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ABSTRACT 
The mechanism study of steel pipe welding in Dianzhong water diversion project is very complicated, 
and there are many process parameters affecting the temperature distribution of high-frequency 
heating of welded steel pipe, and the degree of influence and the influence law are not the same. In 
this paper, Abaqus software is used to carry out the finite element analysis of the steel pipe welding 
process, and the displacement variational method (i.e., Ritz method) is introduced to derive the radial 
displacement of the steel pipe when it is subjected to the action of the centralized force, so as to realize 
the finite element simulation of the welding process of the steel pipe. At the same time, the 
optimization of the welding process parameters of the steel pipe is realized by combining the radial 
basis function neural network (RBF) and particle swarm algorithm (PSO). The simulation results show 
that the Von mise equivalent residual stress at the weld seam reaches the nominal yield strength of the 
material on both the internal and external surfaces of the steel pipe, while the axial residual stress has 
a very different distribution law on the internal and external walls of the steel pipe, which belongs to 
the tensile stress and weld residual compressive stress at the weld seams on the internal and external 
walls of the steel pipe, which are about 0.4 times the yield strength of the material and 0.7 times the 
yield strength of the material, respectively. The ring residual stress distribution law of the steel pipe is 
similar to the axial residual stress, but both reach the nominal yield strength of the material. Through 
parameter optimization, this paper determines that when the opening angle is 5°, the current 
frequency is 217.35 kHz, and the distance from the coil to the V-point is 252 mm, the corresponding 
optimization target values are all smaller, and the welding quality of the corresponding weld seam is 
better. The research in this paper provides a theoretical basis for further improving the welding quality 
of steel pipe in Dianzhong water diversion project. 
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1. Introduction 

Central Yunnan is located in the center of Yunnan Province, with high terrain and relatively scarce 
water resources [1]. In order to solve the water problems of local residents and promote the 
development of local economy, water diversion project was proposed and started to be implemented, 
the main target is to transfer water from other areas to central Yunnan to solve the local water 
problems, provide irrigation water source, and promote the development of local economy [2-3]. The 
water diversion project includes three main parts: water intake, water transmission and irrigation, in 
which the steel pipe welding process is an important process throughout the whole process [4]. 

Steel pipe welding construction process has a total of ten steps process: preparation, pipe mouth 
preheating, root welding, hot welding, ϐiller welding, cover welding, post-weld insulation, surface 
cleaning, appearance inspection and repair, pipe section sealing [5]. The overall involves cleaning, 
measuring, cutting, trimming, assembling, selecting welding methods and materials, controlling 
welding parameters, welding technology, inspection methods, etc. Through correct operation and 
strict control, it can ensure the quality and continuity of pipeline welding and improve the strength 
and service life of welded joints [6-9]. Steel pipe welding construction is characterized by large 
mobility, small working surface, poor construction environment, many on-site operations, but also 
because of the complexity of the construction process has brought many problems. 

First of all, the construction site with the construction progress and constantly migrate, compared 
with the factory production products, increased construction management, quality management, 
safety management and other aspects of the difϐiculty of welding operations in the ϐlow state, to ensure 
the quality of the relative increase in the difϐiculty of a variety of terrain and ground attachments to 
the pipeline construction put forward higher requirements, but also prompted the pipeline welding 
construction should be adapted to the local conditions to choose different construction methods to 
meet the needs of the project, but also consider the wind, rain, snow, fog weather and temperature, 
humidity and other natural environment on the impact of welding quality [10-13]. Secondly, 
anticorrosive steel pipe and other joint weld welding operations with pipe welding, electric ϐire and 
other characteristics, there is a limited space operation asphyxiation, electrocution, ϐire, occupational 
disease (pneumoconiosis) and other safety risks [14-17]. Finally, steel pipe welding construction time 
is long, low efϐiciency is easy to affect the schedule; and because of the welding time is tight, in the 
encounter of other pipelines and obstacles need to lie down or turn construction, often in the 
localization of the dense weld, due to the quality can not be guaranteed and leakage often occurs, can 
not meet the requirements of the pipeline pressure test, non-destructive testing and acceptance of the 
completion of the project [18-20]. Therefore, it is necessary to optimize the welding process of steel 
pipe to improve the efϐiciency and ensure the construction quality at the same time. 

In this paper, based on the displacement variational method, the simulation of the steel pipe welding 
process of the water diversion project in the middle of Yunnan Province is realized, and the process 
parameters of steel pipe welding are optimized. The simulation is mainly carried out from two aspects 
of temperature ϐield and stress ϐield, and the axial residual stress is simpliϐied according to the 
simulation results. On the basis of the simulation, the radial basis function (RBF) neural network was 
used to ϐit the sample data, and then the particle swarm algorithm (PSO) was used to optimize the 
three main process parameters, namely, the opening angle, the current frequency, and the distance of 
the coil from the V-point, to ϐind out the optimal values of the three main process parameters under 
the welding condition of the steel pipe of Dianzhong Diversion Project, so as to realize the optimized 
simulation of the welding process of the steel pipe. 
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2. Finite element simulation model of steel pipe welding process based on 
variational method 

This paper realizes numerical simulation and optimal design of steel pipe welding process in 
Dianzhong water diversion project by constructing a ϐinite element simulation model of steel pipe 
welding process and using the variational method to derive the radial displacement of steel pipe when 
it is subjected to the action of concentrated force. 

2.1. Finite element simulation of steel pipe welding process 

2.1.1. Welding Finite Element Simulation Technical Support: 

1) Material ontology. The mechanical properties of a material are usually expressed using the stress-
strain relationship, with the inclusion of a time variable in individual cases. Typically, materials are 
modeled by the principal structures of linear elasticity, elastoplasticity and viscoelasticity. The 
constitutive equation describing linear elasticity is: 

 E   (1) 

 G   (2) 

 
2(1 )

E
G





 (3) 

Where:   denotes stress.   denotes strain. E  denotes modulus of elasticity. G denotes shear 
modulus of elasticity.   denotes Poisson's ratio. 

When describing the elastic-plastic body, it should comply with the Mises yield criterion, often using 
multiple functions to cope with different problems, which can be divided into rigid-plastic model, ideal 
elastic-plastic model and linear reinforced elastic-plastic model. 

