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1. Introduction 
 
1.1  Background of this study 

Nowadays, most commercial and naval ships are constructed by the block building method in 

shipyards. The blocks which constitute the ship hull are built in a series of production process and 

transferred to the pre-erection area for the preparation works including the correction of distortion. The 

distortion of a block is inevitably induced by welding and is accumulated during the sequential fabrication 

process. 

As the block erection step accounts for about one-third of the whole shipbuilding process, the 

accuracy of a block's shape and size has a close relation with the overall efficiency of production in the 

shipyard.  

The welding distortions reduce the fabrication accuracy of ship hull blocks and decrease 

productivity due to lots of correction works. To increase the precision of fabrication, the welding 

distortion and the exact distortion margin at every fabrication stage should be estimated to meet the 

allowable tolerances of ship hull blocks. 

The prediction and control of welding distortions at the design stage has been an essential task 

for most shipyards to ensure the higher quality as well as higher productivity in shipbuilding.  

For the prediction of welding distortions, many studies have been done for the simple structures, 

however, few studies have been performed for actual ship hull blocks and they are still far from the 

practical application due to many difficulties such as : 

- Extremely complicate stiffened curved ship hull structures 

- Multiple welding passes,various welding methods and many fabrication stages 

- Huge computation time and cost. 

 

In order to overcome above difficulties, some efficient approaches to predict the welding 

distortion of the actual ship hull blocks are needed, but have not been well established yet.  

For the development of an efficient approach to predict the welding distortion of actual ship hull 

blocks considering the fabrication sequences and phase transformation of steel, the analysis method 

should satisfy the following requirements. 

 

●  The analysis method should be capable of considering the various modes of welding 

distortions such as longitudinal/transverse shrinkage and longitudinal/transversal bending 

simultaneously. 

●  The analysis should reflect the change of structural stiffness according to the fabrication 

stages. 

●  The analysis should be able to consider the welding sequence. 
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●  The analysis should reflect the change of phase transformation of steel by material properties 

●  The efficiency of calculation time and cost should be guaranteed considering the complexity 

of hull block shapes. 

●  The analysis method should predict the distortion of not only the stiffened flat plates but also 

of stiffened curved plates. 

 

1.2  Objectives 

The main purpose of this study is to propose an efficient approach to predict the welding 

distortions of the stiffened flat and curved plates based on the inherent strain theory combined with the 

finite element analysis.  In order to verify the efficiency and the effectiveness of this method, some 

numerical simulation and experiments of welding distortions of various stiffened and curved plates with 

the different curvatures considering the different fabrication sequences will be performed. 
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2. Development of equivalent load method for welding distortion analysis based on 
inherent strain  
 
2.1. Inherent strain due to welding 

In the welding process, the heat input around a weld joint causes a non-uniform temperature 

distribution and thermal stress. As a result, the plastic strain remains around the weld bead and 

permanent deformation occurs after welding. The plastic strain that causes the welding deformation 

can be defined as the inherent strain. In general, the inherent strain induced by welding has six 

components according to their directions. However, in the case where a plate has a large 
length/thickness ratio such as a ship hull plate, only two components ∗

xε  and ∗
yε  are dominant. 

Some typical types of welding deformation due to inherent strain are shown in Fig. 1. 

 

 

Fig. 1 Types of welding deformation 

2.1.1. Calculation of the inherent strain 

The inherent strain distribution can be formulated using a simplified thermal elasto-plastic 

analysis model as shown in Fig. 2. The welding region, where inherent strain occurs, can be 

modeled as a bar and a spring. 

 

 

Fig. 2 Simplified thermal elasto-plastic analysis model 
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Fig. 3 Thermal history of plastic strain 

 

The thermal history of the inherent strain according to the temperature change of a bar can be 

divided into four steps, as shown in Fig. 3. After all the thermal history the compressive plastic 
strain remains as an amount of ∗

pε .  The magnitude of residual plastic strain was calculated from 

the total strain, the stress-strain relation and the equilibrium equation of a bar-spring system. 

