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Abstract: Numerical modelling of welding process of two cylindrical tubes subjected to cyclic loads of constant amplitude is presented. For that purpose the Finite Element 
Method (FEM) was used for determination of thermo-mechanical behaviour and evaluation of welded joint residual stresses. In this investigation an efficient computation 
method for initial fatigue life estimation of welded structural components has been developed. Computation method with corresponding computation procedure is based on 
finite element numerical simulations of the thermal and stress analyses. As measure of fatigue resistance of welded structural elements, estimated values of low cycle fatigue 
life were used. Estimation of damages up to crack initiation in the welded joints of two cylindrical tubes was performed using SWT (Smith-Watson-Topper) relations. Present 
computation results are compared with corresponding experimental results of welded structural components. Obtained computation results of initial fatigue life estimation of 
welded structural element are in good agreement with experimental results. 
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1 INTRODUCTION 
 

Welding is one of the most applied techniques in the 
world for joining still structural components. Welds are 
liable to the phenomenon of fatigue, which is primarily the 
formation of initial crack and consequently reduction of 
strength to the action of varying loads. Fatigue is one of the 
main causes of failure in steel structures. The aim of this 
work is to do fatigue life estimation of welded structural 
components under cyclic loads. Since the consequence of 
the welding process is the appearance of residual stresses, 
it is necessary to determine them precisely. Numerical 
simulations of the welding process using FEM represent an 
unavoidable method nowadays [1-3]. Welded 
constructions are usually exposed to cyclic loads. 

Therefore, the precise determination of residual 
stresses is important for the assessment of initial fatigue 
life of the welded structural elements. The subject of this 
paper itself is connected to the fatigue resistance of the 
welded structural elements, where FEM is used for the 
determination of the residual stresses and for all 
mechanical analyses. 

The welding process is becoming more frequently 
used in the process of joining two and more elements of 
constructions. Today, the most frequent use of the welding 
process is found in the automobile industry, shipbuilding, 
railroads, offshore industry etc. However, the whole 
welding process and its wide use in practice bring about the 
appearance of negative effects, such as the appearance of 
residual stresses. Considering the complexity of structural 
elements, besides the presence of residual stresses and the 
local stress concentration, various flaws in the material 
itself and the combined loads during the service can lead to 
failure of structures due to fatigue. The concentration of the 
stresses appears in the root and in the final passage of 
welding seam due to geometric discontinuity. Exactly 
those places are suitable for the appearance of the cracks as 
a consequence of fatigue. Also, the appearance of residual 
stresses during the rapid entry of heat and rapid cooling in 
the zone of welding seam considerably influences the 
resistance of structures against fatigue. Residual stresses 
on tension in the structures after the welding process have 
a negative influence on the behaviour of the structure on 
fatigue. Unlike residual stresses for tension, residual 

stresses for pressure can have a beneficial influence on 
fatigue life of structures. However, the combination of 
various loads during the service and of residual stresses can 
positively influence the resistance of structure against 
fatigue. 

In view of the complexity of welding process which 
encompasses mechanical, thermal and metallurgical 
phenomena and results in the appearance of residual 
stresses, the evaluation of the remaining life of welded 
structures attracts more and more attention amongst 
engineers and scientists. 

Methods in residual life estimations of structures are 
based on the concept of determining strains, stresses and 
stress intensity factors. 

However, all the methods can be divided into two 
categories: global and local methods. 

The evaluation of the remaining life of welded 
structures is based on S-N lines, which are presented in the 
function of nominal stresses and represent a global 
approach. However, the main flaw of this approach is the 
lack of differences between nominal and local stresses, as 
well as the lack of differences between conditions of 
welding in real conditions and experiments in the 
laboratory with test specimen to determine S-N lines. Also, 
this approach is inadequate for the structures exposed to 
alternating loads and a large number of cycles. 

By developing numerical methods, a local approach 
based on Hot Spot Stress Method, Effective Notch Stress 
Method and the growth of crack based on LEFM (Linear 
Elastic Fracture Method) is more and more used in the 
evaluation of the remaining life of welded constructions. 
Hot Spot Stress approach is developed in order to 
determine the resistance of welded structures against 
fatigue when it is extremely difficult to determine nominal 
stresses. This approach is applied in determining the 
resistance against fatigue vessels under pressure and 
welded structures with circular cross section. 