(1) Rigid plasticity model: 

 s   (4) 

(2) Ideal elastic-plastic model: 
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(3) Linear reinforced elastoplastic model: 
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The viscoelastic model, on the other hand, studies creep and relaxation type of situations and is used 
in fewer scenarios in engineering analysis. Before selecting the material model, it is necessary to deϐine 
the material properties, including the thermophysical parameters of the material, i.e., the modulus of 
elasticity, yield strength, speciϐic heat and other parameters at different temperatures. 
2) Heat source model. This is a mathematical expression relative to time and space summarized 
according to the distribution characteristics of heat input. According to different types of welding to 
choose a different heat source model, general arc welding using Gaussian heat source or double 
ellipsoid heat source model. 
3) Life and death unit. The life and death unit perfectly reϐlects the region where the welding torch 
does not pass through, the weld is empty state, and the regional unit is activated when the welding 
torch passes through. In the case of a single pass weld, a set of cells should be deϐined during meshing, 
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and the set should be reactivated sequentially in the analysis step. And in the subsequent steps, the 
timing of the action of each heat dissipation surface should also be assigned according to the birth and 
death cells. 
4) Heat engine coupling. It mainly contains two kinds of coupling, one is complete coupling and the 
other is sequential coupling. The difference is that the complete coupling is to solve the temperature 
ϐield and stress ϐield at the same time inside an incremental step, and the sequential coupling is to 
solve the completed sequential ϐield ϐirst, and then solve the stress ϐield later. 

2.1.2. Basic ϐlow of welding ϐinite element simulation: 
1) Welding simulation of the complete coupling method 

The order of operation of the complete coupling is as follows: 
Create a part → Deϐine the material (thermophysical parameters at different temperatures) → 

Deϐine the assembly → Deϐine the analysis step (① Deϐine the temperature-displacement coupling 
analysis step, ② Deϐine the welding process and the cooling process) → Divide the mesh (encrypted 
mesh at the weld) →  Deϐine the interaction (boundary heat transfer) →  Deϐine the load (heat 
source model of the moving load) →  Deϐine the constraints (jigs and ϐixtures) →  submit the 
Calculation (add heat source subroutine) 
2) Welding simulation by the sequential coupling method. The sequence of operations for sequential 
coupling is as follows: 

Create parts →  Deϐine materials (thermophysical parameters at different temperatures) → 
Deϐine assembly → Deϐine analysis steps (① Deϐine temperature-displacement coupling analysis 
step, ② Deϐine the welding process and the cooling process) → Divide the mesh (encrypted mesh 
at the weld) → Deϐine interactions (boundary heat transfer) → Deϐine load (heat source model of 
moving load) →  Submit calculations (add heat source subroutine) →  Change the analysis step 
(change to a generic analysis step with no change in the time of the analysis step) → Predeϐined ϐield 
(import the temperature ϐield from the previous result) → Deϐine constraints (work ϐixture) → 
Solve the calculation. 

2.1.3. Welding ϐinite element method design. In this paper, Abaqus software is used for ϐinite element 
analysis of steel pipe welding process [21]. In order to better understand the Abaqus simulation of the 
welding process, this time a single-layer single-pass welding and a multi-layer multi-pass welding 
were used for step-by-step advancement. 
1) Single-layer single-pass welding. The single-layer single-pass welding model uses a steel pipe with 
an outer diameter of 159 mm and a wall thickness of 6 mm for ϐinite element analysis. The welding 
bevel is determined in the simulation according to the welding process test of the gas guide tube and 
the actual welding situation. According to the ultrasonic ϐlaw detection report, V-bevel along the 
circumference of the two sides of the test, did not see excessive defects, and V-bevel on the model 
requirements are low, more suitable for welding simulation. So this simulation of welding bevels using 
V-type bevels for ϐinite element analysis. 

Since Abaqus does not have a built-in unit system other than degrees, the International System of 
Units (SIU) was chosen as the uniϐied unit standard for this simulation. When creating the part type, 
the features are selected as deformable tensile solids. In the Abaqus drawing process, follow the 
principle of ϐirst overall and then reϐinement, ϐirst draw the overall shape roughly, and then use to add 
dimensions to mark the lines, the long side of the input size of 20mm, of which 2mm is reserved for 
the weld seam. Select the short side to enter the new size of 4 mm, according to the 60 ° type bevel to 
determine the upper edge of the two points, automatic positioning to the midpoint of the drawing of 
the residual height of 1 mm, with three points to determine the arc of the arc of the upper edge of the 
weld to draw the arc, and ultimately get the required cross-section and weld size. The cross-section 
size and weld seam are shown in Figure 1. 
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Fig. 1. Section size of single layer and single pass weld 

In this paper, the weld and the base material are split and redeϐined by deϐining the cutting plane, 
and the meshes of the base material and the weld are deϐined at the same time. The base material is 
subjected to less thermal cycling and low residual stresses, so the mesh size decreases gradually from 
side to side, and when it reaches the weld, then the weld mesh is divided into a detailed and neat single 
one, which saves a lot of calculation time and improves the calculation accuracy. 

For the single-layer single-pass welding simulation, the double ellipsoid heat source model is 
selected in this paper. The double ellipsoid heat source model is schematically shown in Figure 2. In 
the double ellipsoid heat source, with O as the origin, the ϐirst half, i.e., the smaller 1/4 ellipsoid, 
points to the forward direction of welding. There are four parameters that determine the shape in the 
double ellipsoid, i.e., different lengths of the two ellipsoids along the x -axis, the same width along the 
y -axis and the same depth along the z -axis. They are denoted as 1a , 2a , b , and c in the ϐigure, 

respectively. b   is related to the melt width and c  is related to the melt depth in the heat source 
calibration process. 

