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Abstract 

The relevant ΔF–N curves are fitted based on the experimental life and load of single-spot and multi-

spot-welded specimens. To improve the correlation and universality of curves, a unified S-N curve is 

needed. The finite element model of spot welding is firstly established. The S-N curves of single-spot 

and multi-spot-welded specimens are thereafter obtained according to the fatigue life of spot-welded 

specimens and the corresponding equivalent structural stress calculated based on the Sheppard method. 

To improve the fitting effects of S-N curves with relatively low correlation coefficients, the structural 

stress formulae are optimized using three different optimization methods based on the quasi-Newton 

method. Finally, the quantitative relationship among the S-N curves of spot welding with different solder 

joints is deduced; the foregoing can provide reference for the prediction of fatigue life of multi-spot 

welding. 
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1. INTRODUCTION 

Spot welding is an important method especially used for locomotive, subway, and automobile 

bodies to join stainless steel sheets [1]. Among its advantages are short heating time, fast 

welding speed, and low production cost. Stainless steel is widely used in rail transit and 

automobile industries because of its high strength, high hardness, high resistivity, and low 

thermal conductivity. Stainless steel bodies are thus typically joined by spot welding. Generally, 

the automotive body have 8.000–12.000 solder joints and stainless steel body of rail vehicles 

have up to 50.000 solder joints [2]. However, welding defects such as poor sidewall fusion, 

overlap, gas pore and slag inclusion are easy to occur during the process of spot welding [3].The 

reliability of spot welding is therefore essential to guarantee that the locomotive vehicle is safe, 

stable, and affords comfort. 

Currently, the research related to the fatigue strength of spot-welded joints is based on 

fatigue experiments and complex finite element models. The ΔF–N curves can be obtained from 

fatigue experiments. However, the ΔF–N curves vary with the input parameters, i.e., load mode, 

plate thickness, and weld nugget diameter in the experiments. The process is time-consuming, 

laborious, and uneconomical if the experimental research is performed for each form, thus 

limiting the engineering application of spot welding. In order to correctly predict and evaluate 

the fatigue life of spot welding, it is therefore necessary to establish a method that can accurately 

express its fatigue characteristics, which have theoretical significance and engineering value. 

The fatigue problem of spot welding has been investigated by several experts and scholars. 

The relatively classic fatigue evaluation methods of spot welding include Sheppard method 

[4, 5], Rupp method [6], Swellam method [7, 8], and Kang method [9]. Among these, both 

Sheppard and Rupp methods are widely used in engineering. Pan and Sheppard [10] found that 

even under relatively low loads, significant yielding would occur in the spot-welded joint. They 

accordingly proposed a method to predict the fatigue life of spot welding using strain. Based 

on the foregoing research, Lee and Choi [11] verified that a single J-integral cannot adequately 
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describe the relationship between the loads and fatigue life of spot-welded specimens. They 

accordingly obtained another effective parameter, i.e., Je, based on the JⅠ, JⅡ, and JⅢ integrals 

and proposed a comprehensive method to predict the fatigue life of spot-welded specimens that 

is independent of the geometry and load types. Later, Kang [9] proposed a method based on the 

Rupp method [6], where the stress component of the von Mises equation was substituted into 

the local structural stress near the spot welding. The structural stress at the spot weld nugget 

was then calculated based on the force and moment obtained from finite element analysis. This 

method is widely used because it can better predict the fatigue life of spot welding. In addition, 

BP neural network method [12], formula for fatigue damage and life estimation [13], and 

fatigue life prediction model [14] are widely used in the fatigue assessment of multi-spot 

welding. 

The above research works have considerable contributions related to fatigue life prediction 

method, crack growth mechanism, finite element simulation of spot welded specimens, and 

variable amplitude loading experiment of two-spot welding. Certain deficiencies related to the 

accurate representation of fatigue characteristics of spot welding, prediction and evaluation of 

fatigue life of multi-spot welding, and obtainment of the quantitative relationship between 

single-spot and multi-spot weldings, however, still remain. A unified fatigue characteristic 

curve (S-N curve) and quantitative relationship curve of single-spot and multi-spot weldings 

are therefore necessary to predict the fatigue life of spot-welded structures. 

