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Abstract: With the rapid development of urban rail transit, metro vehicles have become preferred 
choices for urban transportation. It is important to accurately evaluate the fatigue strength of a car 
body to ensure subway safety. A new method based on multiaxial stress criteria and cumulative 
fatigue damage theory was proposed for the fatigue strength assessment of welded joints of an alu-
minium alloy head car body subjected to variable cyclic loads. A local coordinate system was estab-
lished, according to the geometrical characteristics of the weld. Local stresses perpendicular and 
parallel to the weld seam were obtained to calculate the stress ratio, stress range, and allowable 
stress value corresponding to the stress component. Then, the fatigue strength utilization of the 
joints was estimated to determine whether the fatigue strength of the weld met the design require-
ments. Moreover, the estimated fatigue life of the car body was predicted with cumulative fatigue 
damage theory. This method considers both the material utilization degree in multiple stress states 
and the estimated body fatigue life of the car body. The research results provide a reference and a 
more comprehensive guarantee for the fatigue strength evaluation of a subway car body’s welded 
structure to ensure vehicle safety. 

Keywords: fatigue strength assessment; aluminium alloy car body; multiaxial criteria; cumulative 
fatigue damage theory; welded joints 
 

1. Introduction 
Fatigue has been researched for decades as one of the most common failure modes 

of mechanical structures. The fatigue damage assessment approaches of welded struc-
tures include the hot spot stress method, effective notch stress method, etc. The hot spot 
stress is related to the overall geometry and load conditions of the welded structure, but 
does not include the stress concentration caused by local factors, such as weld size and 
welding defects [1,2]. W J Wang et al. [3] used the hot spot stress method to calculate the 
hot spot stress value at the welding toe, and a modified S–N curve, considering the thick-
ness effect of the main board, was proposed to predict the fatigue life of the sample. B J 
Wang et al. [4] compared the hot spot stress calculation result with the nominal stress 
from shell elements in a welded bogie frame, and their results showed that the hot spot 
stress is higher than the nominal stress. Z Y Zhou et al. [5] clarified the limitations of the 
hot spot stress method. These researchers proposed that the hot spot stress method could 
effectively evaluate toe failure based on the geometric discontinuity of the welding struc-
ture, but could not appraise the fatigue failure caused by defects on the weld root and 
inside the weld. This method is suitable for the fatigue analysis of the toe of nonstandard 
structural details and complex welding joints. The effective notch stress method uses a 
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specific radius to replace the notch at the weld root and toe and calculates the effective 
notch stress at the weld toe and weld root by the finite element method (FEM). This ap-
proach avoids the occurrence of singular stress values at the sharp gap and can be used 
for fatigue evaluation at the weld root and toe [6,7]. It can also determine whether fatigue 
failure occurs at the weld root or toe by assessing principal stress. W Shen et al. [8] esti-
mated the fatigue life of welded joints, and their results indicated that this method can 
rationalize the thickness effect observed in these joints. Xu Liu et al. [9,10] obtained the 
stress concentration coefficient of a welded joint gap by using a formula method and nu-
merical method. These researchers obtained an S‒N curve with a lower slope than the 
FAT225 curve recommended by the International Welding Society (IIW). At present, if the 
effective notch stress method or hot spot stress method is adopted for the analysis of a car 
body, then the required grid division of the weld area is exceedingly small, leading to an 
excessively large number of grids at the weld area. Furthermore, an abrupt change in the 
grid size in the transition area between large and small grids may occur, which is inap-
propriate in engineering. This method is not sensitive to the grid and has a high calcula-
tion accuracy. The effects of stress concentration, plate thickness, and load mode on fa-
tigue life can be considered simultaneously [11]. S M Xie [12] used the structural stress 
method to predict the fatigue life of the welded structure of rail vehicles. The calculation 
steps were complicated, and the resulting data could not be directly mapped to each node 
in the weld model. The nominal stress method has been broadly used in fatigue assess-
ment [13–16]. This method references a defined component cross-section and neglects the 
local peak stresses resulting from geometrical notches or load applications. The fatigue 
strength of a structure can be directly estimated according to the nominal structural stress 
and the S‒N curve corresponding to different notch grades. This method has three ad-
vantages when using the FEM to solve engineering problems: the methodology is straight-
forward; the mesh quality requirement is low; the nominal stress value is accessible. How-
ever, the dispersion between the fatigue life and nominal stress amplitude is large, and it 
is difficult to obtain accurate prediction results. The multiaxial stress method [17,18] is 
more comprehensive and accurate than the uniaxial stress method. Specifically, the fa-
tigue evaluation method comprehensively considers the spatial stress states of the evalu-
ation points. Current research papers on transforming multiaxial stress into uniaxial stress 
are as follows. P P Zhang et al. [19] projected multiaxial stress and evaluated the fatigue 
strength of electric multiple unit (EMU) wheels based on the principal stress method. A 
Qi et al. [20] established a weld coordinate system according to geometric features and 
calculated the stress components of nodes under a multiaxial stress state to perform a 
fatigue life analysis method for a freight car body. These investigators concluded that us-
ing the multiaxial stress method to evaluate fatigue strength is beneficial for the light-
weight design of a car body. In the above studies, the appropriate evaluation methods 
were selected mainly according to the specific engineering requirements. While many fac-
tors can affect welded joint fatigue, the majority of the current research has only focused 
on one aspect. Further studies are needed to address the common impacts of multiple 
factors. 