Formulae for the double ellipsoid heat source model (maximum heat ϐlow density at the center): 
The ϐirst half ellipsoid equation: 

 
  2 2 2

1
1 2 2 2
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f x y z
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 (7) 

The posterior half ellipsoid formula: 
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 (8) 

Where: 1a  indicates the length of the front half-axis in the welding direction. 2a  indicates the rear 
half-axis length in the welding direction. b   indicates the half-axis length in the direction of weld 
width. c denotes the length of the half-axis in the direction of weld depth. 1f  and 2f  indicate the 
energy ratio of the front and back half ellipsoids, respectively. x   indicates the distance from the 
center of the heat source in the direction of the weld. y  indicates the distance from the center of the 
heat source in the direction of melt width. z  denotes the distance from the center of heat source in 
the direction of melt depth. 
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Fig. 2. Model of double ellipsoidal heat source 

2) Multi-layer multi-pass welding. Compared with single-layer single-pass welding, multi-layer multi-
pass welding is more complex, so the double ellipsoid heat source model is still chosen for the heat 
source model. Unlike single-layer single-pass welding, multi-layer multi-pass welding set up analysis 
step needs to establish a number of analysis steps, the ϐirst need to set up a very short time to kill the 
weld to the two steel pipe self-check, and then because of the design of the 7-layer 7-pass welding, 
each weld needs an analysis step, plus each weld needs to be set up after the welding of the cooling 
time of 12s, completely welded after the cooling time is set to 4800s, so the total of Multiple analysis 
steps are required, because the increase in analysis steps leads to a signiϐicant increase in simulation 
time. According to the welding speed input welding time, so that the welding simulation can be 
calculated smoothly, the welding time through the calculation is about 9724 s. In a whole welding 
process, the welding speed is the same, which if you want to change the welding speed of a particular 
weld, you can also be changed in the process of designing, so as to be able to use more ϐlexible. 

2.2. Derivation of radial displacement of steel pipe under force based on variational method 

In order to better realize the optimized simulation of the welding process of steel pipe in Dianzhong 
Water Diversion Project, this paper chooses the displacement variational method (i.e., Ritz method) to 
derive the radial displacement of steel pipe when it is subjected to the action of concentrated force. 

2.2.1. Variational methods. The variational method, mainly studies the generalized functions and 
their extremal solutions [22]. The so-called generalized function is a class of functions with a function 
as the independent variable, simply put, the generalized function is a function of a function. The 
generalized function studied in the variational method of elastodynamics is the energy of an elastic 
body, such as deformation potential energy, external potential energy, etc. Therefore, the variational 
method in elastodynamics is also known as the energy method. 

It is assumed that the elastomer is always in equilibrium during the application of a force, so there 
is no change in kinetic energy, and there is no change in the non-mechanical energy of the elastomer, 
so the decrease in the potential energy of the external force is completely transformed into the 
deformation potential energy (also known as strain energy), which is stored in the interior of the 
elastomer. The deformation potential energy can be calculated as the work done by the stress on its 
corresponding strain. 

In general, elastomers are not uniformly stressed, and the individual stress and deformation 
components are generally a function of positional coordinates, and thus the strain energy density v  
is generally a function of positional coordinates. In order to be able to derive the deformation potential 
energy V  for the whole elastomer, the strain energy density v  must be integrated over the whole 
volume of the elastomer, i.e.: 

  1

2 x x y y z z yz yz z zx xy xyV dxdydz                   (9) 
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It can be seen that the deformation potential energy of an elastomer will not be negative regardless 
of its deformation. The deformation potential energy will be equal to zero only if all deformation 
components of the elastomer are equal to zero, which corresponds to a positive deformation potential 
energy under any deformation. The deformation potential energy is expressed in terms of the 
displacement components: 
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
 (10) 

Suppose there is an arbitrary elastomer that is in equilibrium under the action of some external 
force. Lists u , v, and w  are the displacement components actually present in this elastomer, and 
they satisfy the equilibrium differential equation expressed in terms of the displacement components, 
and satisfy the displacement boundary condition as well as the stress boundary condition expressed 
in terms of the displacement components. It is assumed that these displacement components undergo 
a small change allowed by the displacement boundary conditions, known as virtual displacement or 
displacement variance u , v , w , becomes: 

 , ,u u u v v v w w w           (11) 

Assume that there is no change in velocity or temperature, and therefore no change in thermal or 
kinetic energy, of the elastomer during the virtual displacement. In this case, according to the theorem 
of conservation of energy, the increase in deformation potential energy should be equal to the decrease 
in the potential energy of the external force, which is also equal to the work done by the external force, 
i.e., the so-called virtual work. The external forces include the body forces with components xf , yf , 
and zf  , and the surface forces with components xf  , yf  , and zf  , so the increase in deformation 
potential energy is seen to be: 
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x y z
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V f dxdydz u f dxdydz v f dxdydz w

f dS u f dS v f dS w
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  

  

  




 (12) 

The triple integral in Eq. (12) must include the full volume of the elastomer. Since the virtual 
displacement or displacement variability u , v , and w  occurs as allowed by the displacement 
boundary conditions, 0u v w     , on the constrained boundary, the triple integral of Eq. (12) 
need only include the full boundary area subject to the known surface forces. Equation (12) is obtained 
by collapsing it: 

    x y z x y zV f u f v f w dxdydz f u f v f w dS              (13) 

Equation (13) is the so-called displacement variational equation, also known as the Lagrangian 
variational equation. 

2.2.2. Ritz method. Ritz's method, one of the most important of the direct solutions of variational 
problems, is a computational method derived using the principle of minimum potential energy, the 
basic idea of which is not to consider the value of the generalized function in the tolerance function, 
but to approximate the extremal curves of the variational problem by a linear combination of a selected 
sequence of linearly uncorrelated functions [23]. An important role in structural analysis is to solve 
complex problems and their approximate solutions. Assume an expression for the displacement 
components such that the displacement boundary conditions are satisϐied, but which contains several 
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coefϐicients to be determined, and then determine these coefϐicients using the displacement 
variational equations. 

Try to take the expression for the displacement component as follows: 

 0 0 0, ,m m m m m m
m m m

u u A u v v B v w w C w         (14) 

According to expression (13), the variational component of the displacement component is: 

 , ,m m m m m m
m m m

u u A v v B w w C           (15) 

And the variation of the deformation potential energy is: 
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Bringing Eq. (15) and Eq. (16) into the displacement variational equation (13) gives: 
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Perform a shifting term, which normalizes the variances of each coefϐicient to obtain: 
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Since the variables mA , mB , and mC  are completely arbitrary and independent of each other, 
their coefϐicients in the above equation must be equal to zero. Thus it is obtained: 
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 (19) 

Equation (19) is a primary equation for each coefϐicient. The equation can be solved for the 
individual coefϐicients and thus for the displacement components; this method is known as the Ritz 
method. 