In this study, the S-N curves of spot-welded specimens are investigated based on the 

Sheppard method by utilizing the fatigue test data obtained from single-spot-welded specimens 

and the data of multi-spot-welded specimens found in related references. Spot welding S-N 

curves with low correlations are optimized. Finally, the quantitative relationship between the 

fatigue life of single-spot and multi-spot weldings is determined, thus making this study more 

significant. 

2. THEORY AND EXPERIMENT 

2.1  Fatigue evaluation method 

The Sheppard evaluation method [4, 5, 15] considers that the structural stress of spot welding 

is related to the crack propagation life obtained by linear elastic fracture mechanics. This 

method establishes the fatigue crack propagation model of the spot-welded joint and estimates 

the fatigue life of spot welding through the relationship between structural stress and life. It has 

a wide scope of applications and good prediction capability. In this study, the Sheppard 

evaluation method [4, 5, 15] is used for the spot welding fatigue evaluation; the structural stress 

is as expressed by Eqs. (1) to (4): 

∆𝑆 = 𝜎max(𝑄) + 𝜎max(𝑀) + 𝜎max(𝑃)       (1) 

𝜎max(𝑄) =
∆𝑄

𝑠𝜔
          (2) 

𝜎max(𝑀) =
6∆𝑀∗

𝑠2𝑊
           (3) 

𝜎max(𝑃) =
∆𝑃

𝑠2
          (4) 

where ∆𝑄/𝑠𝜔 is the membrane stress term; 6∆𝑀∗/𝑠2𝑊 is the bending stress term; ∆𝑃/𝑠2 is 

the axial stress at the edge of the weld nugget induced by axial load; s is the specimen thickness; 

𝜔 = π𝑑/3 is the effective width of the section over which the shear force acts; d is the nugget 

diameter; W is the width of the specimen. According to references [8, 16], the determination of 

∆𝑀∗ is based on the nodal force conditions and moment ranges at spot-welded connections. 

The shell and beam elements are used to establish the finite element model of the spot-

welded joint, and the force and moment are obtained at the weld nugget by simulation in the 
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evaluation method. Finally, ∆𝑄 , ∆𝑀∗ , and ∆𝑃  are determined according to the force and 

moment ranges. Sheppard [4, 5, 15] assumed that the crack propagation life was equal to the 

total fatigue life of the spot welding. An equation obtained by curve fitting was then derived 

from a plot of maximum structural stress range ( ∆𝑆max ) versus measured fatigue life   

(∆𝑁𝑓/(1 − 𝑅)) on a log–log scale as follows: 

𝑁𝑓 = 𝐶
1−𝑅

(∆𝑆max)
𝑏         (5) 

where Nf is the total life spent in propagating the crack through the sheet thickness; R is the load 

ratio (Pmin / Pmax). The coefficient (C) and exponent (b) are from a power law relationship of 

maximum structural stress range versus measured fatigue life for crack propagation. 

2.2  Experiment 

Stainless steel is a type of alloy steel that can be categorized into austenite, martensite, and 

ferritic according to the elements contained and components of each part [17]. The spot-welded 

specimens investigated in this research are made of the most widely used austenitic stainless 

steels. Specifically, the 1.4318 austenitic stainless steel in EN10088-2:2005 [18] is used as the 

base metal for spot-welded specimens. Fatigue experiments on single-spot welded specimens 

subjected to tensile and shear loads are performed. The single-spot welded specimens in the 

experiments have different plate thicknesses and welding nugget diameters. All experiments 

are performed on the RUMUL high-frequency fatigue tester in Switzerland, as shown in Fig. 1. 

 

Figure 1: Schematic of hydraulic clamp and specimen installation. 

Many experts and scholars have conducted a large number of fatigue tests on multi-spot- 

welded specimens under tensile and shear loads. In this study, the data of fatigue life of multi-

spot-welded specimens are obtained from references [12-14, 19-28]. The referred experiment 

life values of tensile-shear fatigue experiments on multi-spot-welded specimens are expressed 

in the form of Figs. 6 and 7. According to the number of solder joints, the multi-spot-welded 

specimens can be divided into two, three, and four solder joint types. The diagrams of single-

spot and multi-spot-welded specimens are shown in Fig. 2. 

