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Abstract: 1 Conventional design methods for high-cycle fatigue failure of engineering components often 11 

assume a linear-elastic material behaviour. The different driving forces of crack initiation and propagation 12 

fail to be considered, resulting in less accurate predictions of fatigue life. To address this issue, the present 13 

study proposes a novel method to predict the fatigue life of out-of-plane gusset welded joints based on cyclic 14 

elastoplasticity and extended finite element method (XFEM). Incorporating the welding residual stress 15 

simulated by thermal-mechanical analysis, the cyclic stress-strain response of out-of-plane gusset welded 16 

joints was assessed by Fatigue SS (FSS) constitutive model. The crack initiation life was therefore predicted 17 

by the local strain approach considering the mean stress correction. Based on the converged cyclic stress-18 

strain response, the crack propagation behaviour and life were predicted by XFEM in combination with 19 

Virtual Crack Closure Technique (VCCT). The influence of mean stress, mixed-mode crack and residual 20 

stress on crack initiation and propagation life was also investigated. The results show that the proposed 21 

method can predict the fatigue life of out-of-plane gusset welded joints under the pure tension loading with 22 

high accuracy against experimental results. 23 
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1 Introduction 26 

Steel bridges are extensively used for bridge engineering due to their favourable characteristics such as 27 

high strength, long-span capability, fast construction and low cost [1]. Because of the nature of the thin-28 

walled structure, the steel bridge deck, flange and web are often stiffened by the out-of-plane gusset to 29 

enhance bearing capacity and avoid local buckling [2-3]. Under the cyclic vehicle loading, the out-of-plane 30 

gusset welded joints are susceptible to fatigue cracking due to the combined effects of residual stress, stress 31 

concentration and weld defects, which have been widely reported in steel bridges [4-5]. Fig. 1 shows some 32 

typical fatigue cracks of out-of-plane gusset welded joints observed in steel bridges. The cracks often initiate 33 

from the weld toe with high stress concentration, and then propagate towards the base metal, resulting in the 34 

sudden failure of steel components and endangering the service safety of steel bridges. Therefore, it is 35 

essential to assess the fatigue life of out-of-plane gusset welded joints with high accuracy for the purpose of 36 

structural design and maintenance. 37 

   

Fig. 1 Typical fatigue cracks of out-of-plane gusset welded joints detected on the (a) bridge deck [6] (b) 
girder flange [7] (c) girder web [8] 

The fatigue failure of out-of-plane gusset welded joints involves the stages of crack initiation and crack 38 

propagation [9-10], which are governed by different driving forces. The crack initiation is a material surface 39 

phenomenon, and the crack nucleation or micro crack growth are mainly determined by the geometric 40 

discontinuity and surface roughness [11]. The crack propagation, usually referring to the macro crack growth, 41 

depends on the crack growth resistance of the material as a bulk property [12]. The nominal stress method 42 
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is widely used for convenient application in real engineering, whilst the predicted fatigue life often shows 43 

great divergence in many references [13-15]. The hot spot stress method, taking the structural features into 44 

consideration, is suitable to assess the welded joints without clear definition of the nominal stress. Yamamoto 45 

[16] pointed out that the fatigue life of out-of-plane gusset welded joints could be overestimated if assessed 46 

by the hot spot stress method due to thickness effects. Incorporating the influence of stress concentration due 47 

to bead geometry, Park [17] assessed the fatigue life of out-of-plane gusset welded joints by the effective 48 

notch stress method, and proposed to distinguish the crack initiation position based on the maximum 49 

principal stress. To improve the accuracy of effective notch stress method, Wang [18] proposed a modified 50 

notch stress method considering the real bead geometry, which was proved to be applicable to as-welded and 51 

additional-welded conditions. The above-mentioned methods assessed the crack initiation and propagation 52 

life as a whole without considering different cracking mechanisms. The precision of fatigue life assessment 53 

is far from being satisfactory. There are still few reports [19-21] concerning separate assessment of crack 54 

initiation and propagation life of out-of-plane gusset welded joints. 55 

Analytical method is convenient to predict the crack propagation life of welded joints, whilst it is not 56 

flexible to assess the complex welded structures without the standard formulae for the stress intensity factor 57 

(SIF). The existing literature on crack propagation assessment of out-of-plane gusset welded joints often 58 

involves the finite element analysis (FEA) based on linear elastic fracture mechanics (LEFM) [22]. Choi [23] 59 

suggested a strain energy density factor approach, considering the influence of initial crack shape, crack 60 

length and mean stress, and the predicted crack shapes agreed well with the experimental results. For 61 

multiaxial fatigue conditions such as biaxial loadings with phase difference, Gotoh [24] proposed to assess 62 

the crack growth of out-of-plane gusset welded joints by an equivalent distributed stress method. Wang [8] 63 

studied the mixed-mode crack propagation of out-of-plane gusset welded joints using the extended finite 64 
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element method (XFEM), and highlighted the influence of the welding residual stress on the accuracy of 65 

fatigue life assessment. Although influence of the welding residual stress is increasingly discussed in recent 66 

research [25-27], it should be noted that welding residual stress is relaxed during the cyclic loading and 67 

finally converged at a quite different distribution from the original one. Tchuindjang [28] pointed out that 68 

welding tensile residual stress became compressive at the weld toe of out-of-plane gusset after the first 69 

loading cycle and strongly affected the crack closure. Nevertheless, the influence of converged residual stress 70 

incorporating the mean stress and local stress concentration on crack propagation rate of out-of-plane gusset 71 

welded joints is not yet reported. 72 

Due to the limitations as explained above, this paper proposed a novel method to predict the fatigue life 73 