The car body is the main bearing structure of a subway vehicle, which is located on 
a bogie and bears various dynamic and static loads during operation. Fatigue failure is 
one of the most critical failure modes of car body structures; hence, its fatigue strength 
analyses are of vital importance to ensure reliable performance. Compared with a carbon 
steel car body, an aluminium alloy car body offers the following advantages: lightweight 
body structure, high corrosion resistance, excellent extrusion resistance, and low overall 
cost. For aluminium alloy materials, the fatigue strength of a welded joint is approxi-
mately half that of the base metal, so compared with the welded joint, the base metal is 
not prone to fatigue failure. As a consequence, the fatigue strength evaluation of an alu-
minium alloy car body typically focuses on the welded joints [21]. 

This paper proposes a method that combines the nominal stress method and multi-
axial stress method based on multiaxial stress criteria and the fatigue cumulative fatigue 
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damage theory, according to the DVS 1608 standard [22] and EN 1999 standard [23], re-
spectively. This method is accurate and efficient, since it not only considers the material 
utilization degree in multiple structural directions to demonstrate the comprehensive de-
gree of utilization of the pivotal weld joints, but also shows the estimated fatigue life of 
the aluminium alloy car body. 

2. Theoretical Background 
2.1. Multiaxial Stress Criteria 

The head car body is affected not only by the aerodynamic load, but also by the brake 
friction, vibration, and other alternating mechanical loads during operation. Thus, the 
head car body’s stress distribution is a multiaxial stress state, which cannot be directly 
used for fatigue life assessment. Therefore, the stress component in a global coordinate 
system needs to be converted into a local coordinate system to obtain relevant fatigue 
parameters. That is, the stress components need to be evaluated at the weld position, 
which includes the axial force parallel to and perpendicular to the weld direction 
(𝜎∥ and 𝜎ୄ) and the shear stress (𝜏∥), as shown in Figure 1: 

 
Figure 1. Stress components decomposition of welded joints in the local coordinate system. 

The stress components of the node in the global coordinate system include normal 
stress components ሺ𝜎௫, 𝜎௬, 𝜎௭ሻ and shear stress components ሺ𝜏௫௬, 𝜏௬௭, 𝜏௫௭ሻ. The transfor-
mation formula for the node stress components to a different coordinate system is as fol-
lows: 𝜎௝ᇲ௞ᇲ = 𝛼௝ᇲ௝𝛼௞ᇲ௞𝜎௝௞ (1) 𝜎௝ᇲ = 𝛼௝ᇲଵଶ 𝜎ଵ + 𝛼௝ᇲଶଶ 𝜎ଶ + 𝛼௝ᇲଷଶ 𝜎ଷ (2) 

where 𝜎௝ᇲ௞ᇲ  is the second-order stress tensor in the local coordinate system, 𝛼௝ᇲ௝  and 𝛼௞ᇲ௞ are the direction cosine between the corresponding directions of the two coordinate 
systems. 𝜎௝ᇲ is the principal stress in the local coordinate system. 

