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Introduction
DCO4 steel sheets with a finite thickness are the subject of this study.
Methods
Material mechanical properties were determined through tensile and shear tests, while fracture characteristics along the thickness direction were analyzed. Scanning Electron Microscopy (SEM) observation of fracture surfaces was combined with these tests to clarify the influence of holes on the mechanical behavior of the steel sheet. Subsequently, a finite element simulation of the tensile test on steel plates was performed in ABAQUS, with plate thicknesses ranging from 0.3 mm to 1.4 mm and central hole diameters from 2 mm to 6 mm, corresponding to width-to-diameter ratios of 0.2–0.6.
Results
The influence of hole shape on the stress concentration factor (SCF) was quantified. Relationships between sheet thickness, diameter-to-width ratio, and SCF were established. The results demonstrate that for a given diameter-to-width ratio, an optimal sheet thickness exists where the SCF stabilizes.
Conclusion
These findings provide a theoretical basis and technical support for the engineering design of perforated DCO4 thin steel sheet components.
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1 INTRODUCTION
Stress concentration arises at geometrical discontinuities (such as holes, notches, and grooves) within continuous media under structural loading (Xu, 2006). Kirsch (1898) first introduced the problem of stress concentration, which has since prompted extensive research by numerous scholars, primarily focusing on: (1) The influence of geometric shape and structural design on stress distribution. Liu B et al. (2021) demonstrated that differences in pore structure between inner and outer layers affect the uniformity of stress concentration distribution. Zhang et al. (2024) further indicated that the positional angle of double holes is a key parameter influencing the stress concentration factor. (2) The effect of environmental factors on stress concentration. Luna V M et al. (2024) discovered that for corrosion damage, the morphology of pitting pits can be analogized to a sinusoidal surface, allowing the estimation of the stress concentration factor based on parameters such as wavelength and thickness. Qi W et al. (2021) revealed that the acidification process in ultra-deep well environments significantly exacerbates the stress corrosion cracking susceptibility of HP-13Cr stainless steel. (3) The impact of different loading conditions on stress distribution. Arcieri et al. (2024), in their study on Ti6Al4 V, confirmed that notched specimens exhibit substantially lower strength under axial fatigue loading compared to intact specimens, and that fatigue loading intensifies stress concentration phenomena. Fazlali et al. (2024) highlighted the differences in specimen responses under static and dynamic fatigue loading, identifying load type as a critical factor affecting stress concentration behavior.
In recent years, research has expanded to various materials. Wang et al. (2022) investigated different-shaped cavities in coal-rock masses, showing that cavity geometry influences both the maximum strength of the material and its crack propagation path. Yin et al. (2024) systematically studied and compared the net-section fracture behavior of circular, elliptical, hexagonal, and diamond-shaped holes in high-strength steel plates such as Q355D, confirming that hole shape is a decisive factor in stress concentration phenomena. Unlike high-strength materials, DC04 cold-rolled thin steel sheet—a typical low-carbon steel—exhibits high ductility achieved through microalloying and strict annealing processes, along with excellent formability and weldability. It is widely used in automotive bodies, electrical cabinets, and other structural applications. However, structural failures caused by stress concentration in perforated DC04 sheets occur frequently, yet studies systematically examining the influence of parameters such as plate thickness and hole shape on stress concentration in this material remain relatively limited. Therefore, investigating stress concentration in perforated DC04 thin sheets holds considerable practical significance.
In terms of research methodology, finite element analysis has become a key tool for studying stress concentration induced by geometric discontinuities. For structures such as pressure vessels, nonlinear finite element analysis (NL-FEA) is often employed. For instance, Pany (2021a); Pany (2021b) used this approach to accurately capture local stress increases resulting from profile deviations and weld depression defects. Similarly, Tadepalli et al. (2017) applied the finite element method to investigate stress concentration phenomena and determine the stress concentration factor (SCF) in both isotropic and orthotropic rectangular and circular plates under transverse static loading.
Early studies typically employed two-dimensional (2D) models, neglecting the relationship between plate thickness and stress concentration. However, deeper subsequent research and practical observations—revealing issues such as crack propagation occurring on free surfaces and internally and inaccuracies stemming from ignored transverse strains—demonstrate that the influence of plate thickness in thin steel sheet cannot be disregarded. Current research on sheet thickness primarily includes: Sternberg and Sadowsky (1949) provided an approximate three-dimensional solution for the stress distribution around a cylindrical hole in an infinite plate of arbitrary thickness. Folias and Wang (1990) solved the boundary value problem for an infinite plate with a circular hole based on Cosserat plate theory, finding that the maximum stress occurs at the mid-plane when the hole radius-to-thickness ratio exceeds 0.5, and near the free surface when the ratio is below 0.5. Kane and Mindlin (1956) proposed the Kane-Mindlin theory accounting for transverse strain; subsequently, Zhang T et al. (2000) derived an explicit theoretical solution for the stress concentration factor (SCF) around a circular hole using this theory combined with the stress function method. Li Z et al. (2000) employed three-dimensional finite element (3D FE) analysis to investigate the 3D stress distribution in finite-thickness plates with various shaped notches under remote uniaxial tension, elucidating the variation of SCF through the thickness. Liu H et al. (2024) analyzed SCF in finite-thickness plates with circular holes under biaxial loading, indicating that for thin plates, SCF gradually decreases towards the plate surfaces.