 

Total strain :                   peth εεεε ++=                                (1) 

Stress-strain relation :         eEεσ =                                    (2) 

 

Equilibrium equation :        SB FF =                                    (3) 

 

2.1.2. Distribution of the highest temperature 

The highest temperature means the maximum temperature that each point in the heat effected 

region experiences through whole welding time. The heat transfer analysis is conducted to 

calculate the temperature distribution of welded structures. The welding heat source is modeled 

as a normal distributed moving heat flux. Finally, the highest temperature at each node in the 

finite element model is calculated by the heat transfer analysis. 

The temperature of bar is changed from the room temperature 0max0 TTT →→ . If the 

highest temperature ( maxT ) is reached sufficiently high, the section is divided in 4 steps shown 

in Fig. 4. The section of OA, AB is elastic and plastic process during a temperature rising and 

the section of BC, CD is elastic and plastic process during a temperature falling.  



 12

 

Fig. 4 Thermal history of stress 

 

If a material nonlinearity is considered, thermal histories of stress and plastic strain are shown in 

Fig. 5. 

 

 

Fig. 5 Comparison of stress and plastic strain considering material nonlinearity 

 

2.1.3. Calculation of degree of restraint  

The degree of restraint represents the level of resistance against the thermal deformation of the 

welding region. The degree of restraint of stiffened panel is determined from the analogy of the 

bar-spring model and the elastic finite element analysis using unit load. 

Since the fabrication process will greatly affect the welding deformation, the degree of 

structural restraint should be calculated considering all the fabrication sequences. 
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To grasp of the influence of degree of restraint, the thermal history is calculated for four cases 

of 4.0,3.0,2.0,1.0=β .  

 

Fig. 6 Effect of the degree of restraint on stress and plastic strain 

 

Fig. 7 Temperature dependent material properties 

 

Fig. 8 Inherent strain chart of steel with temperature rising-falling cycle 

In case of thermal elasto-plastic analysis, the temperature dependent material properties in Fig.7 
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should be incorporated in the numerical calculation. The final inherent strain after thermal cycle 

can be determined using the highest temperature and degree of restraints shown in Fig.8. 

In this report, the highest temperature is divided by 50℃ from 0℃ to 2500℃ and the degree of 

restraint is divided by 0.01 intervals from 0.01 to 0.99.  

 

2.1.4. Phase transformation by cooling rate 

Heat transfer analysis is conducted to calculate the cooling rate. Phase transformation of steel 

was determined by cooling rate as shown in Fig. 9. 

 

Fig. 9 CCTD(Continuous cooling transformation diagrams) at C=0.18% steel 

 

2.2. Calculation of equivalent loads 
The equivalent forces and moments are obtained by using the inherent strain. Using the obtained 

equivalent loads, the welding deformation can be calculated by elastic FE analysis. All types of 

equivalent loads are shown in Fig. 9. The shrinkage force if can be obtained using Eq. (4). 

       ∑
=

∗=
iN

j
jji l

l
AEf

1
ε                                (4) 

 

The equivalent transverse forces and moments are calculated using Eq. (5) and Eq. (6), respectively. 

        ∑
=

=
N

i
iy ff

1

             (5) 

       ∑
=

=
N

i
iiy zfm

1

                                 (6) 
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Also the longitudinal shrinkage force xf  and bending moment xm  can be calculated using 

inherent strain. 

 

Fig. 10 Equivalent loads of inherent strain 

 

2.3. Simulation of welding deformation 
The welding deformation of curved stiffened panel blocks will be simulated using both the 

equivalent load method based on inherent strain and FE analysis. The simulation procedures can be 

summarized into three steps. The first step analyzes heat transfer to calculate temperature 

distribution of each welding section with the given information on welding parameters. The FE 

model uses heat conduction elements and considers convection on the surface. And cooling rate is 

calculated to determine phase transformation. The second step computes the degree of restraint by 

the FE analysis. The third step calculates the inherent strain components and their equivalent loads, 

and the welding deformation of a structure is obtained by FE analysis.  