In previous investigations experimental methods have 
been developed [4-6] to study fatigue life estimation of 
welded structural elements. In these considerations the 
effects of discontinuities, geometry, stress ratios, and 
building materials are analyzed. 

There are several approaches and methods for 
estimating the lifespan both up to initial damage and in the 
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presence of cracks. Several approaches exist for predicting 
fatigue life for welded structures. For initial fatigue life 
estimation of weldments, including the various effects of 
influencing this life and the development of a model to 
study the cyclic relaxation of the residual welding stresses 
Mattos et al. [7, 8] developed an analytical computation 
procedure. 
 
2 THERMOMECHANICAL WELDING MODEL 
 

Welding can be modelled as a coupled thermo-
mechanical process. Thermal field and high gradient of 
temperature near weld zone strongly affect stress field. In 
the first stage, a coupled analysis was represented with a 
transient heat transfer, based on heat conduction, with a 
moving heat source, material deposit and temperature 
dependent material properties. Temperature distribution 
T(x, z, y, t) is defined by the partial differential equation, 
with internal heat generation released or consumed per unit 
volume, Qint, and taking ρ, K and c as a function of 
temperature only: 
 

intx y z
T T T T

K K K Q C
x x y y z z t


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   (1) 

 
where ρ is material density, Kx, Ky, Kz coefficients of 
thermal conductivity and C mass-specific heat capacity. 

To solve Eq. (1), initial and boundary conditions are 
needed, respectively: 
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where, Nx , Ny, Nz represent directions normal to the 
boundary, qs is the heat flux (welding heat source), hc and 
hr are convection and radiation heat transfer coefficients, 
respectively, Tr is temperature of radiation heat source, and 
T0 is surrounding temperature. Heat losses due to radiation 
are important only close to the weld, defined as: 
 

   4
0

4
0rq T TT T                                                   (4) 

 
where β is convection coefficient; ε emissivity of pipe 
surfaces, and β = 5,67 × 10−8 W/m2K4 Stefan-Boltzmann 
constant. Away from weld zone, the radiation heat losses 
decrease, whereas convection heat loss increases. The total 
heat input during the welding process, Qtotal, comprises 
volume flux, Qvolume, surface flux, Qsurface, and the energy 
released when the filler material is cooled from 1500 °C to 
20 °C. The power balance is given by Eq. (5): 
 

total deposite volume surfaceQ Q Q Q UI                                   (5) 

 
where η is arc efficiency, U and I are arc voltage and 
current, respectively. 
 

2.1 Mechanical Model 
 

Resulting temperature history is used as the thermal 
loading for residual stress calculation in the subsequent 
transient thermo-mechanical analysis. The equilibrium 
equation can be expressed as: 
 

0ij , j ib                                                                               (6) 

 

ij ji                                                                                    (7) 

 
In Eq. (6) and Eq. (7) σij is the stress tensor, ρ density 

and bi is the body force. In numerical simulation, thermo-
plastic constitutive equations are used: 
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In Eq. (8) and Eq. (9), [De] is elastic stiffness matrix, 

[Dp] plastic stiffnes matrix, [Cth] thermal stiffness matrix, 
[dε] strain increment and dT temperature increment. 
 
3 INITIAL FATIGUE LIFE ESTIMATION OF WELDED 

COMPONENTS 
 

One of the primary goals is the initial assessment of 
the fatigue life of welded structures. To determine fatigue 
life of welded joint thefollowing computation procedure is 
used: FEM for tress analysis, ε-N relations (deformation-
life vs. number of cycles) and introduction of residual 
stresses effects. 

Various criteria can be used for initial fatigue life 
estimation of welded structural elements subjected to 
cyclic loads. In this paper, Smith-Watson-Topper (SWT) 
[9] criterion was chosen because it includes the influence 
of mean stresses in the estimation of the lifetime. The 
relation for the SWT criterion is defined in the following 
form: 
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                                 (10) 

 
where PSWT is SWT parameter. The influence of mean 
stresses is taken into account through. 
 

max m
Δ

2

                                                                 (11) 

 
In previous relations, Eq. (10) and Eq. (11), low cyclic 

fatigue properties of material: , , , , , f f f
' 'N b t c   are used. 

For initial fatigue life estimation of welding joints it is 
necessary to determine these material properties for base 
metal (BM), weld metal (WM) and heat-affected zone 
(HAZ). 
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4 NUMERICAL VALIDATION 
 

Numerical examples are included to verify the 
calculation procedure for estimating the initial fatigue life 
of welded joints. In this study, two types of welded joints 
were considered. The first refers to two butt-welded plates 
and the second to two butt-welded pipes. 

