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Abstract. Based on nominal stress, this paper proposed a fatigue life estimation method of V-shaped butt welded joints. 

Then, the fatigue bearing capacity of the base metal under the same fatigue load was used as design goal of the V-

shaped butt welded joints and an equal fatigue bearing capacity (EFBC) design method for V-shaped butt welds was 

thus formed. High strength low alloy steel Q690 was chosen as the experimental material to carry out the equal fatigue 

bearing capacity design.  

1 Introduction  

With the continuous development of lightweight structures, 

the proportion of high-strength steel in mechanical 

structures is increasing [1-7]. High-strength low-alloy 

(HSLA) steel are widely applied in the fabrication of 

various structures, such as ship building, pressure vessel, 

offshore construction as well as submarine, owing to high 

strength, excellent toughness, and high strength-to-weight 

ratio. In welding HSLA steel, it imposes various problems, 

such as hydrogen-induced cracking, softening, and 

hardening of heat-affected zone (HAZ) because the steel is 

sensitive to thermal cycle [8, 9]. 

Under-matched welds are sometimes used in joining 

high strength steels with the aim of minimizing the 

hydrogen induced cold cracking tendency [10], reducing 

or even preventing costly preheating operations [11]. 

However, the low load carrying capacity of under-matched 

welds has been an obstacle to its wide engineering 

application [12, 13].  

Currently, the fatigue design methods for welded 

structures given in various international standards include 

nominal stress method, structural stress method, effective 

notch stress method and fracture mechanics method [14-

17]. The global stress method (also known as the nominal 

stress method) is the most simple and widely used 

approach to design weldments against fatigue. When either 

nominal stresses cannot be calculated unambiguously or a 

reference fatigue curve for the specific geometry of the 

welded detail being assessed is not available, then either 

hot-spot or local stress based approaches are 

recommended to be used. The structural hot-spot stress 

method is applied by determining, on the component 

surface, the linear-elastic stress states at either two or three 

reference points. Subsequently, by using these reference 

stress states, structural stresses are extrapolated to the weld 

toes at the hot spots. Structural stresses can be determined 

experimentally by using strain gauges attached to the 

component’s surface at different distances from the weld 

toe. Obviously, this experimental procedure is not 

applicable when the area of interest in the vicinity of the 

weld is not accessible. This problem can be overcome by 

estimating the stress states at the extrapolation points via 

linear-elastic Finite Element (FE) models. The hot-spot 

method was originally developed to assess the fatigue 

behaviour of offshore structures, with its use being 

subsequently extended to other structural applications. 
The effective notch stress approach makes use of linear-

elastic stresses determined at either the weld toe or the 

weld root by introducing a fictitious fillet having radius 

equal to 1 mm, with this strategy being applicable to 

welded joints having thickness larger than (or equal to) 5 

mm. On the contrary, when the relevant thickness is lower 

than 5 mm, the effective notch stress approach is 

recommended as being applied by using a fictitious radius 

of 0.05 mm. This approach can be used to assess welded 

joint in which the fatigue crack initiation process takes 

place not only at weld toes, but also at weld roots [18]. 
Fracture mechanics may be used to assess the fatigue 

properties of welded joints in which no imperfections have 

been detected. In such cases it is necessary to assume the 

presence of an initial crack, for example based on prior 

metallurgical evidence, the detection limit of the used 

inspection method or fitting from fatigue data, and then to 

calculate the stress intensity factor [19]. However, whether 

the joint can have a fatigue bearing capacity not lower than 

that of the base metal through geometric design is yet to be 

studied. 

From the stress-life curves of materials and structures, 

it can be seen that the fatigue life of materials and 

structures depends on the fatigue stress on their load-

carrying sections. For a certain external fatigue load, the 

fatigue stress value is determined by the size of the load 

bearing cross-section. Therefore, by changing the size of 
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the load-carrying section of the structure, it is possible to 

develop the fatigue capacity of the structure. If we find the 

relationship between the size of the bearing section and the 

fatigue life of the structure, and then let the fatigue life of 

the structure equal to the fatigue life of the base metal 

under the same fatigue load, a weld structure with equal 

fatigue bearing capacity with the base metal can thus be 

obtained. 