3. FINITE ELEMENT SIMULATION 

3.1  Spot welding finite element model 

The use of shell and CBAR elements as discrete grids of the specimen and nugget are relatively 

accurate [19]; hence, the finite element model presented in this paper is established by both 

shell and CBAR elements to simulate the spot-welded specimens. It was observed in the 

experiment that the cracks of spot-welded specimens initiate from the heat-affected zone at the 

edge of the weld nugget and thereafter spread to the base metal area. Finally, the cracks directly 

penetrate the base metal [20, 28]. 
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a) Single-spot and two-spot weldings       b) Three-spot welding            c) Four-spot welding 

Figure 2: Diagrams of single-spot and multi-spot-welded specimens. 

Comparing the crack position in the experiment with that in the simulation diagram under 

a 5-kN load (Fig. 3), it is found that the stress of the position where the crack is generated is the 

largest, and a severe stress concentration exists, resulting in low strength and proneness to 

fatigue damage. 

   
a) Single-spot welding       b) Longitudinal two-spot welding    c) Triangular three-spot welding 

   
d) Longitudinal four-spot welding    e) Transverse four-spot welding    f) Double-row four-spot welding 

Figure 3: Maximum stress positions in spot-welded specimens. 

3.2  Stress analysis 

The force analysis of the single-spot and multi-spot-welded specimens should be performed to 

analyse the problem of stress concentration in the crack initiation position. When the specimen 

is unloaded, the centrelines of the two plates are parallel; the distance between the two plates is 

denoted by s. After loading, a bending moment (M) appears at the weld nugget under the action 

of the top and bottom forces. The moment (M) forces the two plates to open at an angle (θ) so 
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that the two centrelines are close to each other and tend to be the same line, as shown in Fig. 4. 

The force in plate A is shown in Fig. 5 [29]. 

   

Figure 4: Stress analysis of single-spot and    Figure 5: Force analysis of single-spot and  

multi-spot-welded specimen.      multi-spot welding nuggets. 

The shear stress is produced by F1, whereas F2 and M produce the tensile stress at the weld 

nugget. According to the analysis of crack initiation and growth, the shear stress does not 

perform a major function. The main reason is that the superimposed tensile stresses of σF and 

σM generated by F2 and M result in the maximum stress at point y1 in plate A. The stress at point 

y2 in plate B is the maximum stress because of force symmetry and specimen structure. That is, 

the stress concentrations are most severe at point y1 in plate A and point y2 in plate B, which 

are consistent with the results obtained by simulation and experiment. The comparison between 

simulation and theoretical maximum stresses of the single-spot-welded specimen with a 

thickness of 3 mm plus 3 mm and 8.7 mm (weld nugget diameter) is summarized in Table I. If 

the error of the simulation solution is within 10 % of the error of the theoretical solution, the 

degree of approximation can be considered as relatively high. It can be observed that the error 

is within 10 %, which proves that the stress concentration position and stress value obtained by 

the simulation are accurate. 

Table I: Stress comparison of simulation and theoretical solutions  

of stress concentration position of specimen. 

F (kN) θ (rad) σF (MPa) σM (MPa) σ (MPa) Simulation (MPa) Error (%) 

1 0.146 4.90 46.40 51.31 56.17 9.48 

2 0.292 19.39 92.81 112.20 118.34 5.47 

3 0.438 42.86 139.21 182.07 177.50 2.51 

4 0.585 74.28 185.62 259.90 236.67 8.94 

4. S-N CURVE FITTING 

The fatigue experimental results of all spot-welded specimens are differentiated according to 

the load ratios, plate thicknesses, and weld nugget diameters. The results are drawn as a ΔF–N 

scatter plot in Fig. 6. Among them, the referred fatigue life values of single-spot-welded 

specimens contain two groups：group 6 [28] and group 7 [12], and the referred fatigue life 

values of multi-spot-welded specimens are obtained from references [12-14, 19-28]. The load–

life (ΔF–N) curve is obtained by fitting the scatter value based on the least square method, and 

the square of the correlation coefficient (R2) is calculated. The closer R2 is to 1, the better the 

correlation of the fitting curve. 