As a core indicator for strength assessment, the calculation methodology for SCF has been continuously refined. She Chongmin and Guo (2006) investigated the variation of SCF along the wall of elliptical holes in finite-thickness plates with changing thickness. Established an empirical formula relating the ratio of thickness to root radius, thickness, and the stress concentration factor. Ding et al. (2021) utilized numerical simulations to study the stress concentration mechanism in plates with semi-elliptical surface notches, deriving an empirical equation for the SCF of surface notches. Yuan and Liu (2022) proposed a two-dimensional weight function for the stress intensity factor of semi-elliptical surface cracks in plates of finite thickness and width under arbitrary stress. Dveirin et al. (2021) studied stress concentration phenomena near holes in mechanical joints, noting that SCF stabilizes once the aperture-to-thickness ratio reaches a certain value. Literature reveals that plate thickness is a key factor controlling stress concentration. The central objective of this paper is to find the optimal plate thickness for optimizing the stress concentration effect. Previous research (Lin et al., 2025) investigated DC04 steel sheet with circular and oval holes, considering the influence of the diameter-to-width ratio and hole shape factor on fracture. It analyzed aperture evolution and stress variation, deriving an empirical formula for the net section SCF. However, the influence of sheet thickness was not considered, limiting the formula’s applicability. Building upon foundation, the study specifically introduces plate thickness as a key variable, and further investigates the influence of factors such as plate thickness and the aperture-to-plate-width ratio (diameter-width ratio) on fracture and stress concentration in thin steel sheets. By combining experimental tests with scanning electron microscopy (SEM) observations, the fracture characteristics at the mesoscopic level within the fracture zone are examined, with particular attention to variations through the thickness. Through finite element simulation analysis, the variation trend of the stress concentration factor with plate thickness was obtained, and modifying the empirical SCF formula. An empirical formula for determining the optimal plate thickness was derived, providing valuable reference for engineering practice and effectively mitigating potential failure risks induced by stress concentration effects. The research workflow is shown in Figure 1.
[image: Flowchart depicting the process from test and data acquisition to model conclusions. It involves three main stages: Test and Data Acquisition, Finite Element Simulation, and Model Construction and Conclusions. Each stage includes several sub-processes, such as shear tests, material parameter assignment, and stress concentration factor formula fitting. The chart illustrates relationships between experiments, simulations, and conclusions with various parameters like specimen fracture morphology and different hole shapes influencing the processes.]FIGURE 1 | Workflow diagram.2 MECHANICAL PROPERTY TESTING OF THIN STEEL SHEETS
2.1 Test overview
In accordance with the relevant requirements of GB/T228.1-2021 (Xu and Xu, 2022), specimens for uniaxial tensile and shear tests were designed using 1 mm-thick DC04 thin steel sheets (Figure 2). The tests were divided into six groups based on three specimen types and orientations, with three specimens (S1, S2, and S3) per group, totaling 18 specimens. For Type I shear specimens, the shear tip aligns horizontally with the tensile direction. For Type II shear specimens, the shear tip is perpendicular to the tensile direction. Considering the processing direction, specimens were prepared both along the rolling direction (RD) and perpendicular to the rolling direction (TD). All mechanical tests were conducted at room temperature (23 °C ± 2 °C). The tensile specimens were loaded at a rate of 1 mm/min. Considering the lower strength of the shear specimens, a slower loading rate of 0.5 mm/min was adopted to mitigate insufficient stress relaxation and reduce the risk of unintended fracture caused by excessive loading speed.
[image: Diagram and photographs of tensile and shear test samples. The tensile sample is labeled with dimensions, including 190 millimeters length and various width specifications. Below it are I shear and II shear samples, each with unique notch designs and dimensions. Corresponding physical samples are shown on the right.]FIGURE 2 | Tensile and shear specimens with design dimensions.A microscale slippage, imperceptible to the naked eye, may occur between the fixture and the specimen, resulting in recorded displacement values slightly exceeding the actual deformation of the specimen. This leads to marginally lower calculated values for both strain and elastic modulus. Since such potential errors primarily affect the characterization of the material’s constitutive relationship, we adopted the approach of averaging results from multiple test sets to mitigate their impact.
2.2 Analysis of test results
2.2.1 Tensile test
The force-displacement curves for the tensile tests of DC04 steel sheets are shown in Figure 3A, and the relevant mechanical properties are summarized in Table 1.