of out-of-plane gusset welded joints. The fatigue experiments conducted on the out-of-plane gusset welded 74 

joints made of Grade 345 steel were referred for verification. Firstly, the welding simulation based on the 75 

real welding condition was carried out. The welding residual stress distribution obtained by the thermal-76 

mechanical FEA was defined as the initial stress state for structural analysis. Secondly, the material constants 77 

of the Fatigue SS (FSS) constitutive models for the weld metal (WM) and base metal (BM) were embedded 78 

into the FE model. The cyclic loading was performed to obtain the converged stress-strain response at the 79 

weld toe, by which the position with the minimum crack initiation life could be identified. Thirdly, initial 80 

crack was embedded into the FE model for crack propagation analysis by XFEM in combination with the 81 

virtual crack closure technique (VCCT), taking the converged stress-strain response as the initial state. The 82 

crack propagation life was assessed by the Paris law [29] with the correction of mean stress and mixed-mode 83 

crack. Therefore, the fatigue failure life was predicted by the sum of crack initiation life and propagation life. 84 

This research is expected to improve the accuracy of the fatigue life assessment for the out-of-plane gusset 85 

welded joints and expand the horizon for fatigue design. 86 
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2 Methodology 87 

2.1 Crack initiation analysis based on FSS constitutive model 88 

The crack initiation life Nc is often predicted by the local strain method which requires an accurate 89 

assessment of the cyclic stress-strain response at the position of the crack initiation. Tsutsumi [30] proposed 90 

a constitutive model (FSS model) for predicting stress-strain relationships under the fatigue loading to 91 

include the softening behaviour for low stress amplitudes within the macroscopic yield stress. The FSS 92 

model shows good accuracy for high-cycle fatigue problems of steel with different grades. The FSS model 93 

was established based on the subloading surface theory [31] as seen in Fig. 2. Unlike the normal yield surface 94 

in the classic plasticity theory, a subloading surface was defined to allow the occurrence of plastic 95 

deformation under the cyclic loading conditions below the macroscopic yield stress. The subloading surface 96 

was created by means of a similarity transformation from the normal yield surface. Specifically, the similarity 97 

centre s moves in the stress space following the development of inelastic strain, allowing a realistic 98 

description of the plastic accumulation in cyclic mobility problems. The yield condition of normal yield 99 

surface is defined by Eq. (1) as follows: 100 

 

Fig. 2 Illustration of FSS constitutive model [30] 
ˆ ˆ( ) ( ),  f F H= = −σ σ σ α  (1) 
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where σ denotes the Cauchy stress tensor, α denotes the back stress, 𝝈𝝈� denotes the stress tensor translated 101 

by the back stress. The isotropic hardening rule F(H) is defined by Eq. (2), where H denotes the cumulative 102 

plastic strain, F0 denotes the initial size of the normal yield surface, hi (i = 1,2) controls the evolution rate of 103 

isotropic hardening. The similarity ratio R of the normal yield surface to the subloading surface is defined 104 

by Eq. (3). 105 

ˆ ˆ( ( ),  ,  , ,  f RF H R) = = − = − = − = −s s s s sσ σ σ α α σ σ α  (3) 

where 𝝈𝝈� and 𝝈𝝈� denote the conjugated stress tensor of the s surface and subloading surface, respectively, 106 

and 𝒔𝒔� denotes the similarity-centre tensor observed from the back stress. Moreover, to predict the cyclic 107 

stress-strain response of materials that have definite elastic behaviour (for example, metals), the concept of 108 

elastic boundary Re is introduced by Eq. (4) [32] so that there is no plastic deformation when R < Re. The 109 

implementation of FSS constitutive model is elaborated in Eq. (5)-(9) [30]. The evolution of R is defined by 110 

Eq. (5).  111 
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R R
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−
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 
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 (5) 

where Dp denotes the plastic strain rate, u denotes the material constant and〈〉denotes the Macauley’s 112 

brackets. The cyclic hardening or softening of materials due to the cumulative plastic strain is described by 113 

the cyclic damage function D as Eq. (6): 114 

( ) 3
1

2 1) (1 ) 1 / d
d dD H d d H

−

= − +  （  (6) 

where di (i = 1,2,3) denotes the material constants which control the damage rate, and Hd denotes the cyclic 115 
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damage in the form of plastic work, by which the opening and expansion of hysteresis loop are made possible. 116 

The evolution of Hd is defined by Eq. (7). 117 

2 / 3dH Ddt= ∫ PD  (7) 

3
1

2 1( ) (1 ) 1 ( / )kD R k k R
−

= − +   , eR R R= −  (8) 

where t denotes the genetic time, the scalar 𝐷𝐷� is defined in Eq. (8) to control the damage amount that occurs 118 

within the subloading surface, and ki (i = 1,2,3) denotes the material constants which should be calibrated 119 

based on the fatigue tests. The cyclic accumulated damage work 𝐷𝐷�  is monotonically increased with 120 

increasing of R and asymptotic with respect to 𝐷𝐷�𝑚𝑚𝑚𝑚𝑚𝑚 =1 - k2. The nonlinear kinematic hardening rule is 121 

defined by Eq. (9). 122 

1 2 3( ) 1 1
1

e

e

R R
a a a

R

−
= − + −

−

  
      

 PN Dα α  (9) 

where N denotes the outward normalised normal tensor to the subloading surface at the current stress state, 123 

and ai (i = 1,2,3) denotes the material constants which should be calibrated based on the fatigue tests. The 124 