2.2.3. Derivation of steel pipe displacement using Ritz method. The steel pipe force model is shown 
in Fig. 3. The displacement component is set in the form of Eq. (10): 

Radial displacement: 
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z z z zu A e e A e e A e e A e e           (20) 

This pipe can be regarded as an axisymmetric model, and its radial displacement is affected by both 
radial and axial directions due to the effect of annular concentrated force. 

Circumferential displacement: 

 0v   (21) 

This pipe can be considered as an axisymmetric model, and annular displacement is not to be 
considered here. 

Axial displacement: 

 2 3 4
1 2 3 4

z z z zw C e C e C e C e        (22) 

This pipe is an axisymmetric model, and its axial deformation is the same in all cross sections, 
independent of the radius. 

Where: u , v, w  is the displacement component, unit m . ,A C  is the 8 coefϐicients that do not 
depend on each other. 

R

R

ZO

P

P

p

 

Fig. 3. Pipeline force model 

Here, converting the right-angle coordinate system in which the equation is located to a column 
coordinate system, such that cosx   , siny   , z z , and 2 2 2x y   , we have: 

 ,
u u u u u u

x x x y y y

   
   

         
   

         
 (23) 

Since this pipe can be considered as an axisymmetric model, the effect of its circumferential 
deformation is not considered here. Then: 

  2 3 4
1 2 3 4 cosz z z zu u
Ae A e A e A e e

x x
 


    

    
  

 (24) 

  2 3 4
1 2 3 4 sinz z z zu u
Ae A e A e A e e

y y
 


     

    
  

 (25) 

Then it is known that the deformation potential energy of the pipe i.e. Eq. (10) is expressed in terms 
of the displacement component: 

 

2 2 2

22

2(1 ) 1 2

1 1

2 2

E u w u w
V

x z x z

u u
d d dz

z y


  

   

   


                               
              


 (26) 
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Where: E   is the modulus of elasticity in GP.    is the Poisson's ratio. u   and w   are 
displacement components. 

When 0z   is present: 
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2 3 4
( 0) 1 2 3 4

22 3 4
1 2 3 4
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z
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      
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
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 
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

   

      
       


    



 


  

 

 
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E
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  

  


 

  

   

   

   

 

   

    

    



   

 

   

 

2 2 2 2
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2 2 2 2
2 3 2 4 3 4

2 2 2 2
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2 2 2 2
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1 1 1 1 2 1 2

2 4 6 8 3 2 5

2 1 2 1 1
Re

5 3 7 2 2

1 3 4 3 8 12
2

2 2 3 2 5 5

8 24 1 1 3

3 7 1 2 2

R r R r

A A A A A A A A A A

A A A A A A re e e

A A A A A A A A A A A A

A A A A R r C C





 






      


            
       


      
2
3

2
4 1 2 1 3 1 4 2 3 2 4 3 4

2

4 3 8 12 8 24
2

3 2 5 5 3 7

C

C C C C C C C C C C C C C





       


 (27) 

( 0) ( 0)z zV V    when z 0 . 

It follows that the total deformation potential energy is: 
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   
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2
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 


  


     
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

 (28) 

Derive here for V : 
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    
 

               

 (29) 
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 

               

 (30) 
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     
 

 (31) 
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             
               

     
 

 (32) 

Applying the Ritz method of displacement variational method, take | |
1

z Re e   , 2| |
2

z Re e   , 
3| |

3
z Re e  , 4| |

4
z Re e  , 1 , 2 , 3 , 4  directions are radial. 

According to the thick-walled cylinder force can be known body force is zero, radial surface force 
f P   . Then there: 
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  

 (33) 

Bringing Eqs. (20) to (22) and Eq. (26) into Eq. (33) shows the following equation: 
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 (34) 

To simplify the calculation, it is taken in the operation: 

    2 2 2 21
Re

2
R r R rM re e e       

 (35) 

Solve for M  by bringing it into Equation  f : 
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 (36) 

To further simplify the calculation process take in the above equation: 
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40(4 9)( 4)( 299)
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 
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2 (1 )Re R

N
EM

  
  (41) 

Therefore, the radial displacement at each place of the pipe can be solved as: 

  | | 2| | 3| | 4| |
4 2 3 4

z z z z
lu K e K e K e K e Ne P        (42) 

2.3. Simulation results and analysis 

2.3.1. Analysis of temperature ϐield simulation results. Welding process, due to the extreme 
inhomogeneity of the heat input, and the heat source is also in a state of constant movement, so the 
temperature ϐield in the weldment changes sharply with time and space, and there is a large 
temperature gradient in the weldment, the accuracy of the results of the temperature ϐield calculation 
of the weldment in each region depends on the simulation process to establish the geometric model, 
the material model, the boundary conditions, and so on, and the results of the temperature ϐield 
calculations will be The temperature ϐield calculation results will directly affect the accuracy of the 
subsequent welding stress ϐield calculation results. The melting point of the selected Q420 steel is 
about 1450 ℃, the simulation will be more than 1450 ℃ part of the deϐinition of the weld pool, 
according to the built three-dimensional model, using the corresponding mesh division, heat source 
parameters, process parameters, boundary conditions, the calculation of the Q420 large-diameter 
thick-walled steel pipe welding transient temperature ϐield results. 