Fig. 6. shows that the overall dispersion of the data is large, and the R2 values are less than 

0.53; hence, the correlation is poor. For the specimens with different load ratios, plate 

thicknesses, and weld nugget diameters, the slope and intercept of the ΔF–N curves relatively 

differ, which indicates that the correlation between the load amplitude (ΔF) and fatigue life (N) 

is considerably poor. At present, the ΔF–N curve is still used in engineering to predict the life 
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of structures [19]. For structures with different plate thicknesses and weld nugget diameters, 

various ΔF–N curves are necessary to predict life. Because of the poor correlation of the ΔF–N 

curve, the acquisition process is time-consuming and laborious, and the curve selection process 

is cumbersome and complicated; the engineering requirements are thus not satisfied. It is 

therefore necessary to draw an S-N curve for spot welding with different plate thicknesses and 

weld nugget diameters that is more suitable for engineering applications. 
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Figure 6: ∆F–N scatter plot of single-spot-welded specimens. 

In the double logarithmic coordinate system, the experimental life (N) of spot welding is 

taken as the abscissa, and the calculated corresponding equivalent structural stress range (ΔS) 

is the ordinate. Based on the least square method, the S-N curve of spot welding is obtained, as 

shown in Fig. 7 (equivalent structural stress range: 𝑦 − lg∆𝑆; life: 𝑥 − lg𝑁) [30]. Generally, the 

S-N curve is evaluated in terms of the ×5 scale band. If the data points fall within the ×5 scale 

band, then the S-N curve is considered to be highly correlated [31-33]. Fig. 7 shows that most 

data points are located within the ×5 scale band, and only few data points fall on the outer edge 

of these region. The R2 values of the S-N curves of the transverse four-spot welding and 

triangular three-spot welding are relatively small because of the specimens are few, whereas 

those of the others are greater than 0.6. The R2 values of the S-N curves of the longitudinally 

arranged multi-spot welding are greater than 0.95, which proves that the prediction result of the 

spot welding S-N curve is good. 
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Figure 7: S-N curve of spot-welded specimens. 

5. STRUCTURAL STRESS OPTIMIZATION 

Because the R2 values in Figs. 7 e to 7 i are smaller than those in other S-N curves, the structural 

stress formulas are optimized based on the quasi-Newton method (BFGS) to obtain more 

accurate structural stress and higher correlation S-N curve in this study. In the optimization 

procedure, R2 is taken as the optimization target. The correction coefficients of the force, 

bending moment, weld nugget diameter (d), plate thickness (s), and plate width (W) in Eqs. (1) 

to (4) are taken as variables [34]. The structural stress is corrected by three optimization 

methods (C1, C2 and C3). 

5.1  Force and moment correction (C1) 

Based on the quasi-Newton method (BFGS), the force and moment in Eqs. (1) to (4) are 

corrected by introducing nine parameters. The structural stress formulas after introducing the 

correction parameters are expressed by Eqs. (6) to (8): 

𝜎max(𝑄) =
3∆𝑄

𝜋𝑠𝑑
× (∆𝑄)𝑆𝐹𝐹𝑋𝑌 × 𝐷𝐸𝐹𝑋𝑌 × 𝑇𝐸𝐹𝑋𝑌       (6) 

𝜎max(𝑀) =
6∆𝑀∗

𝑠2𝑊
× (∆𝑀∗)𝑆𝐹𝑀𝑋𝑌 × 𝐷𝐸𝑀𝑋𝑌 × 𝑇𝐸𝑀𝑋𝑌     (7) 

𝜎max(𝑃) =
∆𝑃

𝑠2
× (∆𝑃)𝑆𝐹𝐹𝑍 × 𝐷𝐸𝐹𝑍 × 𝑇𝐸𝐹𝑍        (8) 
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The optimization results of the S-N curves are summarized in Table II. It can be observed 

that the R2 values of the S-N curves are slightly improved by C1 correction, and the correlation 

is better than that of the original S-N curve. 