This paper starts from the perspective of structural 

safety and reliability, estimating the fatigue life of the V-

shaped butt-welded joint based on nominal stress. And 

then use the fatigue bearing capacity of the base metal 

under the same fatigue load as the design goal of the V-

shaped butt welded joint. An equal fatigue bearing 

capacity design method for V-shaped butt welds was thus 

formed. High strength low alloy steel Q690 was chosen as 

the experimental material to carry out the equal fatigue 

bearing capacity design. 

2 Nominal stress based fatigue life 
estimation of V-shaped butt-welded 
joints  
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Figure 1. Fatigue failure process of homogeneous materials. 

The fatigue failure process of homogeneous materials 

shown in Figure 1 can be described as：After the fatigue 

crack expand a certain length in the material, the stress 

value on the remaining bearing section of the specimen 

reaches the tensile strength σ u of the homogeneous 

material [20,21], which leads to the instant rupture. The 

instant rupture section size tre of homogeneous material 

can be approximated as： 

𝑡𝑟𝑒 = 𝜎 ∙ 𝑡 𝜎𝑢⁄                           (1) 
For the case of fatigue stress ratio -1 shown in Figure 

1, 

𝜎 = 𝜎𝑎 = 𝑃 (𝑡 ∙ 𝑙)⁄                       (2) 
From the fatigue failure process of homogeneous 

materials, it can be seen that the fatigue life of 

homogeneous materials N corresponds to the number of 

stress cycles before the fatigue crack propagating to the 

instant rupture section tre. The dimension of the fatigue 

crack before extending to the instant rupture section can be 

referred to as the critical crack propagation size ac. 

𝑎𝑐 = t − 𝑡𝑟𝑒                          (3) 
To estimate the number of stress cycles experienced 

by fatigue cracks extending to a certain size in a 

homogeneous material, a traditional method is to first 

divide the fatigue failure process into three phases, namely 

the crack initiation phase, the crack propagation phase, and 

the instant rupture phase. Then use the material strain-life 

(Δε-Ni) curve to obtain fatigue crack initiation life Ni 

[22,23], and take the integral of Paris formula [24,25] to 

calculate the number of stress cycles Np experienced by the 

fatigue crack when propagating to a certain size. Finally, 

add Np to Ni to obtain the number of stress cycles 

experienced by fatigue crack when propagating to a certain 

size. The main problem of this method is that the definition 

of fatigue crack initiation is not uniform, which will bring 

certain calculation error, and it is inconvenient to use. 

Since Wohler discovered the nominal stress-fatigue 

life (S-N) curve [26], it has undoubtedly become the 

most intuitive and effective way to characterize the 

fatigue properties of materials. Many researchers, 

including Wohler, summed up the functional 

relationship between nominal stress and fatigue life of 

homogeneous materials on the basis of a large amount of 

material fatigue data, and continuously improved it [27]. 

Most of the research results show that there is an 

exponential function relationship between the nominal 

stress on the load-bearing cross-section of the 

homogeneous material and the fatigue life in the high-

cycle fatigue stage, that is： 

(𝜎)𝑚 ∙ 𝑁 = 𝐶         (4) 
Where m and C are material related parameters. 

Nominal stress, σ 

σu

Cycles to Failure, N~1  
Figure 2. S-N curve of homogeneous materials 

Based on nominal stress-fatigue life function of 

homogeneous materials, researchers can easily estimate 

the fatigue life of homogeneous materials under certain 

fatigue loads.  