[image: (A) Two graphs show load versus displacement for samples S1, S2, and S3, with insets highlighting fracture points. Below each graph are images of a sample in complete, necking, and fracture stages labeled "RD" and "TD." (B) A graph plots stress versus strain, comparing engineering and true stress-strain curves. Engineering stress-strain is marked in blue, while true stress-strain is in red.]FIGURE 3 | Tensile test. (A) Force-displacement curves of tensile tests. (B) Constitutive curve of tensile specimen.TABLE 1 | Tensile test parameters.	Direction	Fe/N	Fb/N	ΔL/mm	Re/MPa	Rb/MPa
	RD	2046	5086.2	42.699	102.30	254.31
	2041	5101.5	43.149	102.05	255.07
	2044	5104.6	42.750	102.20	255.23
	TD	2045	5096.7	42.674	102.25	254.85
	2046	5087.4	43.057	102.30	254.37
	2043	5100.6	42.954	102.15	255.03


Where Fe is defined as yield force; Fb is defined as maximum force; Re is defined as yield stress; Rb is defined as ultimate tensile strength; ΔL is defined as the maximum displacement.
In classical tensile testing, necking occurs when the stress on the specimen reaches the ultimate tensile strength. Consequently, the typical stress-strain curve obtained for ductile materials is only an approximation and cannot represent the actual stress-strain values. Thus, calibration of the engineering stress-strain curve is required to obtain the material’s true constitutive curve (Figure 3B).
2.2.2 Shear test
The fracture morphologies of both types of shear specimens for DC04 steel sheets are shown in Figure 4A. The force-displacement curves are presented in Figure 4B C, and the relevant mechanical properties from the shear tests are summarized in Table 2.
[image: Comparison of two types of fractures in materials: Type I displays a straight fracture, while Type II shows an inclined fracture at a 45-degree angle. Graphs (B) and (C) depict load versus displacement data for samples in the rolling direction (RD) and transverse direction (TD). Both graphs include phases of complete, necking, and fracture with three sample series (S1, S2, S3).]FIGURE 4 | Shear test. (A) Morphology of shear specimens after fracture. (B) Force-displacement curves of Type I shear specimens. (C) Force-displacement curves of Type II shear specimens.TABLE 2 | Shear test parameters.	Type (Direction)	Fe/N	Fb/N	ΔL/mm	τs/MPa	τsu/MPa
	Type Ⅰ
(RD)	227	837.15	2.989	80.286	290.021
	223	829.57	2.864	81.759	287.964
	230	839.64	2.893	79.985	291.462
	Type Ⅰ
(TD)	214	819.30	3.104	75.671	289.710
	218	816.48	3.075	77.544	286.842
	216	820.75	3.177	75.853	288.746
	Type Ⅱ
(RD)	207	949.75	6.66	51.756	237.437
	209	949.66	6.84	53.022	238.456
	211	951479	7.03	52.458	235.469
	Type Ⅱ
(TD)	273	912.57	6.40	68.250	228.142
	270	910.159	6.70	66.859	225.952
	276	914741	6.61	69.866	229.166


Where τsu is defined as ultimate shear strength; τs is defined as shear yield strength.
Macroscopic fracture morphology analysis of both shear specimen types. The results reveal fracture surfaces inclined at varying angles to the direction perpendicular to the tensile axis. Taking the Type II shear specimen as an example (Figure 4A), the fracture surface forms an angle of approximately 45° with the direction perpendicular to tension. This indicates that fracture evolution occurred both along the direction perpendicular to tension and through the specimen thickness, demonstrating that specimen thickness influences fracture behavior. Consequently, specimen thickness is identified as a key structural parameter for further investigation. Comparative observation of the macroscopic fracture morphologies of tensile and shear specimens revealed distinct differences in roughness. The fracture surface of the unperforated tensile specimen was rough and uneven, whereas the shear fracture surface appeared comparatively flat and smooth. This stark contrast in macroscopic morphology provides visual evidence for the significant differences observed in their macroscopic mechanical properties.
Compared to the tensile specimen (unperforated full sheet), the shear specimen exhibited significant changes in mechanical properties: its maximum load-bearing capacity decreased by approximately 82%, and its initial stiffness was notably reduced. Furthermore, the shear specimen fractured abruptly upon reaching the peak load. These findings collectively demonstrate that the presence of holes or notches leads to a substantial reduction in load-bearing capacity. As shown in Figure 4B,C, distinct differences exist in the force-displacement curves of the Type I and Type II shear specimens. The Type II shear specimen exhibits a pronounced yield plateau at approximately 200 N or 280 N. Furthermore, the Type II specimen sustains a higher load. These differences arise primarily from variations in specimen geometry (notch configuration), leading to differences in the effective loading direction.