By using this equivalent load approach, the simulation for welding deformation of stiffened curved 

panel blocks will be performed based on the results of experiment and finite element analysis of 

simple curved plate models with one or two stiffeners.   
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3. Prediction of welding deformation of stiffened plates using thermal elasto-plastic 
analysis 

APDL(ANSYS Parametric Design Language) is used to perform the finite element simulation. Each 

flat plate and curved plate has 4 kinds of analysis models.  

3.1. Thermal elasto-plastic analysis of stiffened flat plates 
3.1.1. Models of thermal elasto-plastic analysis of stiffened flat plates 

 
Fig. 11 Models of thermal elasto-plastic analysis of stiffened flat plates 

 

Four kinds of analysis models of stiffened flat plate are adopted. The 1st model has 1 

longitudinal stiffener and no transverse stiffener. And the 2nd, 3rd, 4th model has each 1, 2 and 3 

stiffeners. Each model has a same base flat plate of L(600mm)×B(400mm)×h(16mm) and a same 

longitudinal stiffener of L(600mm)×B(16mm)×h(200mm). And the size of each transverse 

stiffener is same as L(8mm)×B(400mm)×h(100mm). The longitudinal stiffeners are equally 

spaced and located at )(150 mmz −= , )(300 mmz −= , )(450 mmz −=  respectively. 
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3.1.2. Thermal elasto-plastic analysis of stiffened flat plates 

 

Fig. 12 Welding sequence of each model 

 

A welding line shown in Fig. 12, all of the welding line is coupled by full line and dotted line. It 

means that the welding is preformed at one time along the coupled line. Welding sequence shown 

in Fig. 12, the longitudinal stiffener is welded at first and then the transverse stiffeners are welded 

in order for each model.  

An arc-welding is adopted and all of the welding conditions are same as 30(V) of voltage, 

300(A) of current and 5(mm/s) of welding velocity.  
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3.1.3. Analysis models of thermal elasto-plastic analysis of stiffened flat plates 

 

Fig. 13 Analysis models of Thermal elasto-plastic analysis of stiffened flat plates 

 

As shown in Fig. 9 all of the shapes of element are rectangular parallelepiped. The element size 

is smaller as closer to the heat input area. And the four models have about 10,000 elements. For 

the thermal analysis all the model have surface element for reflection of thermal convection.   

 

3.1.4. Heat transfer analysis of stiffened flat plates 

(a) Element type 

3-D thermal solid element and 3-D thermal surface element are used for heat transfer analysis.  
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Fig. 14 3-D thermal solid element 

 

The 3-D thermal solid element has eight nodes with a single degree of freedom, temperature, 

at each node. The element is applicable to a 3-D, steady-state or transient thermal analysis. The 

element can compensate for mass transport heat flow from a constant velocity field. The 

geometry, node locations and the coordinate system for this element are shown in Fig. 14. 

 

Fig. 15 3-D thermal surface element 

 

The 3-D thermal surface element overlaid onto an area face of 3-D solid element. This 

element is used for reflection of thermal convection. The geometry, node location and the 

coordinate system for this element are shown in Fig.15. The element is defined by four to nine 

nodes and material properties. An extra node may be used for convection or radiation effects.    

 

(b) Results of heat transfer analysis 

All the analysis of heat input is performed by heat flux at nodes. For reflection of the line 

welding heat input process is divided several steps. The step size of heat input process is 
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100mm of welding line. So the longitudinal welding is analyzed 6 steps and the transverse 

welding is analyzed 4 steps. 

All the cooling process has 10 steps of cooling analysis. Right after the heat input, the 

cooling step size should be small because the temperature gradient is large. As the temperature 

gradient become small, the cooling step size getting larger. At the end of the cooling step, 10th 

step, the temperature gradient is nearly zero. 