FSS constitutive model has the predominant advantage of describing appropriately the material behaviour 125 

under cyclic loading in both sub-yield and fully plastic stress states without necessity of using different 126 

material characterisations [33]. Morita [34] predicted the converged stress-strain response of the Grade 345 127 

steel in both sub-yield and fully plastic stress states based on the FSS constitutive model. The comparison 128 

between the prediction and the experimental results in Fig. 3 shows that the high accuracy of prediction can 129 

be achieved for both large and limited plastic deformation. Therefore, the calibrated materials constants for 130 

BM and WM of Grade 345 steel based on the FSS constitutive model (Table 1) were used in the subsequent 131 

analysis to assess the cyclic stress-strain response at the weld toe for fatigue life prediction. 132 
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Fig. 3 Cyclic response predicted by FSS model [34] 

 133 
Table 1 Calibrated FSS model parameters of the WM and BM of the Grade 345 steel 134 

Materials 
Initial 

yield surface 
Isotropic 
hardening 

Kinematic 
hardening 

Damage function 𝐷𝐷� function 

F0 h1 h2 a1 a2 a3 d1 d2 d3 k1 k2 k3 
WM 520 0.0 0.0 5.0 500 1.0 0.0001 0.006 1.0 0.6 0.5 8.0 
BM 336 0.1 4.0 1.0 740 1.0 0.0004 0.0096 2.0 0.6 0.5 6.77 

 135 

2.2 Crack propagation analysis by XFEM in combination with VCCT 136 

The crack propagation life Np of the welded joints in the high cycle fatigue regime can often be assessed 137 

by the LEFM due to the small-scale plastic condition. The XFEM [35] models discontinuities as an enriched 138 

feature to simulate the crack propagation along an arbitrary, solution-dependent path without mesh 139 

regeneration during the crack propagation. The enrichment functions consist of a near-tip asymptotic 140 

function to capture the singularity of the crack tip and a discontinuous function to describe the displacement 141 

through the crack surfaces. The detailed description of XFEM is found in [36]. The XFEM can be 142 

implemented based on the LEFM for high cycle fatigue problems. The strain energy release rate, which 143 

serves as the crack driving force in LEFM, can be calculated based on the VCCT. The VCCT assumes that 144 

the released strain energy when a crack grows by a certain length is equal to the energy required to close the 145 

crack by the same amount [37]. Therefore, the strain energy release rate can be calculated, and the 146 

corresponding SIF K is obtained by the assumption of linear elasticity. Considering the mixed-mode fatigue 147 
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crack propagation in the real welded joints, the equivalent SIF Keq is expressed by Eq. (10) [38]. 148 

2 2 2
eq I II IIIK K K K∆ = ∆ + ∆ + ∆  

(10) 

min

0 1 max,
(1 )

m
eq I

I

K Kda C R
dN R Kγ−

∆ 
= = − 

 (11) 

where, ΔKI, ΔKII, and ΔKIII are SIF ranges corresponding to the crack mode I, II and III conditions, 149 

respectively. It is assumed that energy required to advance the crack tip straight ahead is equivalent to the 150 

energy available for propagating the crack at some other angle under the crack mode I condition. Finally, the 151 

crack propagation rate can be described by the Paris law [29] with the correction of stress ratio R proposed 152 

by Walker [39], as seen in Eq. (11). Where, da/dN indicates the crack propagation rate, C0 = 5.21×10-13, m = 153 

3.0 as recommended by IIW [40], and γ = 0.789 as proposed by Xin [41]. It should be noted that the stress 154 

ratio R was defined by the SIF of mode I (KI) in this research, which is the dominated cracking mode as 155 

detailed in Section 5.2. 156 

The performance of XFEM and VCCT to predict the fatigue crack propagation behaviour was verified 157 

by comparing to the analytical method. A compact tension (CT) specimen was modelled to conduct the 158 

simulation of crack propagation analysis. The dimensions of the CT specimen are shown in Fig. 4. A through-159 

thickness crack was defined with initial length of 5.0 mm. Xin [42] recommended that the convergence of 160 

a-N relationship can be achieved with the local mesh size no larger than 1.0 mm. Therefore, the mesh size 161 

in the enrichment area (XFEM region) was decided to be 1.0 mm and the global mesh size was 2.0 mm. To 162 

improve the computational efficiency, the full-integration element C3D8 was used in the enrichment area 163 

whilst the reduced integration element C3D8R was used in other regions. The FE model of the CT specimen 164 

is shown in Fig. 5. Referring to the analysis of boundary conditions in [42], the vertical cyclic loading was 165 

applied on the reference point RP1 coupled to the top half cycle of the circular hole. The rotation around X-166 
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axis and Y-axis was constrained. The reference point RP2 was coupled to the bottom half cycle of the circular 167 

hole with the displacement in Y-axis and rotation around X-axis and Y-axis constrained. 168 

 

 
Fig. 4 Dimensions of CT model (unit: mm) Fig. 5 Boundary conditions of FE model 

A user subroutine UMIXMODEFATIGUE supported by ABAQUS was compiled and implemented to 169 

define the crack propagation behaviour as shown in Eq. (10)-(11). The cyclic loading was conducted under 170 

a stress ratio R of 0.1, 0.5 and 0.9. Fig. 6 illustrates the fatigue crack propagation of CT model under a stress 171 

ratio R of 0.1 as an example. The fatigue crack started with an initial length of 17.5 mm at N = 0 and 172 

propagated gradually until it reached a final length of 50 mm at N = 7.1×106. The crack propagation 173 

behaviour was assessed by the SIF of mode I (KI) due to the loading condition of pure tension. The 174 

relationship between the crack propagation rate da/dN and the SIF range ΔKI calculated based on the FE 175 

model is shown in Fig. 7. Besides, the SIF range ΔKI of CT model can be calculated using Eq. (12) as 176 

proposed by ISO 12108 [43], thus relationship of da/dN to KI calculated based on the analytical method is 177 

also shown in Fig. 7 for comparison. It is observed that the crack propagation rate da/dN calculated by the 178 