5.2  Weld nugget diameter, plate thickness, and plate width corrected altogether (C2) 

When the correction coefficients of the weld nugget diameter, plate thickness, and plate width 

are considered altogether, the structural stress formulae after introducing the correction 

parameters are shown in Eqs. (9) to (11): 

𝜎max(𝑄) =
3∆𝑄

𝜋𝑠𝑑
× 𝑆𝐹𝐹𝑋𝑌 × 𝑑𝐷𝐸𝐹𝑋𝑌 × 𝑠𝑇𝐸𝐹𝑋𝑌      (9) 

𝜎max(𝑀) =
6∆𝑀∗

𝑠2𝑊
× 𝑆𝐹𝑀𝑋𝑌 × 𝑠𝐷𝐸𝑀𝑋𝑌 ×𝑊𝑇𝐸𝑀𝑋𝑌     (10) 

𝜎max(𝑃) =
∆𝑃

𝑠2
× 𝑆𝐹𝐹𝑍 × 𝑑𝐷𝐸𝐹𝑍 × 𝑠𝑇𝐸𝐹𝑍       (11) 

Using the same method, the S-N curves of the spot-welded specimens with R2 < 0.9 are 

optimized by introducing the nine correction parameters. The optimization results of the S-N 

curves are summarized in Table II. It can be observed that the R2 values of the S-N curves are 

significantly improved by C2 correction, and the correlation is better than that of C1 correction. 

5.3  Correction of all factors (C3) 

The combination of C1 and C2 is used to correct all the influencing factors of the structural 

stress formulae. After introducing the correction parameters, these formulas can be expressed 

as Eqs. (12) to (14): 

𝜎max(𝑄) =
3∆𝑄

𝜋𝑠𝑑
× (∆𝑄)𝑆𝐹𝐹𝑋𝑌 × 𝑑𝐷𝐸𝐹𝑋𝑌 × 𝑠𝑇𝐸𝐹𝑋𝑌      (12) 

𝜎max(𝑀) =
6∆𝑀∗

𝑠2𝑊
× (∆𝑀∗)𝑆𝐹𝑀𝑋𝑌 × 𝑠𝐷𝐸𝑀𝑋𝑌 ×𝑊𝑇𝐸𝑀𝑋𝑌       (13) 

𝜎max(𝑃) =
∆𝑃

𝑠2
× (∆𝑃)𝑆𝐹𝐹𝑍 × 𝑑𝐷𝐸𝐹𝑍 × 𝑠𝑇𝐸𝐹𝑍       (14) 

Similarly, the S-N curves of the spot-welded specimens with R2 < 0.9 are optimized by the 

nine correction parameters. The optimization results of the S-N curves are summarized in Table 

II. It can be observed that C3 correction has slightly increased the R2 values of the S-N curves, 

and the correlation and correction effect are close to those of C1 correction. 

Table II. Optimization results of S-N curves. 

Specimen types 

Correction C1 Correction C2 Correction C3 

R2 
Promotion 

effect 
R2 

Promotion 

effect 
R2 

Promotion 

effect 

Transverse two-spot welding 0.6478 0.22 % 0.6568 1.61 % 0.6489 0.39 % 

Transverse three-spot welding 0.7118 0.21 % 0.7414 4.38 % 0.7117 0.20 % 

Transverse four-spot welding 0.5521 2.24 % 0.5615 3.98 % 0.5524 2.30 % 

Triangular three-spot welding 0.3222 1.10 % 0.3622 13.65 % 0.3321 4.20 % 

Double-row four-spot welding 0.6162 1.88 % 0.6350 4.99 % 0.6083 0.58 % 

 

Compared with the three optimization results of the S-N curves of the spot-welded 

specimens, C2 is better, whereas C1 and C3 are not ideal. The main reason is that the structural 

stress formula is sensitive to the weld nugget diameter, plate thickness, and plate width; hence, 

the effect of C2 correction is evident. The C1 and C3 corrections are more suitable for correcting 

S-N curves with more experimental data. However, the amount of experimental data in this 

study is limited, which makes the two correction methods less effective. 
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5.4  Quantitative relationship between single-spot and multi-spot-welded specimens 

Through experiment and simulation, the S-N curves of single-spot and multi-spot-welded 

specimens are obtained and S-N curves with a lower correlation coefficient are optimized based 

on the quasi-Newton method. The final S-N curves of the spot-welded specimens are 

summarized in Table III. 

Table III. Final S-N curve of spot-welded specimens. 