 

 

Fig. 16 Heat input process of 1st model of stiffened flat plate 
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Fig. 17 Heat input process of 2nd model of stiffened flat plate 

 

 

Fig. 18 Heat input process of 3rd model of stiffened flat plate 



 22

 

Fig. 19 Heat input process of 4th model of stiffened flat plate 

 

3.1.5. Prediction of welding deformation of stiffened flat plates 

(a) Boundary conditions 

 

Fig. 20 Boundary conditions of stiffened flat plate 
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All of the boundary condition of stiffened flat plate is applied at the bottom of mail plate. As 

shown in Fig. 20 along the middle of the breadth direction (x=0), all of nodes are fixed to x 

direction. And around the middle of the length, some nodes are fixed all direction of x, y, and z. 

 

(b) Analysis results 

 

 

Fig. 21 Analysis result of 1st case of stiffened flat plate 

 

Fig. 22 Analysis result of 2nd case of stiffened flat plate 
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Fig. 23 Analysis result of 3rd case of stiffened flat plate 

 

Fig. 24 Analysis result of 4th case of stiffened flat plate 
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Fig. 25 Welding deformation of stiffened flat plates (Model 1) 

 

 

Fig. 26 Welding deformation of stiffened flat plates (Model 2) 
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Fig. 27 Welding deformation of stiffened flat plates (Model 3) 

 

 

Fig. 28 Welding deformation of stiffened flat plates (Model 4) 
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Fig. 29 Welding deformation of stiffened flat plates (Model 1) 

 

 

Fig. 30 Welding deformation of stiffened flat plates (Model 2) 
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Fig. 31 Welding deformation of stiffened flat plates (Model 3) 

 

 

Fig. 32 Welding deformation of stiffened flat plates (Model 4) 
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3.2. Thermal elasto-plastic analysis of stiffened curved plates 
3.2.1. Models of thermal elasto-plastic analysis of stiffened curved plates 

 

Fig. 33 Models of thermal elasto-plastic analysis of stiffened curved plates 

 

Four kinds of analysis models of stiffened flat plate are adopted. The 1st model has 1 

longitudinal stiffener and no transverse stiffener. And the 2nd, 3rd, 4th model has each 1, 2 and 3 

stiffeners. Each model has a same base flat plate of L(600mm)×B(400mm)×h(16mm) and a same 

longitudinal stiffener of L(600mm)×B(16mm)×h(200mm). And the size of each transverse 

stiffener is same as L(8mm)×B(400mm)×h(100mm). The transverse stiffeners are equally spaced 

and located at )(150 mmz −= , )(300 mmz −= , )(450 mmz −=  respectively. All of the sizes of 

the stiffened curved plate are same as the sizes of the stiffened flat plat. 
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3.2.2. Thermal elasto-plastic analysis of stiffened curved plates 

 

Fig. 34 Welding sequence of each model 

 

Welding lines are shown in Fig. 34, every welding line is coupled by full line and dotted line. It 

means that the welding is preformed at one time along the coupled line. As shown in Fig. 34, the 

longitudinal stiffener is welded at first and then the transverse stiffeners are welded in order for 2nd   

3rd, 4th model.  

An arc-welding is adopted and all of the welding conditions are same as 30(V) of voltage, 

300(A) of current and 5(mm/s) of welding velocity. All of the sequences, welding methods and 

welding conditions of curved plate are same as those of the stiffened flat plat cases.   
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3.2.3. Analysis models of Thermal elasto-plastic analysis of stiffened curved plates 

 

Fig. 35 Analysis models of Thermal elasto-plastic analysis of stiffened curved plates 

 

As shown in Fig. 35 all of the shapes of element are rectangular parallelepiped. The element size 

is smaller as closer to the heat input area. And the four models have about 10,000 elements. For the 

thermal analysis all the model have surface element for reflection of thermal convection.   

 

3.2.4. Heat transfer analysis of stiffened curved plates 

In heat transfer analysis of curved plate, 3-D thermal solid element type and 3-D thermal 

surface element type are used same as the stiffened flat plate case. 
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Fig. 36 Heat input process of 1st model of stiffened curved plate 
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Fig. 37 Heat input process of 2nd model of stiffened curved plate 

 

Fig. 38 Heat input process of 3rd model of stiffened curved plate 
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Fig. 39 Heat input process of 4th model of stiffened curved plate 

3.2.5. Prediction of welding deformation of stiffened curved plates 

(a) Boundary conditions 

 

Fig. 40 Boundary conditions of stiffened curved plate 
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All of the boundary conditions of flat plate are applied at the bottom of main plate. As shown 

in Fig. 40 along the middle of the breadth direction (x=0), all of nodes are fixed to x direction. 