FE model agrees well with the analytical results under different stress ratios R. The simulated da/dN deviates 179 

from the analytical results when ΔKI is very high and the LEFM no longer works, which is not the condition 180 

studied in this research. Above all, the XFEM in combination with VCCT can contribute to favourable 181 
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prediction results and is applied in the following analysis of crack propagation. 182 
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(12) 

 
Fig. 6 Crack propagation simulation in combination of XFEM and VCCT 

 

Fig. 7 Comparison of crack propagation rate da/dN between the simulation and analytical results 
 183 

2.3 Procedures 184 

Fig. 8 indicates the procedure of the proposed method for fatigue life assessment of the out-of-plane 185 

gusset welded joints. Firstly, the welding condition, bead geometry and material properties of the steel are 186 

collected to assess the residual stress distribution by the thermal-mechanical analysis. The residual stress 187 

field is defined as the initial stress for structural analysis. Secondly, the FSS constitutive models of different 188 
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welded zones are assigned to the FE model, respectively. The cyclic loading is then applied to the welded 189 

joints until the stress-strain response is converged. It should be noted that the welded joints were only divided 190 

into WM and BM in this research since the geometric size of HAZ was unavailable. Thirdly, the local strain 191 

approach is used to assess the crack initiation life Nc based on the converged stress-strain response. The 192 

Smith, Watson and Topper (SWT) approach is employed [44] to consider the effects of mean stress on the 193 

crack initiation life Nc. Finally, the converged stress-strain response is defined as the initial stress for 194 

assessment of crack propagation rate by the XFEM and VCCT. The Paris law corrected by mean stress is 195 

utilised to calculate the crack propagation life Np. The fatigue failure life Nf is therefore defined as seen Eq. 196 

(13). 197 

 
Fig. 8 Procedures for fatigue life assessment of the out-of-plane gusset welded joints 

f c pN N N= +  (13) 

 198 

2.4 Review of fatigue tests 199 

The proposed fatigue life assessment method was verified by the fatigue tests of the out-of-plane gusset 200 

welded joints previously conducted by the authors [45]. The specimens of the out-of-plane gusset welded 201 

joints were made of the Grade 345 steel and joined using the CO2 gas shielded arc welding process. The 202 
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joining was conducted by a total of four paths under a welding voltage U of 30.5 V and welding current I of 203 

270 A. The welding speed was controlled by a welding robot at 6.7 mm/s. The specimens were constrained 204 

at the welding frame and the subsequent welding path was not conducted until the previous welding path 205 

was cooled down to the room temperature. The general geometry and welding paths are shown in Fig. 9. To 206 

approximate the real bead shape for the FE model, the bead geometry was measured by a scanning machine 207 

and analysed based on the spline model (Fig. 10) as proposed by the authors [18]. The bead geometry of six 208 

specimens is listed in Table 2. The fatigue loading was conducted on the specimens at a stress ratio R of 0.05 209 

and frequency of 7 Hz. The fatigue tests results, including the nominal stress range Δσn and fatigue failure 210 

life Nf, were also shown in Table 2. 211 

 212 

 
Fig. 9 General geometry, welding condition and loading scenario of out-of-plane gusset welded joints 
specimens (unit: mm) 

 
Fig. 10 Spline model for approximation of bead geometry [18] 
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Table 2 Bead geometry and results of fatigue tests 213 
Number ρ/mm θ/° L1/mm L2/mm H/mm Δσn/MPa Fatigue failure life Nf/cycle 

S1 0.55 60.4 10.15 8.72 0.85 150 317479 
S2 0.64 74.4 9.20 8.47 0.61 80 2045000 
S3 0.67 61.1 9.92 8.59 0.61 100 1052835 
S4 0.64 58.4 9.91 9.09 0.88 125 541427 
S5 0.64 60.0 10.31 7.24 0.54 175 198285 
S6 0.74 60.5 10.30 7.44 0.39 200 145637 

Average 0.65 62.5 9.97 8.26 0.65 - - 

The fatigue failure of six specimens all occurred at the weld toe of the weld end. Taking the specimen 214 

S1 as an example, it is observed in Fig. 11 (a) and (b) that the fatigue crack initiated at the weld toe with 215 

high stress concentration, then propagated along the curved weld end and finally penetrated into the base 216 

metal. The fatigue cracks at the weld ends of Path 1 and Path 2 were comparatively small, whilst fatigue 217 

failure of the specimen S1 was induced by the through-thickness crack at the weld ends of Path 3 and Path 218 

4 as seen Fig. 11 (c). The longer crack at the weld end of Path 3 combined with the shorter one at the weld 219 

end of Path 4 when the crack propagated through the plate thickness, resulting in the fatigue failure of the 220 

specimen S1. It should be noted that the simulation of crack initiation and propagation in this research only 221 

focuses on a single crack from one weld end, because the bead shape, residual stress and loading conditions 222 

were assumed to be identical for four weld ends of specimens. 223 

 
Fig. 11 Fatigue failure of specimen S1 (a) crack growth at the weld end of Path 1 (b) crack growth at the 
weld end of Path 2 (c) fracture surface at the weld ends of Path 3 and Path 4 

 224 
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3 Crack initiation analysis 225 