After the transformation, the normal stress and corresponding shear stress in the lo-
cal coordinate system at the critical position of the weld were extracted. Then, the utiliza-
tion degree (𝑎ୄ, 𝑎∥, 𝑎ఛሻ in the local coordinate system were evaluated according to Equa-
tions (3)–(5). Fatigue calculations should be conducted for each stress component: 𝑎ୄ = | 𝜎ୄ[𝜎ୄ] | ≤ 1 (3) 𝑎∥ = | 𝜎∥[𝜎∥] | ≤ 1 (4) 𝑎ఛ = | 𝜏∥[𝜏∥] |  ≤ 1 (5) 

In addition, the influence of multiaxial stress satisfies Equation (6): 
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𝛼௩ = ටሺ𝑎ୄሻଶ + ሺ𝑎∥ሻଶ + 𝑓௩ ⋅ ሺ𝑎ୄሻ ⋅ ሺ𝑎∥ሻ + ሺ𝑎ఛሻଶ ≤ 1 (6) 

The fatigue strength of the welding site is independent of the base metal alloy and 
only depends on the stress ratios 𝑅ఙ and 𝑅ఛ. The stress ratio is equal to the minimum 
stress divided by the maximum stress. The notch condition curve index 𝑥 is given in the 
appendix of DVS1608. In addition, the values of medium stress sensitivity for the medium 
stress effect and internal stress effect are used for welding joints of aluminium alloys in 
railway vehicle manufacturing. The allowable fatigue stress amplitude of axial stress 𝜎ୄ 
and 𝜎∥ are obtained through Equations (7)–(10) [22]. 

Interval 1: 𝑅ఙ > 1 [𝜎ሺோሻ] = 54 · 1.04ି௫ (7) 

Interval 2: 𝑅ఙ ≤ 0 

[𝜎ሺோሻ] = 46 · 1.04ି௫ ൮ 11 + 𝑀ఙ 1 + 𝑅ఙ1 − 𝑅ఙ൲ (8) 

Interval 3: 0 < 𝑅ఙ < 0.5 

[𝜎ሺோሻ] = 42 · 1.04ି௫ ൮ 11 + 𝑀ఙ3 1 + 𝑅ఙ1 − 𝑅ఙ൲ (9) 

Interval 4: 0.5 ≤ 𝑅ఙ < 1 [𝜎ሺோሻ] = 36.5 · 1.04ି௫ (10) 

Note that there is no case for 𝑅ఙ = 1, since it refers to a quasi-static stress state (the 
maximum stress equals the minimum stress). 

The allowable fatigue stress amplitude of shear stress 𝜏∥ is obtained from Equations 
(11)–(13). For shear stress, there is no interval 1, and interval 2 has a minimum value of 
variation, which is contrary to the axial stress calculated in Equations (7)–(10) [22]. 

Interval 2: −1 ≤ 𝑅ఛ ≤ 0 

[𝜏ሺோሻ] = 28 · 1.04ି௫ ൮ 11 + 𝑀ఛ 1 + 𝑅ఛ1 − 𝑅ఛ൲ (11) 

Interval 3: 0 < 𝑅ఛ < 0.5 

[𝜏ሺோሻ] = 26.5 · 1.04ି௫ ൮ 11 + 𝑀ఛ3 1 + 𝑅ఛ1 − 𝑅ఛ൲ (12) 

Interval 4: 𝑅ఛ ≥ 0.5 [𝜏ሺோሻ] = 24.4 · 1.04ି௫ (13) 

2.2. Cumulative Fatigue Damage Theory 
Cumulative fatigue damage is a material mechanical property deterioration process 

caused by repeated cyclic stress. Fatigue failure occurs when damage accumulates to a 
critical value. The accurate description of the material fatigue cumulative damage devel-
opment process under cyclic loading is the basis of material fatigue life estimations and 
rational structure fatigue design. The default S–N curve data are measured under the 
same stress amplitude when using the S‒N curve for fatigue life evaluation, as shown in 
Figure 2. The stress applied to a structure is complex and changeable in practical engi-
neering problems, so the fatigue life cannot be obtained directly using the S‒N curve. 
Miner’s linear damage accumulation theory solves this problem well and plays a role as 
a bridge. Miner’s linear fatigue cumulative damage theory considers fatigue failure an 
irreversible deterioration process of materials under cyclic stress. Each internal change in 
the structure itself is related to the external loading mode in this state. 
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Figure 2. A typical fatigue strength S-N curve [23]; a—fatigue strength curve; b—reference fatigue 
strength; c—constant amplitude fatigue limit; and d—cut-off limit; 𝑚ଵ and 𝑚ଶ are the slope of 
the curve, 𝑚ଶ = 𝑚ଵ + 2 