The nominal constitutive relation under shear loading, which is known as the engineering constitutive relation, can be represented as:
τe=F/B·hεe=γe=ΔL/L0(1)
where τe is defined as the engineering stress; εe is defined as engineering strain; γe is defined as engineering shear strain; B is specimen width; h is defined as the minimum distance between notch edges, h of Type Ⅰ shear specimen, h of Type Ⅱ shear specimen is 2√2 mm.
Considering the effects of cross-sectional area changes and cumulative strain during material deformation, Equation 1 cannot represent the actual stress-strain values. Its modification yields the true constitutive relation under shear as Equation 2:
τt=τe1+γeγt=ln1+γe(2)
where τt is defined as the true stress; γt​ is defined as the true shear strain.
Calibration of the Type I and II shear specimens yielded the true constitutive curve (Figure 5). Although subtle differences exist between the RD and TD constitutive curves due to material anisotropy, their overall trends are largely consistent. The primary distinction in shear testing lies in the significant differences between Type I and Type II specimens. Therefore, rolling direction effects are omitted in subsequent analyses.
[image: Four stress-strain graphs compare engineering (blue) and true (red) stress-strain curves. The top row shows data for RD and TD with strain up to 0.04, and stress peaking near 300 MPa. The bottom row also shows RD and TD with strain up to 0.1, and stress peaking around 250 MPa.]FIGURE 5 | Constitutive curves. (A) Type I shear specimens. (B) Type II shear specimens.2.3 Microscopic fracture analysis
Fractographic analysis was performed on all specimens using a Phenom XL desktop scanning electron microscope (SEM) to characterize microscopic fracture features. Sectioned fracture regions were preserved for examination. Relatively planar and undamaged areas of the fracture surfaces were identified and designated as observation points. Corresponding observation points on specimen fracture surfaces are presented in Figure 6.
[image: Tensile and shear samples labeled with locations. The tensile sample at the top shows Loc1.1 and Loc1.2. The first shear sample in the middle displays Loc2.1 and Loc2.2. The second shear sample at the bottom indicates Loc3.1 and Loc3.2. Red squares highlight specific areas.]FIGURE 6 | Scanning electron microscope and specimen observation points.Figure 7A presents observation micrographs at the edge locations (Loc 1.1-3.1) of the tensile specimen fracture surface. Figures 7B,C shows micrographs from the mid-thickness locations (Loc 2.2, Loc 3.2) of the shear specimen fracture surfaces. SEM observations of all three specimen types reveal:
	1. The necking phenomenon occurs in the fracture region (Figure 7A) due to specimen elongation under loading. The distinct brightness of the fracture zone indicates significant plastic deformation prior to failure. Non-uniform thickness distribution is observed at the fracture, with damage initiating in the thinner region where microcracks nucleate and propagate rapidly.
	2. Abundant slip lines (S1 in Figure 7A) and dimple bands formed by dimple clustering and coalescence (D1, D2 in Figure 7A) develop at the fracture surface. These features ultimately coalesce into macroscopic cracks leading to specimen failure.
	3. Slip lines and dimple bands exhibit higher density in the mid-thickness region than near the free surfaces. Their distribution transitions from dense to sparse and from large to small when approaching both plate surfaces. Crack nucleation initiates within the plate interior and propagates toward the surfaces, with this evolution becoming more pronounced at higher tensile strengths.

[image: Panel of microscopic images labeled A, B, C showing material fracture surfaces. Each panel includes multiple close-ups highlighting features like dimples, slip bands, and areas marked Si and Di. Sections are annotated with different location codes such as Loc 1.1-3.1, 2.2 RD, 3.2 TD, and feature measurement scales.]FIGURE 7 | Micro-morphology. (A) Fracture surface edge (Complete tensile specimen shown). (B) Fracture surface morphology of Type I shear specimens. (C) Fracture surface morphology of Type II shear specimen.The fracture surface of the complete tensile specimen exhibits abundant slip lines and dimples, confirming typical ductile fracture morphology. Compared to other specimens, this configuration demonstrates denser slip lines with more clustered and enlarged dimples - attributable to its superior tensile strength. In Type I shear specimens (Figure 7B, location S1), extensive slip lines develop where RD and TD variants display mutually orthogonal slip orientations due to rolling-induced anisotropy. Type II shear specimens (Figure 7C, location S2) exhibit profuse slip lines accompanied by dimple abundance in the RD orientation (D1 in Figure 7C) but scarcity in TD. This dichotomy stems from texture-governed particle orientation, which constrains TD plastic deformation capacity and suppresses dimple formation, exhibiting quasi-cleavage characteristics. Consequently, load-bearing component design must account for sheet anisotropy, preventing principal stress alignment with the transverse direction.