3.1 Simulation of welding residual stress 226 

3.1.1 Thermal analysis 227 

A sequential coupling method is utilised for simulation of welding residual stress, i.e., the thermal 228 

analysis is conducted to obtain the temperature history during the welding process, which serves as the 229 

predefined temperature field for the subsequent mechanical analysis. The temperature-dependent thermal 230 

and mechanical properties of the Grade 345 steel from [46] were adopted, including the thermal conductivity, 231 

specific heat, thermal expansion coefficient, latent heat, density, Young’s ratio, Poison’s ratio, temperature-232 

dependent elastic-plastic response. The heat convection and radiation during the welding process were 233 

considered by defining the convective coefficient of 1.5×10-6 J/(s·mm2·℃) and emissivity of 0.85. The 234 

process of weld formation was simulated by the method of “element birth and death”, by which the bead 235 

elements were deactivated first with stiffness matrix decreasing to zero, and then activated following the 236 

order of droplet deposition. The double-ellipsoid heat source model [47], which is widely used in simulation 237 

of a variety of arc welding techniques, was adopted in this research. The heat source model, including the 238 

front and rear quadrant as seen in Fig. 12, is Gaussian distributed and expressed by Eq. (14)-(15). 239 

 240 

 

Fig. 12 Double-ellipsoid heat source model and welding pool 
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2 2 2

2 2 2

6 3
( , , ) exp( 3 3 3 )f

f
ff

f Q x y zq x y z
a b ca bcπ π

= − − −  (14) 

2 2 2

2 2 2

6 3( , , ) exp( 3 3 3 )r
r

rr

f Q x y zq x y z
a b ca bcπ π

= − − −  (15) 

where Q is the effective power of welding and calculated by the product of welding voltage U, welding 241 

current I and welding efficiency η; af, ar, b and c are the half-axial length of the front and rear ellipsoid; ff 242 

and fr are the energy distribution coefficients of the front and rear ellipsoid and ff + fr = 2. The implementation 243 

of the moving heat source model was realised by the user subroutine DFLUX supported by ABAQUS.  244 

The FE model of out-of-plane gusset welded joints was built based on the average bead geometry as 245 

listed in Table 2 and shown in Fig. 13. A thermal eight-node solid element DC3D8 was used in the thermal 246 

analysis, and a mesh size of 2 mm was determined to ensure the accuracy as suggested by [48]. To be 247 

consistent with the real welding condition, the thermal simulation was conducted by the same welding 248 

sequence (Path 1 - Path4) with each path followed by the cooling process. The room temperature was defined 249 

as 20 ℃ and melting temperature was 1500 ℃. The simulated welding pool is shown in Fig. 12, which 250 

shares the similar geometry as the real weld bead. Therefore, it is believed that the simulation process and 251 

results of the thermal analysis is adequate. 252 

 

Fig. 13 FE model of out-of-plane gusset welded joints for residual stress simulation by the sequential 
coupling method 
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3.1.2 Mechanical analysis 253 

The thermal element was replaced by the mechanical element C3D8, and the temperature history 254 

obtained by the thermal analysis served as the heat load on the mechanical analysis. The boundary condition 255 

of the structural analysis was decided as seen in Fig. 13 to be consistent with the real welding condition as 256 

seen in Fig. 14(a). The validity of the thermal-mechanical analysis was verified by comparing to the 257 

measurements of residual stress of the out-of-plane gusset welded joints with similar geometry [26-28, 49-258 

52], though the plate thickness and welding techniques are different in some cases. The residual stress 259 

contour of the FE model is shown in Fig. 14(b). The welding residual stress distribution along the transverse 260 

and longitudinal direction is reported in Fig. 14(c) and (d).  261 

  

  
Fig. 14 Simulated welding residual stress of the out-of-plane gusset welded joint by sequential coupling 
method (a) the boundary condition during the welding process (b) residual stress contour (c) residual 
stress σx in the longitudinal direction (d) residual stress σx in the transverse direction 

As seen in Fig. 14(c), the simulated residual stress is tensile and declines rapidly with increasing 262 
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distance from the weld toe. The residual stress distribution of four paths, though slightly different due to the 263 

welding sequence, illustrates close values and trend as a whole. The measured residual stress from [26] was 264 

the average of four paths, whilst those from [28] and [49] were not specified. Nonetheless, the simulated 265 

residual stress agrees well with the measurements. Fig. 14(d) shows the residual stress distribution in the 266 

transverse direction, and the maximum tensile residual stress is found at the weld toe for both simulation and 267 

measurement. It is illustrated that there are no significant differences between simulated residual stress 268 

distribution of four paths, and the simulated results are also in good agreement with the measurements. It is 269 

noted that there is an inflection point of residual stress at about ± 30 mm for Path 2 and Path 4, which is not 270 

observed for Path 1 and Path 3. The same inflection point is also observed in [27] and [50], which is not the 271 

case for [51] and [52]. A possible explanation for this phenomenon is that the shrinkage of subsequently 272 

welded Path 2 and Path 4 during the cooling process is counteracted by the residual deformation of previous 273 

welding Path 1 and Path 3, which results in the decreasing of compressive residual stress far from the weld 274 

toe. One possible reason for the different residual stress distributions in the references is that the 275 

measurements were conducted on different sides of the out-of-plane gusset welded joints. 276 