𝑛𝑁 = ⎩⎪⎨
⎪⎧ 2 × 10଺ ቆ𝛥𝜎௖𝛥𝜎௜ × 1𝛾ி௙ × 𝛾௠௙ቇ௠భ ሺ10ହ ≤ 𝑁 ≤ 5 × 10଺ሻ

5 × 10଺ ቆ𝛥𝜎௖𝛥𝜎௜ × 1𝛾ி௙ × 𝛾௠௙ቇ௠మ ൬25൰௠మ௠భ ሺ5 × 10଺ ≤ 𝑁 ≤ 10଼ሻ (14) 

The life prediction algorithm in the EN1999 standard is based on Palmgren–Miner 
cumulative damage theory, which calculates the damage generated by each load case un-
der fatigue load conditions and accumulates the damage generated by all load cases to 
obtain the total damage. The calculation formula is shown in Equations (15) and (16): 𝑛௜𝑁௜ = ൬ 𝜎𝜎ିଵ൰௠

 (15) 𝐷 = ෍ ൬𝑛௜𝑁௜൰ = 𝑛ଵ𝑁ଵ + 𝑛ଶ𝑁ଶ + ⋯ + 𝑛௡𝑁௡ (16) 

3. Numerical Simulations 
3.1. Main Structure 

A head car body is a lightweight, monocoque cylindrical structure welded from 
large-section aluminium profiles and plates. This structure is designed mainly to carry all 
the equipment and personnel of the vehicle and provide installation interfaces for vehicle 
equipment. The roof, sidewalls, end walls, and underframe of the aluminium head car 
body contain welded structures. Figure 3 presents three typical welding forms, including 
butt-welded joints, T-shaped fillet-welded joints, and lap fillet-welded joints, which are 
located in the sidewalls, the driver’s cab, and the underframes, respectively. When evalu-
ating the fatigue strength in the ANSYS platform, the stress in the overall Cartesian coor-
dinate system should be converted to a local coordinate system, since the program cannot 
directly identify the evaluating nodes. Therefore, the sets of welded locations correspond-
ing to the local coordinate system should be established one-to-one during modelling. The 
program evaluates the nodes in the set, according to the direction of the local coordinate 
system. The assessed position of each weld is marked with white points in the finite ele-
ment diagram, and two rows of nodes with a distance of 5 mm from the weld are taken 
as evaluation points (see the insertion at the right end of Figure 3). In addition, the length 
of the strain gauge is ignored, so the calculated results are conservative. 
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Figure 3. Schematic diagram of the head car body. 

3.2. Standard Prescribed Loads 
EN12663 [24] stipulates that the rail vehicle body structure bears multiple dynamic 

loads, to different extents, during its operating life. Research on car body fatigue life 
should consider the effects of cyclic loads as they lead to fatigue failure. This fatigue as-
sessment specifies ±0.15 g as the acceleration amplitude. Individual stress values have a 
negligible influence on fatigue life, but stress amplitude can dramatically affect fatigue 
performance. In practice, the actual operation loads for the vehicles are complicated, and 
to simplify the problem, we defined four basic load scenarios, regarding load directions 
and types: longitudinal loads (in the X-direction), lateral loads (in the Y-direction), vertical 
loads (in the Z-direction), and additional load (line twisting load). To reproduce the actual 
load conditions, the four basic load cases are arranged in a rational way and extended to 
28 different load cases, as shown in Table 1. An ANSYS subroutine was established to 
handle these load cases and output the stress information needed for further analysis, 
including the maximum, minimum stress in each direction, and stress amplitudes for each 
type of welded joint. 

Table 1. Cyclic load cases for fatigue strength assessment. 