Combined analysis of force-displacement curves from tensile and shear tests on DC04 thin steel sheet reveals that upon reaching peak load, necking commences immediately, initiating damage at the necking zone. As tension increases, plastic deformation intensifies and internal damage accumulates progressively. Microcrack propagation constitutes the primary mechanism underlying the post-peak force decay in macroscopic force-displacement curves. Concurrently, developing plastic shear bands between major voids accelerates the force decay rate, ultimately triggering complete fracture at the minimum cross-section.
In summary, notches and holes redistribute stress concentration, accelerating fracture through localized concentration around these features. Despite this, perforated sheets offer indispensable advantages in practical applications. Specifically for thin sheet structures, damage initiation typically originates from internal microvoids within the mid-thickness plane. These incipient damage sites nucleate, develop, and interconnect through the thickness direction. Accumulating damage drives crack propagation toward free surfaces, culminating in macroscopic fracture. Sheet thickness, as a critical geometric parameter, significantly influences stress distribution around perforations.
3 STRESS CONCENTRATION ANALYSIS AROUND HOLES
This section investigates stress concentration phenomena surrounding perforations, elucidating relationships between diameter-to-width ratio, sheet thickness, and stress concentration factor (SCF). Finite element models (FEM) were developed in ABAQUS to simulate the tensile testing of steel plates with various hole configurations. The simulations aims to investigate the hole shape effects on stress concentration. Additionally, 60 numerical simulations were conducted for identical hole geometries with varying diameter ratios and sheet thicknesses. This parametric study quantified the influence of these variables on SCF, yielding an empirical formula for stress concentration prediction.
3.1 Stress concentration characteristics of different hole shapes
Four types of perforated DC04 thin steel sheet specimens were designed, Three-dimensional diagram and meshing configurations (exemplified for circular holes) illustrated in Figure 8A. All specimens featured a uniform thickness of 1 mm. Centrally located perforations with distinct geometric characteristics were machined: standard circular holes, oval holes, square holes with straight edges, and diamond holes with sharp corners. The four hole types were designed to have essentially the same open area, approximately 18.84 mm2.
[image: Simulation results depict stress and strain analysis for various notch shapes under a 200N load. Part A illustrates the model with C3D20R elements. Part B shows Mises equivalent force and equivalent plastic strain for circular, square, and diamond-shaped notches. Color scales indicate stress (MPa) and strain levels, revealing stress concentration and deformation patterns.]FIGURE 8 | Numerical simulation status. (A) Hole geometry dimensions and mesh refinement. (B) Stress and strain distributions around holes.A three-dimensional finite element model of a perforated steel plate was developed using the ABAQUS/Standard module to simulate the uniaxial tensile test of the specimen. The elastic-plastic material properties were defined based on experimental data from uniaxial tensile tests of DC04 steel, with an elastic modulus of 205 GPa and a Poisson’s ratio of 0.3. Plastic parameters were incorporated by importing the true stress-strain curve.
To accurately simulate the gripping conditions of the testing machine, a reference point (RP) was created at each end of the plate. Kinematic coupling constraints were applied to couple the degrees of freedom of the nodes at both ends to their respective reference points. The lower reference point was fully fixed, while a tensile force of 200 N was applied to the upper reference point along the tensile direction. This load level was set below the material’s yield strength. To enhance computational accuracy and efficiency, the model was discretized using hexahedral structured elements. The mesh was refined around the hole and through the thickness direction. The maximum stress value around the hole was used as the convergence criterion, and the numerical variation met engineering convergence standards. Figure 8B presents comparative stress and strain contour plots around perforations for all four hole geometries.
Stress and strain contour plots around perforations consistently exhibit an X-shaped distribution pattern. Significantly higher stress values occur in the vicinity of the hole perimeter compared to remote field stresses, with both maximum and minimum stresses concentrated near the perforation boundaries. Simulation results demonstrate that stress perturbations diminish progressively with increasing distance from the hole. The strain nephogram reveals that although a minimal equivalent plastic strain is locally present at the hole edge, its macro-level impact on the stress distribution is negligible.
The stress concentration factor (SCF) for the full cross-section and the net cross-section can be expressed by Equations 3, 4. The stress concentration factors (SCF) for hole plates are calculated and presented in Table 3.
K=σmaxσn=σmaxBtF(3)
k=σmaxσn=σmaxB−DtF(4)
where σmax is defined as the equivalent maximum stress value; D is the hole dimension orthogonal to the tensile direction; t is the specimen thickness; F is the load applied on the specimen.