To study initial fatigue life of welded structural 
components two types of welding problems are considered 
here: butt-welded joints and cylindrical welded tubes. 
 
4.1 Initial Fatigue Life Estimation of Butt-Wlded 

Components 
 

As pointed out above, the first example refers to the 
estimate of the fatigue life to initial damage for two butt-
welded plates loaded with a cyclic load of constant 
amplitude as shown in Fig. 1. These welded plates are 
under cyclic external tension loads in which Smax = 146,44 
MPa and R = Smin/Smax = 0. Material of these plates is 
АSТМ А36 [10], Tab. 1. 
 

 
Figure 1 Geometry and loads of butt-welded plates  

 
Table1 Low cyclic fatigue properties of Base, Weld and Heat-Affected Materials 

(A36 Welds) 
Low cyclic material 

properties 
A36-BM A36 HAZ A36-WM 

Cyclic strain hardening, n' 
Cyclic strength coeff., K' 

Fatigue strength coeff., '
f  

Fatigue ductility coeff., '
f  

Fatigue strength exponent, b 
Fatigue ductility exponent, c 

0,249 
1096 MPa 
1013 MPa 

0,271 
−0,132 
−0,451 

0,215 
1489 MPa 
724 MPa 

0,218 
−0,066 
−0,492 

0.155 
1007 MPa 
904 MPa 

0.607 
−0.075 
−0.548 

 
The FEM was used to determine both residual stresses 

and stresses as a consequence of external load. The 
ANSYS software package [16]  was used for this purpose. 

The FE model, as well as the distribution of von Misses 
stresses from external load, are shown in Fig. 2. Evident 
good agreement computation with experimental results can 
be seen in Fig. 3. 
 

 
Figure 2 The von Misses stresses distribution under external tension load 

Complete von Misses stress distribution in the welded  
joint zone is shown in Fig. 2. Here are included  stresses 
due to external load and residual stresses due to welding 
process.The maximum value of residual stresses in the 
welded joint is 240 MPa. The combination of external 
alternating loads (Smax = 146,4 MPa and Smin = 0 MPa) are 
producing stress in the area of concentration of welded 
joint of circa 280 MPa with residual stresses of 240 MPa. 
 

 
Figure 3 The comparison of present results of fatigue life estimation with 

experiments [11] 
 

Combining previously determined stresses by FEM 
together with the initial fatigue life estimation using Eq. 
(10) of welded specimen, shown in Fig. 1, is determined. 
Computation of initial fatigue life estimation is compared 
with experiments, as shown in Fig. 3. Good agreement 
computation results with experiments of butt welded joint 
is evident. 
 
4.2 Initial Fatigue Life Estimation of Two Cylindrical 

Welded Tubes 
 

To study initial fatigue life the problem of two welded 
tubes under combined thermo-mechanical loads is 
considered here. For determination of residual and 
mechanical stresses FEM [12-14] is used. 
 
4.2.1 Numerical Simulation of Residual Stresses of Two 

Welded Tubes 
 

In this paper, a computational approach based on FEM 
is used and software code ANSYS [16] is employed to 
determine temperature fields and residual stress 
distribution induced by welding in A36 steel tubes. Tube 
lengths are 200 mm, outside diameter 324 mm, and wall 
thickness 3,96 mm, as shown in Fig. 4. 
 

 
Figure 4 Geometry properties of tubes and boundary conditions 
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For the accurate determination of temperature fields 
and the residual stress distribution induced by the welding 
process, a finer mesh is used at the welding zone and its 
vicinity. The number of division in the circumferential 
direction is 200. In the finite element model, the number of 
nodes is 21600, and the number of elements is 14400. The 
finite element model is shown in Fig. 5. 
 

 
Figure 5 Tube model used for finite elements analysis 

 
Numerical simulations require mechanical and thermal 

properties for ASTM A36 steel, defined in Fig. 6 and used 
by ANSYS software code.  
 

 
Figure 6 Changing of material properties of ASTM A 36 steel with temperature, 

[15] 
 

Welding is defined as follows: tungsten inert gas (TIG) 
process, current I = 110 A, voltage U = 20 V and speed v = 
5 mm/s. In this numerical simulations the following data is 
used: convective heat transfer hc = 15 W/m2K, arc efficiency 
η = 70%, emissivity ε = 0,8. Welding of two tubes is carried 
out in a single pass. The specific heat flux input is q = 2,076 
e10 J/m3s. The joint type was single "V-groove" butt joint 
with a 1,2 mm root gap, root face 1,5 mm and groove angle 
60°. 