The temperature time course curve extraction node is shown in Figure 4. Seven nodes named W1-
W7 are extracted at equal spacing along the circumference of the weld on the surface of the weld, seven 
nodes named D1-D7 are extracted along the circumference of the weld in the heat-affected zone, seven 
nodes named LI-L7 are extracted along the circumference of the weld in parallel with the W1-W7, 
seven nodes named LI-L7 are extracted along the base material away from the weld in parallel with 
the WI-W7, then one node is extracted in the inner wall of the pipe in the direction perpendicular to 
the weld at intervals of 10mm in the weld and the heat-affected zone, and a node corresponding to the 
position of 20mm is extracted at intervals far away from the weld. Then in the direction of vertical 
weld in the inner wall of the steel pipe, a node is taken at an interval of 10mm in the weld and heat 
affected zone, and a node is taken at an interval of 20mm away from the weld, and a total of 10 nodes 
are taken in the direction of vertical weld, and the corresponding positions in the inner wall of the 
steel pipe are taken at the points HI-H10 in Figure 4. Finally, the temperature time proϐile of these 
nodes is extracted. 
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Fig. 4. Nodes for extracting temperature time history curves 

The equidistant node temperature time proϐile taken in the weld zone is shown in Figure 5. From 
Fig. 5, it can be seen that in the welding heating process, when the heat source moves to a certain point, 
the temperature of this point rises rapidly until the maximum value, and then drops rapidly as the heat 
source leaves, and the temperature drops rapidly to 300 ℃, and then the cooling rate slows down 
until the room temperature state. Because the nodes W1-W7 in the model symmetry surface, in the 
last weld surface, in the welding of other welds this weld belongs to the inactive state, the node 
temperature is always in the room temperature, when welding to the node position, the unit is 
activated by the welding heat source heated by the node temperature rises rapidly to reach the 
maximum temperature. So there is only one wave peak in each curve, and by comparing the rising and 
falling stages of the curve, it can be seen that the rate of temperature rise is obviously greater than the 
rate of fall, and after entering the quasi-steady state, the temperature change process at each point is 
the same. 

 

Fig. 5. W1-W7 temperature history curve 

The temperature time-course curves of nodes D1-D7 are shown in Fig. 6, and the D1 curve is shown 
in Fig. 7. Because these seven points are located on the base material and do not undergo the process 
of unit life and death, it can be seen from the D1 curve that each curve has a total of 17 wave peaks, 
which side by side conϐirms that the member has undergone 17 welding heating process. And each 
wave peak has high and low, this is because of the inϐluence of the welding order of the weld channel, 
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this study uses the symmetric welding process, the welding order of the weld channel is symmetric 
about the member symmetric section symmetric, in the symmetric part of the weld is the last weld 
channel welded in each layer of the weld. The temperature is high when the weld passes are close to 
the nodes taken and the temperature peak is lower when the weld passes are farther away from the 
nodes. 

 

Fig. 6. D1-D7 Temperature history curve 

 

Fig. 7. Temperature history curve on D1 

The temperature time-course curves of nodes L1-L7 are shown in Fig. 8, and the D1 curves are 
shown in Fig. 9. Since nodes L1-L7 are also located on the base material and do not undergo the process 
of unit life and death, there are 17 peaks in each temperature time course curve, but compared with 
the temperature time course curves of nodes D1-D7, the overall temperature of L1-L7 is lower, which 
is due to the fact that L1-L7 is further away from the weld compared to D1-D7 and the difference in 
the peaks between the different peaks is smaller, which is due to the fact that the distance from the 
weld is farther and the difference in the distance from different weld to the node is This is due to the 
fact that the distance from the seam is farther and the difference between the peaks of different welds 
from the node is smaller. 
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Fig. 8. L1-L7 Temperature history curve 

 

Fig. 9. Temperature history curve on L1 

The time course proϐile of the temperature at the equidistant node taken along the direction of the 
vertical weld path is shown in Fig. 10. When the welding heat source moves to the cross-section, the 
cross-section temperature rises sharply, and the peak temperature in the weld region reaches more 
than 2100℃. After the heat source moved through the rapid decline in temperature, and the same rule 
of temperature change on the weld center line, the rate of temperature rise is obviously faster than the 
decline, and due to heat conduction, the peak temperature of each point with the distance from the 
center of the weld increases and decreases, combined with the local zoom in Figure 10 can be seen 
that the time to reach the peak temperature is also lagging behind. 
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Fig. 10. H1-H10 Temperature history curve 

The temperature time curve extracted from each point of 1-17 weld passes on a certain section is 
shown in Fig. 11, from which it can be seen that the peak temperature at the node of each weld is 
similar, and is around 2100℃. 

 

Fig. 11. Temperature time history curve of each solder path node in the same section 

The 1st weld node, the 10th weld node, the 15th weld node, and the 17th weld node temperature 
time course proϐiles are shown in Fig. 12, Fig. 13, Fig. 14, and Fig. 15, respectively. Figure 12 has 17 
peaks because the ϐirst weld is the earliest activated weld, Figure 13 has 8 peaks because weld 10 was 
not activated when the ϐirst 9 welds were welded, the ϐirst weld and the 8th peak are higher than the 
other 6 peaks in the ϐigure because of the position of the 10th weld and the 17th weld, and the 17th 
weld is right next to the 10th weld, so the 17th weld is not activated when welding the 10th weld, and 
the 10th weld is not activated when welding the 17th weld. The 17th weld is directly above the 10th 
weld, so the welding of the 17th weld has a greater effect on the temperature of the node on the 10th 
weld. The 5th to 7th peaks are higher than the 2nd to 4th peaks, also because the 14th to 16th weld 
passes are closer to the 10th pass than the 11th to 13th passes. As can be seen from Fig. 14, the 
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temperature time proϐile has 3 peaks. As can be seen from Fig. 15, there is only 1 wave peak because 
the 17th weld node is the last activated weld. From the above analysis, it can be seen that the results 
of this welding temperature ϐield simulation are very reasonable and can accurately describe the 
change process of the welding temperature ϐield of the large-diameter thick-walled steel pipe under 
this welding process. This is one of the keys to obtain an accurate welding residual stress ϐield. 