And in the middle of the length, some nodes are fixed all direction of x, y, and z. All applied 

boundary conditions of curved plate are same as the stiffened flat plate. 

(b) Analysis results 

 

Fig. 41 Analysis result of 1st case of stiffened curved plate 

 

Fig. 42 Analysis result of 2nd case of stiffened curved plate 
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Fig. 43 Analysis result of 3rd case of stiffened curved plate 

 

Fig. 44 Analysis result of 4th case of stiffened curved plate 
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Fig. 45 Welding deformation of stiffened curved plates (Model 1) 

 

 

Fig. 46 Welding deformation of stiffened curved plates (Model 2) 
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Fig. 47 Welding deformation of stiffened curved plates (Model 3) 

 

 

Fig. 48 Welding deformation of stiffened curved plates (Model 4) 
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Fig. 49 Welding deformation of stiffened curved plates (Model 1) 

 

 

Fig. 50 Welding deformation of stiffened curved plates (Model 2) 

 



 40

 

Fig. 51 Welding deformation of stiffened curved plates (Model 3) 

 

 

Fig. 52 Welding deformation of stiffened curved plates (Model 4) 
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4. Welding distortion analysis of stiffened flat plate by equivalent load method 
By the equivalent load method, welding deformation analysis is performed for each case of the flat 

plate. Analysis results are shown in Fig. 53 - 60. 

 

 

Fig. 53 Welding deformation of stiffened flat plates by equivalent load method (Model 1) 

 

 

Fig. 54 Welding deformation of stiffened flat plates by equivalent load method (Model 2) 
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Fig. 55 Welding deformation of stiffened flat plates by equivalent load method (Model 3) 

 

 

Fig. 56 Welding deformation of stiffened flat plates by equivalent load method (Model 4) 
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Fig. 57 Welding deformation of stiffened flat plates by equivalent load method (Model 1) 

 

 

Fig. 58 Welding deformation of stiffened flat plates by equivalent load method (Model 2) 
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Fig. 59 Welding deformation of stiffened flat plates by equivalent load method (Model 3) 

 

 

Fig. 60 Welding deformation of stiffened flat plates by equivalent load method (Model 4) 
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5. Comparison of thermal elasto-plastic analysis and equivalent load method of 
stiffened flat plates 
The coordinates used in this report is shown in Fig. 60 

 

 

 

 

Fig. 61 Coordinates of stiffened flat plate 

 

The welding distortions (at x=0.2m) calculated by two different methods ( EPA: Elasto-Plastic Analysis, 

ELM : Equivalent Load Method) are compared in Table 1.   

Both results show fairly good agreements with each other within 12% of average difference. 

 

Table. 1 Comparison of welding distortions of stiffened flat plates(at x=0.2m) 

 Stiffened Flat Plate 

Case 1 

Stiffened Flat Plate 

Case 2 

Stiffened Flat Plate 

Case 3 

Stiffened Flat Plate 

Case 4 

 

z-location(m) z=0 z=-0.6 z=0 z=-0.6 z=0(m) z=-0.6 z=0 z=-0.6  

Displacement(m) 

by EPA 
0.004344 0.005444 0.00218 0.0022383 0.002062 0.0014908 0.0013609 0.0015404  

Displacement(m) 

by ELM 
0.004239 0.004239 0.00254 0.00254 0.001815 0.00239 0.001745 0.001745 

Average 

Ratio 

Ratio 0.9757 0.7786 1.1652 1.1348 0.8802 1.6032 1.2822 1.1328 1.1191 
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Fig. 62 Comparison of welding deformation of stiffened flat plates (Model 1) 

 

 