3.1.3 Stationary heating analysis 277 

The sequential coupling method for welding residual stress simulation can have a high computational 278 

cost, especially for the structural discontinuities such as the weld toe, which requires local mesh refinement 279 

to ensure the accuracy of structural analysis. The stationary heating method, a simplified procedure versus 280 

the sequential coupling method, is computationally efficient and obtains the almost equivalent accuracy of 281 

residual stress simulation at the same time. In this research, the stationary heating analysis was also 282 

conducted by a quarter symmetry model of gusset welded joints. The same material parameters were used 283 

as in the sequential coupling method. The heating temperature was decided to be 800 ℃ as referred to [28] 284 
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to give accurate results compared to the measurements and the sequential coupling method. The elements in 285 

the vicinity of the weld toe were refined to 0.1 mm, so that local residual stress at the weld toe with high 286 

accuracy could be obtained for the subsequent cyclic elastoplasticity analysis. Furthermore, the mesh size 287 

was transited from 0.1 mm to 1 mm for the crack propagation analysis. The FE model of the stationary 288 

heating analysis is shown in Fig. 15(a). During the simulation, Path 1 was first heated up to 800 ℃ and then 289 

cooled down to room temperature, followed by heating and cooling of Path 2. The welding residual stress 290 

contour is illustrated in Fig. 15(b). Compared to the sequential coupling method as seen in Fig. 14(b), the 291 

peak value of welding residual tensile stress and compressive stress simulated by the stationary heating 292 

method are both higher. The transverse and longitudinal residual stress along the same paths are also reported 293 

in Fig. 14(c) and (d). It is observed that the decline rate of longitudinal residual stress simulated by the 294 

stationary heating method is higher than that by the sequential coupling method due to the limited heating 295 

region, whilst it still has a good agreement with the measurement. The transverse residual stress also follows 296 

a similar distribution as the measurement. Although the compressive residual stress far from the weld toe is 297 

smaller than that simulated by the sequential coupling method, it is still located among the measured points. 298 

Above all, the welding residual stress simulated by the stationary heating method have favourable accuracy, 299 

thus the quarter symmetry FE model and simulated residual stress are used in the following elastoplasticity 300 

analysis and crack propagation analysis. 301 
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Fig. 15 Simulated welding residual stress of the gusset welded joint by stationary heating method (a) the 
quarter symmetry FE model (b) welding residual stress contour 

 302 

3.2 Cyclic elastoplasticity response 303 

The fatigue crack initiation life Nc is often suggested to be assessed by the local strain method 304 

considering the influence of mean stress, stress concentration and welding residual stress. The stress-strain 305 

relationship at the hysteresis stabilization is critical for the accurate prediction of crack initiation life Nc. In 306 

this research, the FSS constitutive model was used to assess the converged stress-strain relationship in the 307 

high cycle fatigue regime. The FE model was divided into BM and WM, as shown Fig. 15(a). The 308 

corresponding material properties, as summarised in Table 1, were assigned. The welding residual stress in 309 

Fig. 15(b) was defined as the initial stress, and the cyclic loading following the same loading condition in 310 

the fatigue experiment (Table 1) was conducted on the quarter symmetry model of the out-of-plane gusset 311 

welded joints. Fig. 16 shows the local stress-strain response of the weld toe in the first 50 cycles. 312 
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Fig. 16 Variation of strain ranges and stresses in the first 50 cycles: (a) Maximum principal strain range 
Δε1; (b) Maximum local stress σmax 

As seen in Fig. 16(a), the variation of the maximum principal strain range Δε1 of six specimens only 313 

occurs in a few cycles and no significant change is observed afterwards, indicating the rapid convergence of 314 

Δε1. The cyclic softening is illustrated for all six specimens, and the trend to convergence of the maximum 315 

local stress σmax can be achieved before Cycle 50, as shown in Fig. 16(b), whilst the specimens under lower 316 

local stress ranges Δσn show a slower convergence rate. The stress-strain relationship at Cycle 50 was used 317 

for predicting the fatigue crack initiation life Nc and subsequent fatigue crack propagation life Np due to the 318 

hysteresis stabilization. 319 

3.3 Crack initiation life prediction 320 

The SWT approach was used for predicting the fatigue crack initiation, considering the effects of the 321 

stress ratio R. The SWT parameter in this research was defined by the product of the maximum principal 322 

strain range Δε1/2, and the maximum local stress σmax sharing the same direction as ε1. The authors previously 323 

collected the experimental data for the Grade 345 steel (R = -1) and established the relationship of SWT to 324 

crack initiation life Nc, as shown in Eq. (16)-(17) and Fig. 17 [20]. 325 

0.8475 0.1719
1 2.23 0.026c cN Nε − −∆ = +  (16) 

0.9805 0.19941
max 1506.68 5.29

2 c cSWT N Nε σ − −∆
= ⋅ = +

 
(17) 
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Fig. 17 Fatigue crack initiation life Nc curve of the Grade 345 steel based on SWT parameter [20] 

 
Fig. 18 SWT contour at the weld toe of out-of-plane gusset welded joints 

Based on the converged stress-strain response at N = 50, as simulated in Section 3.2, the SWT parameter 326 

of elements near the weld toe was calculated to identify the node with the maximum SWT for crack initiation 327 

life Nc prediction. Fig. 18 shows the SWT contours of six specimens. The crack initiation life Nc of six 328 

specimens was then predicted by the node with the maximum SWT parameter and summarised in Table 3. 329 

Table 3 Fatigue crack initiation life Nc assessed by the SWT parameter 330 

Specimen 
Maximum principal strain 

range Δε1×10-3 
Maximum local 
stress σmax/MPa 

SWT 
Fatigue crack initiation life 

Nc/cycle 
1 2.629 426 0.560 94000 
2 1.453 416 0.303 1750000 
3 1.774 410 0.363 700000 
4 2.200 409 0.450 255000 
5 3.065 447 0.685 40200 
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6 3.511 473 0.830 19600 
 331 

4 Crack propagation analysis 332 

4.1 Crack propagation behaviour 333 

The fatigue crack propagation life Np was estimated based on the XFEM in combination with VCCT. 334 