 

Fig. 12. Temperature history curve of the ϐirst weld joint 

 

Fig. 13. Temperature history curve of the tenth weld joint 
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Fig. 14. Temperature history curve of the ϐifteenth weld joint 

 

Fig. 15. Temperature history curve of the seventeenth weld joint 

2.3.2. Analysis of stress ϐield simulation results. Based on the welding temperature ϐield to further 
solve the welding stress ϐield, components in the actual welding process requires ϐixtures to be ϐixed, 
in the welding simulation process in order to match the actual situation, the displacement constraints 
loaded in the course of this study: welding process in the symmetry plane node symmetry constraints, 
symmetry constraints is the principle of constraints on the symmetry plane nodes perpendicular 
symmetry plane direction of the displacement of nodes along the symmetry plane nodes can be 
rotated along the symmetry plane, translational, and so on. Nodes on the symmetry plane can rotate 
and translate along the symmetry plane. At the same time on both ends of the steel pipe member cross-
section nodes for ϐixed constraints, in the cooling stage: the same symmetry constraints in the 
symmetry plane, while releasing the ϐixed constraints on the nodes of the two ends of the steel pipe 
cross-section, and only at one end of the cross-section of the three nodes selected for the minimum 
constraints to prevent displacement of the rigid body, so that the component can be free to deform. In 
the welding stress ϐield calculation process the material adopts isotropic isotropic strengthening 
model, and the material obeys the Von mise yield criterion. And the effect of strain hardening of the 
material on the welding residual stress ϐield of the steel pipe is considered. 

In order to obtain the distribution pattern of the residual stress along the axial direction of the thick-
walled steel pipe, two paths need to be deϐined on the inner and outer surfaces of the steel pipe along 
the axial direction, and the residual stress values at the nodes are extracted along the paths, and then 
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plotted as stress curves. The deϐined extracted stress paths are shown in Fig. 16, and the nodes on the 
paths are the nodes obtained by model meshing. 

 

Fig. 16. Stress extraction path 

The residual stress curve on the inner surface of the steel pipe is shown in Fig. 17, and the residual 
stress curve on the outer surface of the steel pipe is shown in Fig. 18. The horizontal coordinate of the 
stress curve is the distance from the node to the origin, and the vertical coordinate is the value of the 
residual stress on the node. 

Combined with Figure 17 and Figure 18, it can be seen that there is a great difference in the stress 
on the path of the inner and outer walls of the steel pipe, the equivalent residual stresses on the inner 
and outer walls of the steel pipe are similar, and the maximum value has reached the yield strength of 
the material. While the annular residual stress and axial residual stress in the inner and outer walls of 
the pipe are more different, the annular residual stress in the weld and heat-affected zone is 
compressive stress, the maximum value of which reaches the nominal yield strength of the material, 
while the annular residual stress in the inner wall of the pipe is tensile stress in the weld and heat-
affected zone, and the maximum value of which also reaches the yield strength of the material. Axial 
residual stress in the pipe wall weld and heat-affected zone for compressive stress, compressive stress 
maximum value of 0.7 times the material yield strength, while the pipe wall weld and heat-affected 
zone axial residual stress for tensile stress, tensile stress maximum value of 0.4 times the material 
yield strength. 
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Fig. 17. Residual stress curve of the inner surface of the steel pipe 

 

Fig. 18. Residual stress curve of the outer surface of the steel pipe 

2.3.3. Simpliϐied illustration of axial residual stresses. Through the calculation and analysis, it can be 
seen that the axial residual stress in the inner and outer walls of the steel pipe along the axial 
distribution in the form of a curve, in order to calculate the stable bearing capacity of welded steel pipe 
to facilitate the input of residual stress, this paper refers to the results of the ϐinite element calculation 
of the distribution of residual stress curve, the use of straight instead of curved method will be the 
steel pipe butt weld axial residual stress distribution for a reasonable simpliϐication. The simpliϐication 
process follows the principle of internal force equivalence and self-equilibrium of internal forces, by 
adjusting the area enclosed by the tensile and compressive stress straight line and x-axis in the 
simpliϐied illustration with the same curve as the original curve, the tensile stress area of the inner 
wall of the pipe is simpliϐied as a trapezium, and the compressive stress area is simpliϐied as a triangle, 
while the outer wall of the pipe is just the opposite, the compressive stress area is simpliϐied as a 
trapezium, and the tensile stress area is simpliϐied as a triangle. Simpliϐied in the direction of the wall 
thickness of the pipe stress is a linear change, and in the entire cross-section of the tensile and 
compressive stress is balanced. Engineering more commonly used thick-walled steel pipe diameter 
thickness ratio in the vicinity of 18, so this paper for the diameter thickness ratio of 18 butt-welded 
steel pipe axial weld residual stresses proposed by the corresponding simpliϐied distribution model. 

The axial residual stress is simpliϐied as shown in Figure 19, Figure (a) ~ (b), respectively, represents 
the simpliϐied residual stress in the inner wall of the pipe and the simpliϐied residual stress in the outer 
wall of the pipe, of which W is the width of the weld, Fy for the material yield strength. As can be seen 
from Fig. 19, in the weld part of the inner wall of the pipe is 0.4 times the yield strength of the material 
tensile stress, in the heat-affected zone is 0.2 times the yield strength of the material compressive 
stress, away from the weld part of the stress is 0, during the period of the stress is a linear excess. In 
the weld part of the outer wall of the pipe it is 0.7 times the yield strength of the material and in the 
heat affected zone it is 0.3 times the tensile residual stress. The value of stress in the area away from 
the weld is 0, during which the linear excess is carried out. 
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(a) Inner wall of steel pipe (b) Outer wall of steel pipe 

Fig. 19. Axial residual stress simpliϐication 

3. Optimization of steel pipe welding process parameters based on numerical 
analysis 

The experimental data were obtained by simulating 11 groups of parameters through ABAQUS, and 
the next step is to analyze the data to ϐind the 6 parameter values that make the dependent variable 
smallest, to achieve the purpose of optimizing the welding parameters, the general idea is to use radial 
basis function (RBF) neural network to ϐit the sample data, to ϐind the nonlinear mapping relationship 
between the independent variable and the response variable, and then to optimize the data with 
particle swarm algorithm (PSO) for optimization, to ϐind out the set of independent variable parameter 
values that make the dependent variable the smallest, the overall data optimization process is shown 
in Figure 20. 
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Fig. 20. Flowchart of overall data optimization 