Load Case 
Acceleration (m/s2) Additional 

Load 
Load Case 

Acceleration (m/s2) Additional 
Load X Y Z X Y Z 

1 +0.15 g  1 g 

/ 

15 +0.15 g  1 g 

21 mm 

2 −0.15 g  1 g 16 −0.15 g  1 g 
3  +0.15 g 1 g 17  +0.15 g 1 g 
4  −0.15 g 1 g 18  −0.15 g 1 g 
5   0.85 g 19   0.85 g 
6   1.15 g 20   1.15 g 
7 +0.15 g +0.15 g 0.85 g 21 +0.15 g +0.15 g 0.85 g 
8 +0.15 g −0.15 g 0.85 g 22 +0.15 g −0.15 g 0.85 g 
9 −0.15 g +0.15 g 0.85 g 23 −0.15 g +0.15 g 0.85 g 

10 −0.15 g −0.15 g 0.85 g 24 −0.15 g −0.15 g 0.85 g 
11 +0.15 g +0.15 g 1.15 g 25 +0.15 g +0.15 g 1.15 g 
12 +0.15 g −0.15 g 1.15 g 26 +0.15 g −0.15 g 1.15 g 
13 −0.15 g +0.15 g 1.15 g 27 −0.15 g +0.15 g 1.15 g 
14 −0.15 g −0.15 g 1.15 g 28 −0.15 g −0.15 g 1.15 g 
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3.3. Fatigue Assessment Process 
Figure 4 illustrates the fatigue assessment flow based on multiaxial stress criteria and 

cumulative fatigue damage theory. The assessment process was programmed by using 
the APDL language in ANSYS. The design loads prescribed by standards were used to 
assess the structure’s fatigue. These cyclic loads were first applied to the head car body 
models. Then, numerical calculations were carried out by the FEM to obtain stress distri-
butions. According to the multiaxial stress criteria, the normal stress and shear stress in 
the local coordinate system were extracted. In addition, the notch curve index 𝑥 was se-
lected according to the welded joint shape, and then the allowable normal stresses along 
and perpendicular to the weld direction, as well as the allowable shear stress, were calcu-
lated. After that, the fatigue strength utilization of the joints was estimated to determine 
whether the fatigue strength of the weld met the design requirements. In addition, when 
the maximum allowable stress and the stress ratio were both inside the Moore–Kommers–
Jasper (MKJ) diagram, the head car body fatigue life could satisfy the design require-
ments. According to cumulative fatigue damage theory, the damage generated by all load 
cases was accumulated to obtain the total damage and the estimated fatigue life. 

 
Figure 4. Flow chart of the fatigue life evaluation based on two methods. 

3.4. Fatigue Strength Value Selection 
Table 2 presents the notch curve, and its index 𝑥 (specified in DVS 1608 [22]) selected 

for different weld types for usage in the multi-axis stress method, the structural classifi-
cation (detail type and category, specified in EN1999 [23]), and the allowable stress range Δ𝜎 (at 𝑁 = 1 × 10଻) for usage in the cumulative damage method. Figures 5 and 6 illus-
trate the S-N curves for different weld types. For multi-axis stress method, after all the 28 
load cases in Table 1 were input into the ANSYS subroutine and the corresponding local 
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stress states were calculated, the maximum and minimum local stresses (among all 28 load 
cases) in each direction (𝜎ୄ, 𝜎∥, 𝜏∥), for each type of welded joint, were extracted (see Table 
3). As for the cumulative damage method, each type of the welded joint was given an S-
N curve (either from Figure 5 or Figure 6), referring to standard EN1999. For example, a 
butt-welded joint with detail type number 7.3.1 in EN1999 was found to have an identical 
configuration as the butt weld we studied, and its detail category was illustrated as 40-4.3 
(40 refers to the stress range at 𝑁 = 2 × 10଺, and 4.3 refers to the line slope of 𝑚ଵ, as 
sketched in Figure 2. Others follow the same naming rule); hence, the S-N curves in Figure 
5, with 40-4.3 marked at the right end side, were selected. 𝑁 is then evaluated based on 
the calculated stress range 𝑆 with the aforeselected curve. Here, except for 𝑁, we also 
introduced the allowable stress range Δ𝜎, which was defined at 𝑁 = 1 × 10଻, to serve as 
an additional reference that could make the data process procedure simpler and more 
intuitive. Note that, for stress ranges that were lower than the cut-off limit, which corre-
sponds to 𝑁 ≥ 10଼, the damage was zero. 

 
Figure 5. S-N curves for butt-welded joint [23]. 

 
Figure 6. S-N curves for T-shaped welded joint and lap fillet-welded joint [23]. 
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Table 2. Detailed categories for three welded joints between members. 