Specimen types 
S-N curve (y = ax + b) 

R2 
a Value (a) b Value (b) 

Single-spot welding aS -0.19668 bS 3.401 0.9375 

Longitudinal two-spot welding a2L -0.27873 b2L 3.7319 0.9860 

Longitudinal three-spot welding a3L -0.18034 b3L 2.8733 0.9685 

Longitudinal four-spot welding a4L -0.16185 b4L 2.7448 0.9545 

Transverse two-spot welding a2T -0.21546 b2T 4.4086 0.6568 

Transverse three-spot welding a3T -0.20412 b3T 2.8361 0.7414 

Transverse four-spot welding a4T -0.15264 b4T 2.6841 0.5615 

Triangular three-spot welding a3i -0.25882 b3i 3.7139 0.6796 

Double-row four-spot welding a4D -0.17196 b4D 3.2064 0.8859 

 

Through the S-N curve equations of single-spot and multi-spot weldings, the quantitative 

relationship of life among spot welding with different solder joints can be obtained when the 

corresponding structural stress remains the same. Similarly, the quantitative relationship of the 

corresponding structural stresses among spot welding with different solder joints can be 

obtained when the life remains the same, as shown in Eq. (15): 

{
 
 
 

 
 
 𝑁2𝐿 =

𝑎𝑆

𝑎2𝐿
𝑁𝑆 +

𝑏𝑆−𝑏2𝐿

𝑎2𝐿

𝑁3𝐿 =
𝑎2𝐿

𝑎3𝐿
𝑁2𝐿 +

𝑏2𝐿−𝑏3𝐿

𝑎3𝐿

𝜎2𝐿 =
𝑎2𝐿

𝑎𝑆
𝜎𝑆 −

𝑎2𝐿𝑏𝑆

𝑎𝑆
+ 𝑏2𝐿

𝜎3𝐿 =
𝑎3𝐿

𝑎2𝑇
𝜎2𝑇 −

𝑎3𝐿𝑏2𝑇

𝑎2𝑇
+ 𝑏3𝐿

                     ⋯⋯

       (15) 

By extracting the coefficients of S-N curve equations of the single-spot and multi-spot 

weldings, the relationship curve between the number of solder joints and slope of S-N curves 

and that between the number of solder joints and intercept of S-N curves are shown in Fig. 8. 
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 a) Relationship curve between solder joints and a  b) Relationship curve between solder joints and b 

Figure 8: Quantitative relationship between single-spot and multi-spot weldings. 
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It is observed that as the number of solder joints increases, the absolute values of the slope 

and intercept of the S-N curves first increase and thereafter decrease. After the absolute values 

of the slope and the intercept have reached the maximum at the two solder joints, both absolute 

values gradually decrease with the increase in the number of solder joints. The reason is that 

the higher the number of solder joints, the larger the allowable load of the specimens at the 

same life level, and the longer the life of the specimens at the same load level. Through the 

relationship curves shown in Fig. 8, the S-N curves of various spot-welded specimens can be 

directly obtained; this provides theoretical support for the life prediction of multi-spot welding. 

It is simple, easy to use, and has engineering significance. 

6. CONCLUSION 

In this investigation, through experiment and finite element simulation of spot welding, the   

S-N curves of single-spot and multi-spot-welded specimens are studied based on the structural 

stress method, and the quantitative relationship between S-N curves with different numbers of 

solder joints is deduced. Based on the results obtained, the following conclusions can be drawn: 

1) It is found that the stress concentration exists at the crack initiation position of spot-

welded specimens. The main reason is that there is a large tensile stress at the weld nugget. 

2) Most data points of the S-N curves of single-spot and multi-spot weldings fall within the 

×5 scale band, indicating a good correlation. To improve the fitting effect of S-N curves with 

relatively lower correlation coefficients, the structural stress formulae are optimized based on 

the quasi-Newton method (BFGS). The correlation coefficients of the optimized S-N curves 

have a certain improvement. The C2 correction exhibits the best effect because the structural 

stress formula is sensitive to the weld nugget diameter, plate thickness, and plate width. 

3) The quantitative relationship among S-N curves with different numbers of solder joints 

is deduced by S-N curve equations. The relationship curve between the number of solder joints 

and slope of the S-N curve and that between the number of solder joints and intercept of the  

S-N curve are determined. The foregoing can provide reference for the life prediction of multi-

spot welding and has more engineering significance. 

In this study, the calculation method of the quantitative relationship of spot welding between 

life, equivalent structural stress and S-N curve of spot welding with different numbers of solder 

joints is provided. However, due to the limitation of test conditions and amount of test data; the 

exact solution cannot be obtained. Supplementary experiments are necessary for further 

improvement. 
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