3.1. Modeling radial basis function neural network training 

Radial basis function neural network (RBF) is a unique, efϐicient and stable feed-forward network 
model, which has the function of optimal approximation and overall optimization, and at the same 
time, the training method is also very fast and simple, there is no local optimization and other 
problems, the above advantages make the RBF network in the process of practice, and has gained a 
wide range of applications [24]. Radial basis function RBF is a class of hidden units of the “base” of the 
composition of the space, the input vector to carry out the corresponding transformation of the low-
dimensional data information into the high-dimensional space, after the hidden units of the 
transmission of the weighted summation of the processing, the output value. The structure of the 
radial basis neural network is shown in Fig. 21. Its activation function is mainly utilized by the radial 
basis operator function, which is often deϐined as the Euclidean distance function from any point in 
the space, to a speciϐic core. According to Fig. 21, the activation function of the radial basis neural 
network is based on the distance dist  between the vector and the weight vector as the independent 
variable. The equation for its activation operator function is as follows: 

  
2

distR dist e  (43) 

As the gap between the weights as well as the input vectors continues to decrease, the output of the 
network increases, and when the input vectors are aligned with the weight vectors, the neuron 
automatically outputs 1. In Fig. 21, b  is the threshold value, which is used to control the sensitivity 
of the neuron. 
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Fig. 21. Radial base neuron model 

In this paper, 6 inϐluencing factors are taken as input, and the maximum value of residual stress after 
welding is used as the output, the RBF neural network mapping model is constructed, the relationship 
between the 6 independent variables and the dependent variables is ϐitted, and the radial neural 
network is established by using ()newrbe , the test data information is directly called from the data, 
the learning and testing are carried out, and the simulation is carried out by using ()sim  operation 
functions, and all the 11 samples obtained through uniform experiments are used as training samples 
to ϐit the curve, and the RBF neural network ϐitting results are shown in Figure 22. As can be seen in 
Figure 22, the RBF neural network is able to ϐit the relationship between the six inϐluences and the 
dependent variable very well, with a ϐitting error of almost zero. 

 

Fig. 22. Comparison of RBF neural network ϐitting results 

In order to verify the accuracy of the RBF neural network ϐitting results, this paper additionally 
selects 16 groups of experimental data generated by random collocation of each test parameter as test 
samples to test the neural network obtained from training, and the sample test results are shown in 
Figure 23. The error of the step of testing the nonlinear mapping between the input and output of the 
sample is very small, which indicates that the method of this paper to get the RBF neural network 
ϐitting training samples through the method of uniform experimental design has a high training 
accuracy. 
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Fig. 23. Comparison of test sample effects 

3.2. Optimization using particle swarm algorithm 

Particle Swarm Algorithm (PSO) is a group intelligence optimization algorithm, the algorithm comes 
from the study and analysis of bird feeding activities, birds in the predation, the most simple and 
effective way to ϐind food, is to search the current closest to the food of the bird around [25].PSO 
algorithms from the behavioral activities of this type of animal, to obtain the inspiration and will be 
used in the solution of the optimization problem of this idea. 

A population consisting of a total of N  particles is randomly initialized in the search space of n -
dimensional feasible solutions. During the iteration of the algorithm, the state of any particle i  in the 
population is determined by two quantities, i.e., the position and velocity of the particle, which are 
denoted as  1 2, , ,

T

i i i inX X X X   and  1 2, , ,
T

i i i inV V V V  , respectively. In addition, any particle i  
updates its position and velocity during the iteration process based on the individual extreme value 
and the population extreme value, where the individual extreme value denotes the optimal position 
searched for so far by the i  th particle, which is denoted as  1 2, , ,

T

i i i inP P P P   , and its ϐitness is 
bestip  , while the population extreme value denotes the optimal position searched for so far by all 

particles, which is denoted as  1 2, , ,
T

g g g gnP P P P  , and its ϐitness is bestig . The formula for updating 
the velocity and position of a particle is: 

    1
1 1 2 2

k k k k k k
id id id id gd idV V c r P X c r P X       (44) 

 1 1k k k
id id idX X V    (45) 

In Eq. (44) and Eq. (45), i  denotes the number of particles in the population, and k  denotes the 
number of current iterations.   is the inertia weight. 1c  and 2c  are the acceleration factors, which 
are usually taken as 2. 1r  and 2r  are random numbers distributed between [0,1] . k

idV  denotes the 
search speed of the i  th particle at the k  th iteration, and k

idX   denotes the position of the i  th 
particle at the k  th iteration, which is generally restricted to a certain interval  max max,X X  , 
 max max,V V . 

In each iteration, the adaptation value of each particle to obtain a new position is compared with 
the optimal position experienced by itself and the optimal position experienced by the whole particle 
swarm, and if it is superior, it is updated bestP  or bestG . In this paper, the upper and lower bounds of 
each independent variable are taken as the maximum and minimum values of each group of samples, 
and the number of particles is set to be 15, and the maximum number of evolutions is 200, 

1 2 2.10c c  , and the inertia weights are set to be 0.75 . 
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3.3. PSO algorithm optimization results and analysis 

In order to facilitate the intuitive analysis of the optimization results of the PSO algorithm, the Pareto 
optimal boundary is extracted as shown in Fig. 24. It can be seen that, due to the complex nonlinear 
mapping relationship between the welding process parameters and the optimization objective, the 
distribution of the later Pareto optimal solution set shows signs of separation. For this reason it is 
necessary to analyze the two separated parts of the ϐigure separately and compare them with each 
other to take the optimal value. 

The Parcto optimal results clearly reveal the inconsistency between the two optimization objectives 
in this paper, where a decrease in the value of either optimization objective leads to an increase in the 
value of the other optimization objective. When the optimization objective of the temperature 
difference along the pipe wall thickness at the weld reaches the minimum value, corresponding to 
point A in the ϐigure, it can be seen that the optimization objective of the maximum equivalent residual 
stress in the weld heat-affected zone is at the maximum value at this time. On the other hand, when 
the maximum equivalent residual stress in the weld heat-affected zone takes the minimum value, as 
shown at point D in the ϐigure, another optimization objective is at the maximum value at this time. 

 

Fig. 24. Paleto optimal boundaries 

The speciϐic values corresponding to points A-D in Fig. 24 are shown in Table 1. From the AB section 
of the Pareto optimum boundary in Fig. 24, it can be seen that the maximum equivalent residual stress 
in the heat affected zone of the weld decreases as the temperature difference at the weld along the 
direction of the pipe wall thickness increases. And during the change from point A to B, the 
temperature difference at the weld along the pipe wall thickness increases from 73°C to 95°C, which 
is 28.9% higher, while the value of the maximum equivalent residual stress in the welded heat-affected 
zone decreases from 338 MPa to 314 MPa, which is 7.1% lower. 