Constructional Detail Initia-
tion Site 

Curve 
(𝝈∥ሻ 

𝒙 
(𝝈∥ሻ 

Curve 
(𝝈ୄሻ 

𝒙 
(𝝈ୄሻ 

Curve 
(𝝉ሻ 

𝒙 
(𝝉ሻ 

Detail 
Type 

Detail Cate-
gory 

Δσ|𝑵ୀ𝟏×𝟏𝟎𝟕 ሺMPaሻ 
 

D 12 E1 15 G 0 7.3.1 40-4.3 29.0 

 

C- 10 E5 21 H 9 9.2 25-3.4 16.8 

 
F2 41 D 12 H 9 9.4 23-3.4 15.5 

Table 3. Fatigue evaluation assessment results. 

Weld 
position 

𝝈𝒎 𝝈𝒂 𝝈𝒎𝒊𝒏 𝝈𝒎𝒂𝒙 𝑹 𝟏/𝑹 𝑴𝝈 [𝒂ୄ] 𝝈𝒎𝒊𝒏 
Case 

𝝈𝒎𝒂𝒙 
Case 

1 19.01 3.29 15.72 22.31 0.70 1.42 0.30 22.80 7 28 
2 5.50 1.26 4.24 6.76 0.63 1.59 0.30 24.66 24 11 
3 10.02 2.29 7.73 12.31 0.63 1.59 0.30 7.31 8 27 

Weld 
Position 

𝝈𝒎 𝝈𝒂 𝝈𝒎𝒊𝒏 𝝈𝒎𝒂𝒙 𝑹 𝟏/𝑹 𝑴𝝈 [𝒂∥] 𝝈𝒎𝒊𝒏 
Case 

𝝈𝒎𝒂𝒙 
Case 

1 −22.49 3.90 −26.39 −18.59 1.42 0.70 0.30 29.98 27 8 
2 −8.15 2.22 −10.37 −5.93 1.75 0.57 0.30 23.70 11 24 
3 −9.98 2.23 −12.21 −7.76 1.57 0.64 0.30 33.73 25 10 

Weld 
Position 

𝝉𝒎 𝝉𝒂 𝝉𝒎𝒊𝒏 𝝉𝒎𝒂𝒙 𝑹 𝟏/𝑹 𝑴𝝉 [𝒂𝝉] 𝝉𝒎𝒊𝒏 
Case 

𝝉𝒎𝒂𝒙 
Case 

1 5.84 1.03 4.82 6.87 0.70 1.43 0.17 24.40 8 27 
2 2.88 0.72 2.15 3.60 0.60 1.67 0.17 17.14 9 26 
3 7.55 1.63 5.93 9.18 0.65 1.55 0.17 17.14 7 28 

Weld 
Position 

Normal Stress 𝝈ୄ Normal Stress 𝝈∥ Shear Stress 𝝉∥ 𝜶𝒗 Assess-
ment 𝝈𝒂 𝝈𝒂,𝒛𝒖𝒍 𝒂ୄ 𝝈𝒂 𝝈𝒂,𝒛𝒖𝒍 𝒂∥ 𝝉𝒂 𝝉𝒂,𝒛𝒖𝒍 𝒂𝝉 

1 3.29 22.80 0.14 3.90 29.98 0.13 1.03 24.40 0.04 0.20 Pass 
2 1.26 24.66 0.05 2.22 23.70 0.09 0.72 17.14 0.04 0.10 Pass 
3 2.29 7.31 0.31 0.25 33.73 0.01 1.63 17.14 0.10 0.33 Pass 

4. Results and Discussion 
4.1. Stress Component Calculation 

Table 3 lists the evaluation results of the three weld positions, where positions 1, 2, 
and 3 refer to the butt-welded joint, T-shape welded joint, and lap fillet-welded joint, re-
spectively (see Figure 3). The subscripts 𝑚, 𝑎, 𝑚𝑖𝑛, 𝑚𝑎𝑥 of 𝜎 and 𝜏 refer to the mean, am-
plitude, minimum, and maximum of the stress, respectively. The minimum and maxi-
mum normal and shear stress were extracted by subroutine, and the corresponding min-
imum and maximum load cases are listed in Table 3. The results indicate that the main 
factors affecting the butt-welded joints are the normal stresses perpendicular and parallel 
to the direction of the weld (𝑎ୄ = 0.14, 𝑎∥ =0.13). The main factor affecting the T-shaped 
fillet-welded joints was the normal stress perpendicular to the direction of the weld (𝑎∥ =0.09). The main factor affecting the lap fillet-welded joints was the normal stress perpen-
dicular to the direction of the weld, with the largest utilization degree under normal stress 
in the x-direction of local coordinates (𝑎ୄ = 0.31). The normal stress parallel to the lap 
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fillet weld had negligible influence. In addition, the lap-welded joints exhibited the high-
est comprehensive degree of utilization of 0.33, and the T-shaped fillet-welded joints 
demonstrated the lowest comprehensive degree of utilization of 0.10. The results show 
that the components and comprehensive degree of the utilization of the pivotal weld joints 
in the aluminium alloy car body were less than 1, and the normal stress and shear stress 
of the welded seam of the car body structure were both within the MKJ fatigue evaluation 
curve, which also indicates that the fatigue failure of welded joints of the head car body 
first occurred in the lap-welded joint. 