TABLE 3 | Calculated stress concentration factors for plates with different hole geometries.	Hole shape	t	B	D	σmax/MPa	K	k
	Circular	1	20	6	31.21	3.121	2.187
	Elliptical	1	20	7	33.33	3.333	2.133
	Square	1	20	5.32	36.26	3.626	2.661
	Rhombic	1	20	7.52	56.31	5.631	3.513


Perforations disrupt the original geometric continuity of thin sheets, causing redistribution of the initial stress state and distortion of stress trajectories. This results in severe stress concentration around holes. Plates exhibit the most critical stress concentration, reaching a maximum stress of approximately 56.31 MPa at bend regions orthogonal to the tensile direction, with corresponding stress concentration factors K = 5.631 and k = 3.513. Conversely, circular perforations demonstrate minimal stress concentration, achieving a peak stress of about 31.21 MPa, with corresponding stress concentration factors K = 3.12 and k = 2.18. This represents a 44.6% reduction in maximum stress compared to diamond configurations. Sharp-cornered geometries induce elevated stress concentration at angular vertices, whereas rounded boundaries significantly mitigate stress intensification. Consequently, rounded perforation geometries should be prioritized in design applications to minimize stress concentration effects. Based on these findings, circular holes - characterized by smooth contours and manufacturability - are selected for subsequent analyses.
3.2 Stress concentration analysis of thin steel plates with circular holes
To investigate the relationship between the stress concentration factor (SCF) and diameter-to-width ratio versus sheet thickness, finite element models were performed on thin steel sheets with circular perforations. A constant plate width of 20 mm was maintained while systematically varying the central hole diameter (r = 2 mm∼6 mm, corresponding to diameter-to-width ratios α of 0.2-0.6) and sheet thickness (t = 0.3 mm∼1.4 mm), generating 60 distinct parameter combinations. Stress concentration characteristics around perforations were analyzed based on these simulation results. Representative cases with diameter-to-width ratios α of 0.2, 0.4, 0.6, and sheet thicknesses t of 0.3 mm, 0.8 mm, and 1.4 mm were selected for detailed examination, with corresponding stress contour plots presented in Figure 9.
[image: A series of three rows of color-coded simulation images showing stress distribution with varying parameters. Each row represents different values of α (0.2, 0.4, and 0.6) and the columns represent thicknesses (t) of 0.3mm, 0.8mm, and 1.4mm. Stress values in megapascals (MPa) are labeled near each section: 90.48, 34.44, 19.88 for α=0.2; 104, 46.36, 25.54 for α=0.4; 115.6, 67.21, 36.10 for α=0.6. The images illustrate stress concentration around the edges of a notch.]FIGURE 9 | Equivalent Mises stress contour plots for steel sheet with varying diameter-to-width ratios and thicknesses.Steel sheet with a hole consistently exhibit an X-shaped stress distribution pattern, with maximum stress values consistently occurring at hole boundaries orthogonal to the tensile direction. At constant sheet thickness, increasing diameter-to-width ratio elevates the equivalent maximum stress magnitude and expands its affected zone, intensifying stress concentration and fracture susceptibility. Conversely, for fixed diameter-to-width ratios, greater sheet thickness reduces both the magnitude and spatial extent of equivalent maximum stress, enhancing structural strength. Specifically, when the diameter-to-width ratio remains constant, increasing sheet thickness progressively diminishes equivalent maximum stress—indicating enhanced material strength—thereby effectively mitigating stress concentration effects. Using Equation 3, full cross-section and net cross-section stress concentration factors (SCF) were calculated for all simulation cases, with their relationships to sheet thickness presented in Figure 10.
[image: Two graphs compare the variables \( K \) and \( k \) against thickness (in millimeters) for different values of \(\alpha\). The graphs use five different markers and colors for \(\alpha\) values: 0.2 (gray squares), 0.3 (red circles), 0.4 (blue triangles), 0.5 (green inverted triangles), and 0.6 (purple diamonds). The left graph shows \( K \) increasing with thickness, varying by \(\alpha\). The right graph displays \( k \) initially rising before flattening or declining based on \(\alpha\).]FIGURE 10 | Thickness dependencies of stress concentration factors.When the aperture size remains constant, the aperture-width ratio is fixed, both the gross section stress concentration factor K and the net section stress concentration factor k initially increase and subsequently decrease with increasing plate thickness, ultimately stabilizing. A larger aperture-width ratio requires a greater plate thickness for the stress concentration coefficients to reach a stable state. Nevertheless, distinct trends are observed: the gross section stress concentration factor progressively increases with higher aperture ratios, whereas the net section stress concentration factor demonstrates the inverse behavior. Beyond a critical plate thickness, further increases yield negligible changes in stress concentration coefficients. This indicates that augmenting plate thickness has limited efficacy in mitigating stress concentration phenomena. Consequently, determining an optimal plate thickness is of critical importance for reducing stress concentration in plates with a hole.
3.3 Empirical formula for stress concentration factor in thin steel sheets with circular holes
In prior research, an empirical formula for the net section stress concentration factor of steel plates with central circular holes was derived (Lin X et al., 2025)
kr=1.86+1.07×0.1α(5)
In Equation 5, α is defined as the aperture-width ratio. This formula allows rapid determination of the stress concentration factor around the hole. However, Equation 5 does not account for plate thickness t, a geometric parameter that directly influences the stress state around the hole in practical applications. This study will enhance the original formula by incorporating plate thickness t as a second key variable, building upon the foundational aperture-width ratio α parameter.