Structural analysis is carried out by ANSYS software 
code including birth and death elements in process defining 
of the weld. In this structural analysis the same finite element 

mesh for mechanical and thermal analyses is used. Different 
types of finite elements are used for these two types of 
analysis. In mechanical FE analysis SOLID45 type finite 
elements are used. In thermal structural analysis SOLID70 
type finite elements are used. Fig. 4 shows geometry and 
boundary conditions that are used in structural analysis by 
FEM.  

 

 
Figure 7 Temperature field 100 sec after start of welding, α = 180°, bottom view 
 

 
Figure 8 Residual stress distributions in axial direction 

 

 
Figure 9 Residual von Misses stresses 
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Temperature field induced by moving heat source 100 
s after welding start is shown in Fig. 7. The maximum 
temperature of the weld bead, 1408 °C, can be seen in this 
figure. Fig. 8 shows the distribution of the longitudinal 
residual stress in welded tubes after the material was 
cooled at room temperature. Detailed stress distributions of 
the residual stresses after the material was cooled are 
shown in Fig. 9. Fig. 10 displays compressive residual 
stresses in the outer surface, respectively. 
 

 
Figure 10 Residual stresses in axial direction on the outer surface of pipes and 

phase angle 180° 
 
4.2.2 Initial Fatigue Life Estimation of the Welded 

Cylindrical Tubes 
 

The initial fatigue life of welded tubes is considered 
here, Fig. 4, under combined residual and mechanical 
loads. To determine initial fatigue life of welded tubes 
SWT, Eq. (1) is used. Maximal residual tension stress is 
251 MPa. Combining tension residual stress subjected to 
external mechanical stress 150 MPa in welding joint initial 
fatigue life is determined. Material properties of the base 
material (BM) of cylindrical tubes that are used in initial 
fatigue life estimation are given in Tab. 1, in accordance 
with АSТМ А36BM [10]. Axial and Von Misses stresses 
due to thermal and external tension load under 150 MPa 
are shown in Fig. 11 to Fig. 13.  These stresses are 
incorporated in SWT Eq. (10) to determine initial fatigue 
life of two welded cylindrical tubes. 
 

 
Figure 11 Axial stresses due to thermal and tension load 150 MPa 

The maximum value of residual stresses in the welded 
joint is 251 MPa. The combination of external cycling 
loads (Smax is changed from value 150 MPa to 80 MPa and 
Smin = 0 MPa for all cases/for all points in diagram in Fig. 
14) with residual stresses of 251MPa. In Fig. 14 is shown 
initial fatigue life of welded tubes under combined external 
loads (Δσ = Smax − Smin) and residual stresses. 
 

 
Figure12 Von Misses stresses due to thermal and tension load 150 MPa 

 

 
Figure 13 Distribution of axial stresses due to thermal and tension load 150 

MPa 
 

 
Figure 14 Initial fatigue life estimations of two welded cylindrical tubes under 

combined mechanical and residual stresses 
 
5 CONCLUSIONS 
 

This work considers initial fatigue life of two types of 
welding constructions; (1) butt-welded components and (2) 
welded tubes type constructions. In this analysis numerical 
simulations of residual welding stress modelling and initial 
fatigue lives estimations of welding type constructions are 
considered. Special attention in this research is focused to 
developing reliable computation procedure by using FEM 
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for stress analysis and for initial fatigue life estimations of 
welded structural components. 

To verify the validity of the presented results for 
estimating the fatigue life of the welded joint, comparisons 
with experiments were made, with the following 
conclusions: 
 FEM is an efficient technique for determination of 
residual stresses in welding joints. 
 Welding was successfully modelled by using FEM and 
ANSYS software code. 
 Initial fatigue life computation procedure of butt 
welded joints and two welded cylindrical tubes under 
combined external cyclic loads (Δσ = Smax − Smin) and 
residual stresses using SWT criteria are presented. Good 
agreement between present computation results with 
experiments is obtained. 

The present computation method is useful also in 
design, since different process parameters, such as welding 
speed, number of passes and their sequence, as well as 
various geometrical constraints and material parameters 
can be included in this stress analysis and initial fatigue life 
estimations. 
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