In the MKJ diagram, the horizontal axis is the stress ratio 𝑅, the vertical axis is the 
maximum allowable stress corresponding to the stress ratio, the numbers above the curve 
refer to the corresponding allowable stress, and the nodes below the curve refer to the 
calculation results of the measurement points on the welded positions. If the calculation 
results fell under the fatigue strength curves, then the fatigue performance of the welded 
structure met the standard requirements. The maximum and minimum normal stresses 
were obtained by plane stress calculation, and the allowable stresses of the corresponding 
components were obtained by the evaluation process. After data processing, the calcu-
lated results of the directional stress of all three welds in the car body were drawn in the 
MKJ curve of the corresponding welded joint. Figures 7–9 illustrates the three typical weld 
joints. 

(a) 𝜎௠ > 0 (b) 𝜎௠ < 0 (c) 𝜏 

Figure 7. MKJ fatigue characteristic curve at weld position 1 in the sidewall. 

   

(a)  𝜎௠ > 0  (b) 𝜎௠ < 0  (c) 𝜏 

Figure 8. MKJ fatigue characteristic curve at weld position 2 in the driver’s cab. 

   

(a) 𝜎௠ > 0  (b) 𝜎௠ < 0  (c) 𝜏 

Figure 9. MKJ fatigue characteristic curve at weld position 3 in the underframe area. 
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4.2. Fatigue Life Prediction 
The allowable fatigue stress at load cycles of 1 × 107 on the corresponding stress range 

curve was obtained for the three weld positions. Table 4 lists the calculation results and 
the top ten algebraic values under different load cases. The node number refers to the 
evaluation node set’s identifiers of three weld positions in finite element software. Ac-
cording to the results of the fatigue life calculation, the most critical areas were the lap 
fillet-welded joint (node 2,060,984), with a fatigue life of 1.64 × 107, followed by butt-
welded joints, with a fatigue life of 1.82 × 107. The T-shaped fillet-welded joints generated 
the greatest fatigue life of 2.14 × 107. The results indicate that, under all fatigue conditions, 
the calculated life of the welded positions met the requirement of minimum load cycles of 
1×107 and showed no hidden danger of fatigue failure. 

Table 4. Fatigue evaluation assessment results at various weld positions (MPa). 

Weld 
Position 1 

Weld 
Position 2 

Weld 
Position 3 

Node 
Number 

Fatigue  
Life (107) 

Fatigue 
Damage 

(10−8) 

Node 
Number 

Fatigue Life 
(107) 

Fatigue 
Damage 

(10−8) 

Node 
Number 

Fatigue Life 
(107) 

Fatigue 
Damage 

(10−8) 
1,564,148 1.82 5.49 1,782,584 2.14 4.67 2,060,984 1.64 6.10 
1,564,147 1.82 5.49 16 2.24 4.46 1,983,385 1.72 5.81 
1,564,144 2.45 4.08 1,836,330 2.50 4.00 2,000,234 1.75 5.71 
1,564,145 3.04 3.29 1,836,332 2.59 3.86 2,060,972 1.79 5.59 
2,073,400 3.80 2.63 60,638 2.60 3.85 1,585,000 1.90 5.26 
1,899,942 5.21 1.92 60,640 2.67 3.75 2,067,444 1.91 5.24 
1,562,037 5.25 1.90 1,836,333 2.65 3.77 1,989,300 2.01 4.98 
1,899,921 5.26 1.90 1,782,579 2.69 3.72 2,041,772 1.91 5.24 
1,562,030 5.35 1.87 60,641 2.73 3.66 1,566,194 1.92 5.21 
1,899,949 5.40 1.85 1,782,576 2.80 3.57 1,587,979 2.22 4.50 