The Paris law for the mixed-mode crack, as explained in Section 2.2, was used to describe the relationship 335 

between the fatigue crack propagation rate da/dN and the equivalent SIF range ΔKeq. It should be noted that 336 

the welding residual stress was relaxed during the cyclic loading, thus the converged stress-strain response 337 

at Cycle 50 was defined as the initial state for crack propagation life Np assessment. An initial crack was 338 

embedded into the weld toe of the FE model at the position that had the maximum SWT parameter. The initial 339 

crack aspect ratio was assumed to be 1.0 as recommended in many references [53-54], indicating a semi-340 

circular crack shape. The initial crack depth was assumed to be 0.5 mm, because the SWT- Nc curve in Fig. 341 

17 to predict the crack initiation life Nc corresponded to the surface crack length of 0.5 mm - 1 mm [20]. 342 

Since there was no evident inflection of crack during the propagation process in the fatigue experiment as 343 

seen in Fig. 11 (a), the fatigue crack was assumed to propagate perpendicular to the loading direction. The 344 

crack propagation of specimen S2 under the nominal stress range of Δσn = 80 MPa is shown in Fig. 19 as an 345 

example. 346 
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Fig. 19 Fatigue crack propagation simulated by XFEM and VCCT (Δσn = 80 MPa) 

As explained in Section 2.4, it is assumed that the fatigue crack only initiates from one side of the weld 347 

end. The surface crack length a corresponding to the loading cycles n is also illustrated in each figure. It is 348 

observed that the crack initiates from the weld end by the assumed quadrant arc (Fig. 19 (a)). The crack 349 

shape gradually becomes elliptical as seen Fig. 19 (b) which follows the real crack shape in the experiment, 350 

indicating a higher propagation rate in the surface direction than in the depth direction. The crack propagation 351 

at the weld end accounts for most of the crack propagation life (n / Np = 74.3%) as seen Fig. 19 (c). The 352 

through- thickness crack is observed at n / Np = 90.2% (Fig. 19 (d)) and the crack propagation is accelerated 353 

by a trapezoid shape (Fig. 19 (e)). The crack propagation life Np is defined by the surface crack length a = 354 

30.0 mm (Fig. 19 (f)), because the increase of crack propagation life Np converges as discussed in Section 355 

4.2. 356 

4.2 Crack propagation life prediction 357 

Based on the equivalent stress intensity factor Keq which considers the influence of mixed-mode cracks, 358 

the crack propagation rate da/dN was calculated by Eq. (10). Fig. 20 summarises the curves of crack length 359 
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a to number of cycles N of six specimens. It is obvious that the specimen loaded by higher nominal stress 360 

range Δσn has a longer propagation life Np. The crack propagation rate slows down and zigzags are observed 361 

when crack length a reached about 6.0 mm. The temporary decrease of crack propagation rate can be 362 

explained by the fact that the crack has propagated away from the weld toe with high stress concentration, 363 

thus the influence of weld magnification on the SIF due to structural discontinuities is reduced. The zigzags 364 

of crack propagation result from the mesh transition from smaller size to larger size, as the element size 365 

becomes irregular and several elements are involved in the cracking path. The fatigue crack propagation life 366 

Np is defined by the crack length a = 30.0 mm when the increase of Np converges, thus the fatigue failure 367 

life Nf can be predicted by Eq. (13) and illustrated in Fig. 21. To confirm the accuracy of the proposed method, 368 

the experimental results were also added for comparison. 369 

  

Fig. 20 Relationship of crack length to number of 
cycles of six specimens 

Fig. 21 Comparison of the fatigue failure life Nf 
between the prediction and experiment results 

Although there is no record of the crack initiation life Nc in the experiments, the fatigue failure life Nf 370 

in the FE model agrees well with the experimental results. This indicates that the proposed method can 371 

predict the fatigue life of out-of-plane gusset welded joints with high accuracy under the current welding 372 

and loading condition. The prediction of fatigue failure life Nf is better for the middle-cycle fatigue regime, 373 

though the fatigue life is overestimated for the high-cycle fatigue regime. The data points of predicted fatigue 374 
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failure life Nf fit well with a R-square of 0.997, whilst the slope of the S-N curve by the proposed prediction 375 

method deviates from the experiment results. Thus, a further improvement of accuracy of the proposed 376 

method can include the modification of material constants used in predicting crack initiation and propagation 377 

life based on the fatigue tests of the materials. 378 

5 Discussion 379 

5.1 Mean stress effects 380 

The SWT parameter (Eq. (17)) and Walker’s equation (Eq. (11)) were used to predict the crack initiation 381 

life Nc and crack propagation life Np with correction of mean stress in this research. However, the influence 382 

of mean stress on fatigue life prediction of out-of-plane gusset welded joints is not yet clarified. Therefore, 383 

the prediction of fatigue life without mean stress correction was also conducted for comparison. The crack 384 

initiation life Nc without mean stress correction can be predicted by the local strain approach (Eq. (16)), as 385 

shown in Fig. 22(a). It is observed that the crack initiation life Nc is significantly overestimated without mean 386 

stress correction. This is because the Δε1 - Nc relationship of S355 steel (Eq. (16)) is established based on the 387 

fatigue experiment under the fully reversed loading (R = -1). The fatigue damage should be corrected before 388 

Eq. (16) can be used for the loading condition in this research (R = 0.05). 389 

  
Fig. 22 Influence of mean stress on fatigue life prediction (a) crack initiation life Nc (b) crack propagation 
life Np 
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The crack propagation life Np without mean stress correction can be predicted by the Paris law, 390 

neglecting the correction parameter γ in Eq. (11). Taking the loading condition of specimen S2 (Δσn = 80 391 