In order to make the two optimization objectives of temperature difference and equivalent residual 
stress value achieve relative minimum at the same time, then it is relatively reasonable to choose the 
objective value corresponding to point B. Similarly, for the CD section of the Pareto optimal boundary 
in Fig. 24, it is more appropriate to choose point C after the same trade-off. Comparing the values of 
point B and point C in Table 1, it can be seen against Fig. 24 that the vertical coordinate values of point 
B and point C are almost the same, while the horizontal coordinate value of point C is 246°C, which is 
2.59 times that of point B, 95°C. Considering the above factors, this paper takes point B with smaller 
value of transverse coordinate as the ϐinal optimum point under this working condition, and its 
corresponding process parameters are the optimum process parameters in this paper. 

Table 1. Extreme value points on Pareto boundary 
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Extremum point Opening Angle /° Current frequency /kHz Distance from coil to V point /mm 

A 5.00 218.34 281.00 

B 5.00 220.58 264.00 

C 3.85 213.47 264.00 

D 3.52 216.87 264.00 

The above analysis is carried out from the Pareto optimal boundary, and the optimal point is 
determined after comprehensive comparison, but it is difϐicult to comprehensively examine the 
information contained in the Pareto optimal solution set by this analysis alone, and the following 
analysis is carried out separately to analyze the effect of the three process parameters, namely, the 
opening angle, the current frequency, and the distance from the coil to the weld V point, on the two 
optimization objectives of the temperature difference and the maximum equivalent residual stress. 

The effects of the opening angle on the two optimization objectives of temperature difference and 
maximum equivalent residual stress are shown in Figures 25 and 26, respectively. The data points are 
divided into two distinct parts. In the left part of the two ϐigures, it can be seen that as the opening 
angle increases, the temperature difference along the pipe wall thickness at the weld decreases, while 
the maximum equivalent residual stress in the weld heat-affected zone increases, and there is a trend 
between the two. In the right part of the two ϐigures, the opening angle is 5 °, which corresponds to the 
optimization target value in the two parts of the overall more acceptable. Therefore, the opening angle 
is taken as 5° after comprehensive comparison and analysis. In the Dianzhong water diversion project 
steel pipe welding process, the smaller the weld opening angle, the stronger the neighborhood effect, 
the larger the temperature difference corresponding to the possibility of welding defects, so the 
appropriate increase in the opening angle is conducive to improving the quality of welding. 

 

Fig. 25. The impact of the opening angle on the weld temperature difference 
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Fig. 26. The impact of the opening angle on the maximum equivalent residual stress of HAZ 

The effect of current frequency on the two optimization objectives of this temperature difference 
and maximum equivalent residual stress is shown in Fig. 27 and Fig. 28, respectively, and the visible 
data points are similarly divided into two parts. In the left part of Fig. 27, the temperature difference 
along the pipe wall thickness at the weld is gradually increasing with the increase of current frequency, 
and its average value is 3.05 times of that in the right part (horizontal coordinate 215-220 kHz). In the 
left part of Fig. 28 (horizontal coordinate 211-215kHz), with the increase of current frequency, the 
maximum equivalent residual stress in the heat affected zone of the weld decreases gradually, and its 
value is lower than that of the right part of the ϐigure, and when the current frequency is taken as 
217.35kHz, the optimization target value in the corresponding two ϐigures is relatively small. 
Therefore, the current frequency is taken as 217.35kHz. 

 

Fig. 27. The impact of current frequency on the weld temperature difference 
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Fig. 28. The impact of current frequency on the maximum equivalent residual stress 

The effects of the coil-to-weld V-point distance on the two optimization objectives of temperature 
difference and maximum equivalent residual stress are shown in Figs. 29 and 30, respectively, where 
the data points are similarly divided into two parts. When the coil to weld V point distance of 252mm, 
the two graphs corresponding to the target value of a relatively small value of the point, with the coil 
to weld V point distance increases, the temperature difference along the pipe wall thickness at the 
weld is slower to reduce the maximum equivalent residual stress of the weld heat-affected zone 
increased by a larger magnitude, so go to the coil distance from the weld V point of 252mm to make 
the two optimization objectives are relatively small. 

 

Fig. 29. The impact of the distance of coil to V point on the weld temperature difference 
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Fig. 30. The impact of the distance of coil to V point on the maximum stress 

After the comprehensive analysis of each process parameter on the optimization objective, the 
optimal values of each process parameter for this condition are ϐinally determined as the opening 
angle is taken as 5°, the current frequency is taken as 217.35 kHz and the coil distance from point V is 
252 mm. 

4. Conclusion 

This paper combines the ϐinite element analysis method and the displacement variational method to 
realize the simulation of the welding process of steel pipe in the Dianzhong water diversion project, 
and uses the radial basis function (RBF) neural network and the particle swarm algorithm (PSO) to 
realize the optimization of the parameters of the welding process of the steel pipe. 

The simulation results show that the von mise equivalent stress reaches the nominal yield strength 
of the material in the weld region, the stress is close to zero in the parts away from the weld, and the 
von mise equivalent stress gradually transitions between the weld and the remote parts. Annular 
residual stress in the pipe wall is signiϐicantly different, in the pipe wall presents compressive stress, 
and the residual compressive stress is close to the yield strength of the material, and in the pipe wall 
presents tensile stress, residual tensile stress is close to 0.4 times the yield strength of the material. 
The distribution of axial residual stresses in the inner and outer walls of the steel pipe is also different, 
similar to the annular residual stresses, the same compressive stresses in the outer wall of the steel 
pipe, and the compressive stresses are close to 0.7 times the yield strength of the material, while the 
tensile residual stresses are presented in the inner wall of the steel pipe, and the quantity value is close 
to 0.3 times the yield strength of the material. 

For the sample of Q420 steel used in this paper for steel pipe welding, a set of optimum process 
parameters were obtained, i.e., when the opening angle is 5°, the current frequency is 217.35 kHz, and 
the distance from the coil to the V-point is 252 mm, the optimization objective values corresponding 
to all are smaller and the weld quality of the weld seam is better. 
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