5. Conclusions 
This paper proposes a new method for combining multiaxial stress criteria and cu-

mulative fatigue damage theory to evaluate the fatigue strength of three typical welded 
joints (butt-welded joints, T-shaped fillet-welded joints, and lap fillet-welded joints) in an 
aluminium alloy head car body. The results indicate that, for the aforementioned car body 
configuration and load cases, the T-shaped fillet-welded joint exhibited excellent fatigue 
failure resistance, as it holds the lowest utilization degree and the highest fatigue life ex-
pectation. In contrast, the lap-welded joint showed the worst capability to resist fatigue 
failure, as it has the highest utilization degree and the lowest fatigue life. Regardless, all 
the welded joints tested in this paper complied with the fatigue safety requirements. 

This method is accurate and efficient, since it not only considers the material utiliza-
tion degree in multiple stress states, but also accounts for the estimated fatigue life of the 
car body. Designers can determine the safety margin of a structure by comparison with a 
utilization degree of 1. In addition, the weak area of weld fatigue can be accurately pre-
dicted, and the structure’s fatigue life can be determined. This method provides certain 
guidance and a theoretical basis for the fatigue evaluation of subway car body welded 
structures. The fatigue strength of welded structures can be improved in the following 
ways: 
a. The welding type can be changed, and the notch line grade can be improved to in-

crease the allowable fatigue stress. For instance, lap fillet-welded joints can be 
changed to butt-welded joints, partial penetration can be changed to full penetration, 
and single-sided welding can be changed to double-sided welding. By doing so, a 
smaller value of index 𝑥 can be achieved, which corresponds to higher allowable 



Appl. Sci. 2023, 13, 215 12 of 14 
 

fatigue stress (Equations (7)–(13)) and a lower utilization degree (Equations (3)–(5)), 
both of which contribute to a safer weld bounding. 

b. The structure can be optimized to reduce the stress range of the welded joints. The 
notch line grade can be improved through weld processing techniques, such as weld 
grinding. 

c. In the design stage, the reinforcement can be arranged in the appropriate position of 
the fatigue assessment danger point to reduce the peak stress of the dangerous area 
and reduce the utilization of the weld material. 

d. In the construction process, the level of post-welding treatment in dangerous areas 
should be improved, and more detailed flaw detection should be carried out. 

e. In daily operation and maintenance, we should also focus on whether fatigue cracks 
occur in this area to ensure driving safety. 
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Nomenclature 

Notation Description 𝜎௝௞  Second-order tensor in the global coordinate system 𝜎௝ᇲ௞ᇲ  Second-order tensor in the local coordinate system 𝛼௝ᇲ௝ , 𝛼௞ᇲ௞  Cosine of the included angle of the corresponding axes of two coordinate 
systems 𝜎ଵ, 𝜎ଶ, 𝜎ଷ  Principal stress 𝑎ୄ  Utilization degree under normal stress in the x-direction of local 
coordinates 𝑎∥  Utilization degree under normal stress in the y-direction of local 
coordinates 𝑎ఛ  Utilization degree under shear stress [𝜎ୄ], [𝜎∥], [𝜏]  Allowable fatigue strength values 𝑓௩  Phase effect of 𝛔ୄand 𝛔∥ ranging from −1.0 to +1.0 𝛼௩  Comprehensive degree of utilization 𝑀ఙ  Moderate stress sensitivity coefficients of normal stress 𝑀ఛ  Moderate stress sensitivity coefficients of shear stress 𝑁௜  Accumulative cycle number of the measured stress range within the stress 
range of Δσ𝐢 

Δσ௜  Stress range of the principal stress 

Δσ௖  Corresponding fatigue strength at specified cycles; the value depends on 
different structural classifications 

Δσ  Allowable stress range 
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𝑚ଵ, 𝑚ଶ  Curve slope of the S-N curve 𝛾ி௙  Partial coefficient of the uncertainty considering the load spectrum and 
response analysis, generally equal to 1 𝛾௠௙  Partial coefficient of the uncertainty considering the material and 
evaluation uncertainty 𝜎௠  Mean value of normal stress 𝜎௔  Normal stress amplitude 𝜎௠௜௡  Minimum normal stress 𝜎௠௔௫  Maximum normal stress 𝜎௣  Maximum principal stress 𝑅  Stress ratio of minimum stress-to-maximum stress 
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