MPa) as an example, Fig. 22(b) shows the crack length a - number of cycles N curves with and without mean 392 

stress correction. The crack propagation life Np is overestimated by 44.0% if the influence of mean stress is 393 

neglected. Therefore, mean stress correction is necessary in both prediction of the crack initiation life Nc and 394 

crack propagation life Np of the out-of-plane gusset welded joints for high accuracy. 395 

5.2 Mixed-mode crack effects 396 

The stress intensity factors K of mode I, mode II and mode III of specimen S2 (Δσn = 80 MPa) under the 397 

cyclic loading were collected in Fig. 23. It is observed that the crack propagation of the out-of-plane gusset 398 

welded joints under tension loading is dominated by the mode I, and both KII/KI and KIII/KI are smaller than 399 

30%. Taking the loading condition of specimen S2 (Δσn = 80 MPa) as an example, the crack propagation life 400 

Np was also predicted by SIF KI instead of the equivalent SIF Keq. Fig. 24 illustrates the predicted crack 401 

length a - number of cycles N curves with and without mixed-mode crack correction, and it shows that there 402 

is little difference (3.3%) between the two conditions. This is reasonable because the SIFs of mode II and 403 

mode III are too small to have significant influence on the crack propagation. The effects of mixed-mode 404 

crack might be more significant for the welded joints under complex loading conditions. 405 

 406 
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Fig. 23 Stress intensity factor SIFs of crack mode I, 
II and III 

Fig. 24 Influence of mixed-mode crack on crack 
propagation life prediction 

 407 

5.3 Residual stress effects 408 

The influence of residual stress on the fatigue crack propagation life Np is often considered by defining 409 

the welding residual stress as the initial stress for Np prediction [28,55-56]. It should be noted that the welding 410 

residual stress is gradually relaxed under the cyclic loading, and finally converges to a stress state that is 411 

quite different from the original welding residual stress after a certain number of cycles [25]. Therefore, the 412 

residual stress that influences the crack propagation rate is actually the converged stress state during the 413 

cyclic loading, instead of the initial welding residual stress. Taking the loading condition of specimen S2 414 

(Δσn = 80 MPa) as an example, Fig. 25 shows the curves of crack length a to number of cycles N under no 415 

residual stress, welding residual stress and converged cyclic stress. 416 

 
Fig. 25 Influence of residual stress on crack propagation life prediction 

It is observed that the crack propagation life Np without considering residual stress (black curve) is 417 

highly overestimated and shows a difference of 37.5%, as the higher mean stress resulted from the residual 418 

stress is neglected. The crack propagation life Np considering the welding residual stress (red curve) is shorter 419 

than that considering the converged stress (pink curve) and shows a difference of 15.5%. This is reasonable 420 

because the welding residual stress is relaxed during the cyclic loading, resulting in a lower mean stress. As 421 
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there is a noticeable difference between the predicted crack propagation life Np with and without considering 422 

the relaxation of welding residual stress, it is suggested to predict the crack propagation life Np by the 423 

converged stress under the cyclic loading to ensure the accuracy. 424 

6 Conclusions and future work 425 

In the present study, a fatigue life assessment approach for out-of-plane gusset welded joints was 426 

proposed, using the FSS constitutive model to describe the local cyclic elastoplasticity and the XFEM 427 

method to analyse the crack propagation behaviour. Considering the influence of welding residual stress 428 

simulated by the thermal-mechanical analysis, the crack initiation life was predicted by a local strain 429 

approach using an SWT parameter for mean stress correction. Defining the converged cyclic stress-strain 430 

response as the initial state for crack propagation analysis, the Walker’s equation and equivalent SIF were 431 

used to predict the crack propagation life with mean stress and mixed-mode crack correction. The predicted 432 

fatigue failure life agreed well with the experimental results, indicating the favourable performance of the 433 

proposed approach to assess the fatigue life of out-of-plane gusset welded joints under the current welding 434 

and loading conditions. 435 

The cyclic stress-strain response of Grade 345 steel was well assessed by the novel FSS constitutive 436 

model in both macroscopic and sub-yield stress state. The satisfactory accuracy of XFEM in combination 437 

with VCCT to predict the crack propagation rate was verified by a CT model under a wide range of stress 438 

ratios. The sequential coupling method was initially applied to simulate the welding residual stress with 439 

favourable results compared to the measurements, whilst it had a high computational cost and was not 440 

suitable for the following cyclic loading analysis that required local mesh refinement. Therefore, the 441 

simulated welding residual stress by the stationary heating method with comparable accuracy was 442 

recommended. 443 
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The influence of mean stress, mixed-mode crack and residual stress on crack initiation and propagation 444 

life was also discussed. Both crack initiation life and propagation life were significantly overestimated 445 

without mean stress correction. The crack propagation of out-of-plane gusset welded joints under tension 446 

loading was dominated by the crack mode I, thus the mixed-mode crack had limited influence on the crack 447 

propagation life. Due to the relaxation of welding residual stress, the crack propagation life was 448 

underestimated by 15.5% if only the initial welding residual stress was considered, whilst the crack 449 

propagation life was highly overestimated by 37.5% without considering residual stress. Therefore, it was 450 

suggested to predict the crack propagation life by the converged stress under the cyclic loading to ensure the 451 

accuracy. 452 

The present study shows the fatigue life prediction of out-of-plane gusset welded joints under tension 453 

loading, whilst further investigation should be conducted on its application to more complex loading 454 

conditions. Possible improvement of accuracy of the proposed method can include the modification of 455 

material constants used in predicting crack initiation and propagation life based on the fatigue tests of the 456 

WM, HAZ and BM. The multi-cracks as observed in the fatigue experiment should also be considered to 457 

include the influence of simultaneous crack propagation. 458 
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