However, welded joints have heterogeneous 

mechanical properties and also exhibit highly 

heterogeneous microstructural variations in local 

regions[28-35]. Besides, due to the presence of the 

groove, the ratio of the base metal and the deposited 

metal on the fatigue bearing section of the welded joint 

is not a constant value. Therefore, the influence of the 

geometric size of the base metal and the deposited metal 

at the same fatigue bearing section on the fatigue life of 

the welded joint needs to be determined to achieve 

fatigue life estimation. This study found that the 

relationship between the geometric parameters of V-

shaped butt weld joints (as shown in Figure 3) and its 

fatigue life is as follows: 
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Figure 3. V-shaped butt-welded joint 

𝑁 =
𝐶𝑊∙[𝑡+𝑅(𝑥)−𝐺(𝑥)]∙[𝑡+𝑅(𝑥)]𝑚𝑊
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(5) 

The instant rupture section of the V-shaped butt-welded 

joint  tre  in equation (5) is a piecewise function about the 

crack initiation position. 

𝑡𝑟𝑒(𝑥) = {

𝑃

𝜎𝑏
𝐵∙𝑙
+

𝑅(𝑥)−𝐺(𝑥)

2
, 𝑥 ≤ 𝑥0

𝑃

𝜎𝑏
𝑊∙𝑙

, 𝑥 ≥ 𝑥0
}       (6) 

When the groove function G(x), fatigue load P, and 

the mechanical parameters of the base metal and the 

deposited metal are known, the geometric dimension R(x) 

of the double V-shaped butt joint can be well-determined 

according to the EFBC realizing condition N=NB. 

 

Table 1 Main chemical composition and mechanical properties 

Material σy (MPa) σu (MPa) C (%) Mn (%) S-N formula 

Q690 720 788 0.14 0.13 
331.11

1038.6 = fa N  

Welded metal 450 647 0.06 6.39 
321.11

1016.7 = fa N  

3 Equal fatigue bearing capacity design 
of V-shaped butt-welded joints  

High strength low alloy steel Q690 was chosen as the 

experimental material to carry out the equal fatigue 

bearing capacity design. The main chemical composition 

and mechanical properties of the material are shown in 

Table 1. While σy and σu respectively refer to the yield 

strength and tensile strength of the material and S-N 

formula refers to the stress-life fitting formula of the 

material. The geometric parameters of the test plate and 

groove are shown in Figure 4. 
Weld bead
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Figure 4. Geometric parameters of test plate and groove (mm) 

The fatigue specimen of V-shaped butt welded joint 

shown in Figure 5 is designed according to ASTM E466-

07 [36]. 

 

Figure 5. Fatigue specimen of V-shaped butt welded joint (mm) 

104 stress cycles is used as the design goal of the V-

shaped butt-welded joints, while the fatigue strengths of 

the base metal and the deposited metal are 484.3 MPa and 

397.7 MPa, respectively, according to their S-N formulas. 

Substituting the known material and geometric parameters 

into equation (5), and then perform arc optimization on the 

resulting design curve. The final shape parameters of V-

shaped butt-welded joints are shown in Figure 6: 

 

Figure 6. Designed V-shaped butt-welded joints (mm) 

Due to the use of material's nominal stress-life formula 

in the design process, the V-shaped butt-welded joint 

designed by this method is only applicable to experimental 

conditions when all hypotheses of the nominal stress-

fatigue life formula are satisfied. 

4 Conclusion 

With the aim of improving the fatigue load carrying 

capacity of under-matched V-shaped butt welded joints 

through structural geometric design. Base on nominal 

stress method, this paper proposed a fatigue life estimation 

method of V-shaped butt welded joints. 

And then, the fatigue life of base metal under the same 

fatigue load was used as the design goal of the V-shaped 

butt welded joints and an equal fatigue bearing capacity 

design method for V-shaped butt welds was thus formed. 

Finally, high strength low alloy steel Q690 was chosen 

as the experimental material to carry out the equal fatigue 

bearing capacity design, which showed that the proposed 

design method was theoretically feasible. 
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