Defining the stress concentration factor K as the dependent variable, with α and t as independent variables, the Levenberg-Marquardt optimization algorithm was employed to fit an empirical formula to the 60 sets of experimental data. The resulting computable formula is:
Kα,t=2.62+5.6811+e0.63−α0.15⌈11+e0.34−t0.07⌉(6)
Formula fitting was performed using MATLAB. Through Gaussian linear regression fitting, a predictive learning model was generated. The applicable ranges are t = 0.3 mm∼1.4 mm and α = 0.2∼0.7.
kα,t=∑i=160αi·e−α−αi2Lx2−t−ti22Ly2+ε(7)
Lx=1.202,Ly=0.816 are characteristic length dimension; σF=0.317 is defined as signal standard deviation; ε∼N0,σ2 is defined as noise term, where σ=0.0118.
Using a plate thickness of 0.5 mm and an aperture-width ratio of 0.5, the stress concentration factors calculated via Equations 5, 7 yield kr = 2.19 and k = 2.07, respectively. Compared to corresponding numerical simulation results, Equation 5 achieves an accuracy of 94.2%, while Equation 7 achieves an accuracy of 99.8% (Table 4). Equation 7 demonstrates higher precision than the earlier Equation 5 and offers greater practical utility for engineering applications, particularly when calculating stress concentration factors in thin steel sheets. Moreover, it was observed that as the stress concentration factor approaches a stable state, k converges towards its lower limit value of 2.0. This finding aligns with the discovery reported by Lin et al.
TABLE 4 | Validation and comparison of stress concentration factor equations.	Items	Key parameters	Computed result	Simulation reference	Accuracy
	Equation 5 compared with Equation 7	t = 0.5 mm; α = 0.5	2.19	2.072	94.2%
	2.07	99.8%
	Literature Model Validation	t = 2.0 mm; α = 0.32	3.26	3.17	98.0%
	2.18	2.15	99.0%


To validate Equations 6, 7 (Table 4) and assess their general applicability, a center-notched model (Figure 11) from the literature (Liu et al., 2023) was employed. The model dimensions were configured as follows: thickness (t) was specified as 2 mm, width (w) was selected as 25 mm, and hole radius (t) was 4 mm, resulting in an aperture-width ratio (α) of 0.32. The sheet material was DC04 steel. During simulation, the lower end was fully constrained, while a tensile force of 200 N was applied to the upper end along the loading direction. The mesh surrounding the hole was refined (Figure 11). The numerical simulation yielded an equivalent maximum stress value of 12.66 MPa. Using Equation 6, the calculated stress concentration factor (K) was 3.26. Compared to the result of Equation 4 (K = 3.17), this represents an accuracy of 98%. Similarly, calculation via Equation 7 gave k = 2.18. Compared to the result of Equation 4 (k = 2.15), this represents an accuracy of 99%.
[image: Diagram showing a center-notched model with a circular notch in the middle of a rectangular plate. Arrows indicate applied stress on the top and bottom edges. The result image features two sections: a mesh analysis around a circular notch and a color-coded stress distribution with a peak stress of 12.66 MPa near the notch.]FIGURE 11 | Model and results validating the derived formulas.To develop an efficient and convenient computational tool, a simplified two-dimensional model was constructed. The aperture-width ratio α was held constant. As plate thickness increased beyond a critical value, the stress concentration factor stabilized. Therefore, considering the aperture-width ratio α as the independent variable and the stress concentration factor as the dependent variable, an empirical formula was derived using the Levenberg-Marquardt optimization algorithm:
K=0.16eα0.21+2.42(8)
k=2.02+0.171+eα−0.420.032(9)
Equations 8, 9 enables direct calculation of the stable stress concentration factors Kf and kf for different aperture-width ratios α, where the plate thickness corresponds to the optimal value at which stress concentration stabilizes.
3.4 Empirical formula for optimal thickness of thin steel sheets with circular holes
Transforming the mathematical expressions of Equations 6, 7 into discrete point sets within a three-dimensional coordinate system and processing them via a surface reconstruction algorithm reveals the relationships between the aperture-width ratio (α), plate thickness (t), and stress concentration factor (K) as an intuitive geometric form, shown visually in Figure 12. The points corresponding to stable stress concentration factors for different diameter-to-width (α) ratios were projected onto the plane (t−α). The labels 1 to 5 in the graph represent the data points corresponding to diameter-to-width ratios (α) ranging from 0.2 to 0.6, and reveal that these projected points form a consistent continuous characteristic curve.