Fig. 63 Comparison of welding deformation of stiffened flat plates (Model 2) 
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Fig. 64 Comparison of welding deformation of stiffened flat plates (Model 3) 

 

 

Fig. 65 Comparison of welding deformation of stiffened flat plates (Model 4) 
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Fig. 66 Comparison of welding deformation of stiffened flat plates (Model 1) 

 

 

Fig. 67 Comparison of welding deformation of stiffened flat plates (Model 2) 
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Fig. 68 Comparison of welding deformation of stiffened flat plates (Model 3) 

 

 

Fig. 69 Comparison of welding deformation of stiffened flat plates (Model 4) 

 

As shown in Fig. 62 - 69, Y-direction displacements of stiffened flat plates by elasto-plastic analysis 

and equivalent load method are similar.  
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6. Welding distortion analysis of stiffened curved plates by equivalent load method 
6.1. Analysis methods of stiffened curved plates by equivalent load method 

6.1.1. Heat transfer analysis 

The heat transfer analysis is performed to find the maximum temperature of each node. As 

explained in § 1, the highest temperature is an important factor with the degree of restraint for 

calculating the equivalent loads. 

(a) Element type 

2-D thermal solid element and 2-D thermal surface element are used for heat transfer analysis. 

 

 

Fig. 70 2-D thermal solid element 

 

The element has four nodes with a single degree of freedom, temperature, at each node. The 

element is applicable to a 2-D, steady-state or transient thermal analysis. The element can also 

compensate for mass transport heat flow from a constant velocity field. The geometry, node 

locations and the coordinate system for this element are shown in Fig. 70. 

 

 

Fig. 71 2-D thermal surface element 

 

The 2-D thermal surface element overlaid onto a face of any 2-D thermal solid element. The 

element is applicable to 2-D thermal analyses. The geometry, node location and the coordinate 
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system for this element are shown in Fig. 71. The element is defined by two to four node points 

and the material properties. An extra node may be used for convection or radiation effects.  

 

(b) 2-D heat transfer analysis 

The heat transfer analysis is assumed that the temperature history of all section is same. So as 

shown in Fig. 72, the heat transfer analysis is performed by 2-D thermal analysis.  

 

 

Fig. 72 2-D thermal analysis 

 

All of the welding process is analyzed through 20 steps and the cooling process is analyzed 

during 4 steps. Because the object of the heat transfer analysis is to find the highest temperature 

of each node, the cooling process has a few steps unlike the thermal elasto-plastic analysis. 

After the thermal analysis, all of the highest temperature at each node is saved to calculate the 

nodal loads. 

6.1.2. Calculation of degree of restraint 

In order to calculate the degree of restraint, it is necessary to know the rigidity of welding area 

and surround area. The unit load method is used to calculate the rigidity. The deformation from the 

elastic analysis of stiffened plate under the unit load along weld line is used to calculate the 

rigidity. 
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Fig. 73 Application of unit load along weld line 

 

The distributed load pu shown in Fig. 49 is applied at the end of leg length of the weld on the 

plate surface. So the distributed load pu and bending moment mu is applied in the middle plane of 

the plate. 
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The elastic analysis of stiffened curved plate under unit load is as follow: 
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Fig. 74 Elastic analysis of stiffened curved plate under unit load 

6.1.3. Calculation of equivalent loads 

(a) Element type 

Elastic shell element is used for equivalent load analysis. 

 

 

Fig. 75 Elastic shell element 
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The adopted elastic shell element has both bending and membrane capabilities. Both in-

plane and normal loads are permitted. The element has six degrees of freedom at each node. 

Stress stiffening and large deflection capabilities are included. The geometry, node location, 

and the coordinate system for this element are shown in Fig. 75. The element is defined by 

four nodes, four thicknesses, elastic foundation stiffness, and the orthotropic material 

properties. Orthotropic material directions correspond to the element coordinate directions. 

 

(b) Elastic analysis by equivalent load method 

By the highest temperature and degree of restraint, the inherent strain can be obtained from 

the inherent strain chart. The shrinkage forces and moments can be calculated as explained in 

§1.2(Calculation of equivalent loads). 

