 da/dN model for the main bearing wall
The accuracy of the da/dN model for the upper main bearing wall is crucial for the precise prediction of its structural degradation. Additionally, the structural and loading factors of the upper main bearing wall significantly influence its FCP behavior. Therefore, to enhance the prediction accuracy of the structural degradation of the upper main bearing wall, this section establishes a more accurate da/dN model based on the FCP data obtained from the scaled model in Section 5.2. For comparison, SENB specimens, which consider only material factors, are introduced to further elucidate the impact of structural and loading factors on the da/dN model. The formulas for the da/dN models of the three SENB specimens and the scaled model are as Table 2:
TABLE 2 | da/dN models derived from three scaled models and SENB specimens.	Sample name	C	n	ΔKth(mMPa)
	SENB	1.28 × 10−8	2.8	6.2
	1.3 × 10−8	3.1	6
	1.32 × 10−8	3.2	6.4
	Scaled model	1.1 × 10−8	2.67	7
	1.13 × 10−8	2.6	7.1
	1.12 × 10−8	3	7.5


By comparing the C, n, and ΔKth values from the three da/dN models derived from the two types of specimens, it is evident that, under the same precision, the C and n values of the three SENB specimens are greater than those of the scaled model, while their ΔKth values are smaller. This indicates that the da/dN rate of the scaled model is slower, suggesting stronger fatigue resistance of the material (Yang et al., 2024a; Wang et al., 2023; Teng et al., 2023; Li et al., 2024). This finding aligns with the results obtained in Section 5.2 (Barter et al., 2016; Ciavarella and Papangelo, 2018; Zhang et al., 2023; Oh, 2023). Additionally, to facilitate subsequent analysis of the structural degradation model, this section calculates the average values of the da/dN model formulas for the three SENB specimens and the scaled model. The resulting da/dN model formulas for the upper main bearing wall, derived from the scaled model and SENB specimens, are presented in Table 3.
TABLE 3 | da/dN models averaged from the scaled model and SENB specimens.	Sample name	C	n	ΔKth(mMPa)
	SENB	1.3 × 10−8	3.03	6.2
	Scaled model	1.11 × 10−8	2.76	7.2


5.5 Establishment and validation of the structural degradation model for the main bearing wall
Since the scaled model incorporates the structural factors of the upper main bearing wall in the cylinder block, this section utilizes the da/dN model developed from the scaled model in Section 5.4 to predict the structural degradation of the upper main bearing wall, aiming to enhance prediction accuracy. For comparison, SENB specimens are introduced, and the structural degradation models derived from the DScale and DSENB are evaluated against DExperiment using metrics such as RMSE, R2, MARE, and MAE. This comparative study validates the accuracy of the DScale based on the scaled model.
Figures 9a–c compares the structural degradation predictions of the scaled model and SENB specimens for three different types of upper main bearing walls. As shown in Figures 8a–c, the DScale model derived from the scaled model exhibits closer agreement with the DExperiment than the DSENB model derived from SENB specimens. To further assess the accuracy of DScale, Table 4 presents the RMSE, R2, MARE, and MAE metrics for DSENB and DScale, based on the results from Figures 9a–c. The comparison of these four metrics demonstrates that DScale outperforms DSENB overall. This superiority is primarily attributed to the fact that DScale is constructed based on a scaled model that accounts for structural and loading effects. The modeling process not only considers the material properties of the upper main bearing wall but also fully incorporates the complexity of its structural and loading conditions (Wang and Zhang, 2016; Huang et al., 2022; Hosseini and Mahmoud, 1985). Consequently, the scaled model can more accurately simulate the stress distribution and local strengthening effects of the upper main bearing wall, thereby more precisely reflecting its structural degradation behavior under actual operating conditions (Jing et al., 2023; Shakeri et al., 2022). In contrast, DSENB only considers the material characteristics of the upper main bearing wall and fails to fully capture geometric discontinuities and local stress concentration effects (Yang et al., 2024b). As a result, DScale demonstrates higher precision in predicting the structural degradation of the upper main bearing wall, aligning more closely with experimental values and providing more reliable fatigue data for engineering applications.
[image: Graphs labeled a, b, and c show relationships between variable T (hours) on the x-axis and N (cycles) on the y-axis under three working conditions. Each graph includes a magnified view to highlight details. Three data series are depicted: black diamonds for DSENB, green triangles for DScale, and blue circles for DExperiment, following similar trends.]FIGURE 9 | The structural degradation curves of the engine under three different operating conditions. (a) Comparison of performance degradation under operating condition 1. (b) Comparison of performance degradation under operating condition 2. (c) Comparison of performance degradation under operating condition 3.TABLE 4 | Comparison of 4 indicators between SENB specimen and scale model.	Indicator name	SENB specimen	Scale model
	Main bearing wall (No. 1)	MARE	1.50E-02	1.18E-02
	MAE	1.11E-02	9E-03
	R2	0.9997	0.9998
	RMSE	0.01515	0.01189
	Main bearing wall (No. 2)	MARE	1.85E-02	1.42E-02
	MAE	1.45E-02	1.1E-02
	R2	0.987	0.974
	RMSE	0.0185	0.0126
	Main bearing wall (No. 3)	MARE	1.32E-02	1.02E-02
	MAE	1.03E-02	7E-03
	R2	0.977	0.98
	RMSE	0.018	0.0112


6 CONCLUSION
To address the issue of insufficient consideration of structural and loading factors in existing FCP tests for the upper main bearing wall, which leads to low accuracy in structural degradation model evaluation, this study establishes an accurate da/dN model for the upper main bearing wall based on component scaling methods. Furthermore, it achieves precise assessment of the structural degradation behavior of the upper main bearing wall. The main conclusions are as follows:
	1. Due to the complex structure of the upper main bearing wall, conducting FCP tests directly is challenging. This study conducts equivalent scaling research on the upper main bearing wall with the goal of maintaining identical stress fields before and after scaling. By performing da/dN and ΔKth tests on the scaled model, accurate da/dN data and ΔKth values for the upper main bearing wall are indirectly obtained, laying the foundation for the accurate establishment of the da/dN model and structural degradation model.
	2. An accurate da/dN model for the upper main bearing wall is developed based on the measured da/dN data and ΔKth values, and it is compared with SENB specimens. The results show that, under the same testing conditions, the scaled model with a complex structure exhibits higher resistance to crack propagation. This difference is attributed to the more tortuous crack path caused by the complex geometry of the scaled model, which slows down the crack growth rate.
	3. Based on the accurate da/dN model obtained from the scaled model, a structural degradation model that considers the structural and loading factors of the upper main bearing wall is established. Structural degradation predictions are conducted using this model, and comparisons are made with SENB specimens. Fatigue tests on the diesel engine cylinder block demonstrate that, under the same testing conditions, the structural degradation model derived from the scaled model predicts the structural degradation of the upper main bearing wall more accurately than the model derived from SENB specimens. At the same time, microscopic characterization of the fracture on the main bearing wall of the cylinder block reveals that the fracture mode of the main bearing wall is primarily ductile fracture dominated by dimple fracture.

This study significantly improves the accuracy of the da/dN model for the upper main bearing wall by employing component scaling technology, thereby enhancing the precision of structural degradation assessment. Based on these findings, reasonable maintenance strategies for critical components can be formulated, ensuring the safe operation of diesel engines and greatly improving the utilization efficiency of transportation vehicles such as cars, ships, and aircraft.
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