[image: Two 3D graphs, labeled (A) and (B), each showing a surface with axes t, a, and K or k. Graph (A) has a grey surface with a red path marked 1 to 5. Graph (B) also has a grey surface with a similar path. Both graphs feature blue dashed lines with numbered red points.]FIGURE 12 | Thickness and diameter-to-width ratio dependencies of stress concentration factors. (A) The relationship of K with thickness and diameter-to-width ratio. (B) The relationship of k with thickness and diameter-to-width ratio.In practical engineering applications, increasing steel sheet thickness is a common method to enhance component strength. However, this approach elevates material usage and manufacturing costs proportionally with thickness. Consequently, identifying the optimal plate thickness becomes critically important for engineering design. An empirical formula was derived using the Levenberg-Marquardt optimization algorithm, establishing the relationship between aperture-width ratio α as the independent variable and optimal thickness t as the dependent variable. This formula provides optimal thickness dimensions for varying aperture-width ratios:
tr=0.04eα0.21+0.6(10)
This formula enables the prediction of an optimal thickness solution tr that meets strength requirements while minimizing stress concentration. Multiple numerical simulations were performed on the center-notched model shown in Figure 11, varying only the plate thickness. Due to the increased net cross-sectional area, a tensile force of 600 N was applied to the upper end of the plate. The calculated stress concentration factor revealed stabilization at a thickness of 0.7 mm, as shown in Figure 13. The optimal thickness solution tr calculated via Equation 10 is 0.783 mm, with an accuracy of approximately 90%. Although there is a certain deviation between this theoretical value and the stable point obtained from numerical simulation, it is important to emphasize that the theoretical formula accurately predicts the optimal thickness within the range of 0.7–0.8 mm, which aligns with the simulation trend. This achieves the objective of predicting the optimal plate thickness, thereby providing valuable insights and guidance for engineering design and optimization.
[image: Three stress distribution diagrams comparing different thicknesses of a material at 0.6 mm, 0.7 mm, and 0.8 mm. Stress concentrations in the diagrams are indicated as 122.2 MPa, 108.5 MPa, and 94.84 MPa, respectively. Each diagram highlights stress values using color gradients and contours, with higher stress in red. Material constants \(K\) and \(k\) for each diagram are provided below them.]FIGURE 13 | Numerical simulation results for the center-notched model with varying plate thicknesses.Building upon this foundation, the present study shifts its focus to the mechanical response under geometric discontinuities. The findings align with the classical Kane-Mindlin theory, which concluded that the stress concentration factor tends to stabilize in thin plates. Furthermore, this work reveals the non-monotonic behavior of the factor within the finite thickness range and quantifies the optimal solution under specific geometric boundaries, thereby providing a basis for deepening the understanding of the stress concentration mechanism in plates of finite thickness.
In traditional engineering structural design, meeting safety requirements—including strength, stiffness, and stability—often relies on empirical knowledge or conservative design principles. This approach tends towards excessive thickness increases to provide safety margins. In contrast, the proposed optimization method scientifically quantifies safety boundaries, effectively eliminating the practice of arbitrarily thickening plates based on subjective safety perceptions. This approach can be applied to the design of components with openings, such as automotive body cover panels and aerospace lightweight frames. The intrinsic relationships between geometric parameters and stress concentration revealed in this study, as well as the modeling and optimization methodology employed, also provide valuable guidance for the structural design of other ductile materials such as aluminum alloys and high-strength steels. Applying this optimization method to practical engineering structural design can significantly reduce material consumption, offering a valuable reference for lean and green engineering design practices.
The analysis primarily focused on static loading conditions and did not account for the effects of fatigue loading, temperature, corrosion, or other influencing factors, which warrants further investigation. Future work could investigate stress concentration behaviors under fatigue and impact loading, and examine the coupled effects of environmental conditions such as temperature, humidity, and corrosion with stress concentration, to better simulate the complexity of real-world engineering environments.
4 CONCLUSION
This study investigates DC04 low-carbon steel sheets—widely used in automotive manufacturing—through experimental testing, microscopic characterization, and numerical simulations. The geometric influences on stress concentration phenomena were systematically analyzed, with focus on thickness and diameter-to-width ratio (α) effects and their quantitative relationships. Key conclusions are:
	1. Constitutive relationships for DC04 were established through tensile and shear tests. Combined macroscopic fracture analysis with SEM observations confirms that crack propagation initiates internally before extending to free surfaces.
	2. Under equivalent opening areas, circular holes minimize stress concentration and represent the optimal geometry. Fillet treatments effectively reduce stress concentration factors in non-circular holes.
	3. For fixed hole geometry: Increased α elevates stress concentration factors (K and k), heightening fracture susceptibility; Increased plate thickness t induces an initial rise followed by stabilization in K and k values
	4. A modified analytical model correlating t, α, and stress concentration factors was developed using the Levenberg-Marquardt algorithm and validated. The empirical formula for optimal thickness at given provides a theoretical framework for designing perforated thin-sheet structures.
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