The shrinkage forces of stiffened flat plate and of stiffened curved plate should be applied 

in different way. As shown in Fig. 76, the shrinkage force of the flat plate is applied at the 

both ends of the plate. But in the curved plate case, the shrinkage force should be applied to 

each node along the weld line in the tangential direction.  

 

 

Fig. 76 Application of shrinkage forces 

 

The applications of equivalent load to four cases of stiffened curved plate model are shown 

in Fig. 77. 
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Fig. 77 Application of equivalent loads 
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6.2. Prediction of welding distortion of stiffened curved plates by equivalent load 
method 
 

Fig.78 shows the adopted coordinates system for the stiffend curved plate. 

 

Fig. 78 Coordinate of stiffened curved plate 

 

By the equivalent loads method, welding deformation analysis is performed for 4 cases of the 

stiffened curved plate. Analysis results are shown in Fig. 79 - 87. 

 

Fig. 79 Welding deformation of stiffened curved plates by equivalent load method 



 57

 

Fig. 80 Welding deformation of stiffened curved plates by equivalent load method (Model 1) 

 

 

Fig. 81 Welding deformation of stiffened curved plates by equivalent load method (Model 2) 
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Fig. 82 Welding deformation of stiffened curved plates by equivalent load method (Model 3) 

 

 
Fig. 83 Welding deformation of stiffened curved plates by equivalent load method (Model 4) 
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Fig. 84 Welding deformation of stiffened curved plates by equivalent load method (Model 1) 

 

 

Fig. 85 Welding deformation of stiffened curved plates by equivalent load method (Model 2) 
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Fig. 86 Welding deformation of stiffened curved plates by equivalent load method (Model 3) 

 

 

Fig. 87 Welding deformation of stiffened curved plates by equivalent load method (Model 4) 
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7. Comparison of thermal elasto-plastic analysis and equivalent load method of 
stiffened curved plates 
The welding deformation (at x=0.2m) calculated by two different methods (EPA: thermal Ealsto-Plastic 

Analysis, ELM: Equivalent Load Method) are compared in Table2. 

Both results show fairly good agreements with each other within 20% of average difference. 

  

  

Table. 2 Welding distortion of stiffened curved plate(at x=0.2m) 

  Stiffened Curved Plate 

Case 1 

Stiffened Curved Plate 

Case 2 

Stiffened Curved Plate 

Case 3 

Stiffened Curved Plate 

Case 4 

  

z-location(m) z=0 z=-0.6 z=0 z=-0.6 z=0 z=-0.6 z=0 z=-0.6   

Displacement(m) by 

EPA 
0.0030 0.0030 0.0021 0.0025 0.0025 0.0016 0.0018 0.0020  

Displacement(m) by 

ELM 
0.0037 0.0037 0.0022 0.0026 0.0031 0.0020 0.0025 0.0023 

Average

Ratio 

Ratio 1.2329 1.2272 1.0465 1.0221 1.2244 1.2661 1.4338 1.1445 1.2080 

 

 

 

 

Fig. 88 Comparison of welding deformation of stiffened curved plates (model 1 & 2) 
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Fig. 89 Comparison of welding deformation of stiffened curved plates (Model 3 & 4) 

 

 

Fig. 90 Comparison of welding deformation of stiffened curved plates (Model 1 & 2) 

 

Fig. 91 Comparison of welding deformation of stiffened curved plates (Model 3 &4) 
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As shown in Fig. 88-91, Y-direction displacements of stiffened curved plates by thermal elasto-

plastic analysis and equivalent load method are similar. The welding deformation by the equivalent 

load method is generally bigger than the welding deformation by the thermal elasto-plastic analysis. 

The reason of this tendency is due to the precision to evaluate the degree of restraint of base welding 

structure. Based on the welding experiment of stiffened curved plates, more precise degree of restraint 

of base welding structure can be evaluated. So, the welding deformation of stiffened curved plate by 

the equivalent loads method could give better agreement with the numerical and experimental results of 

welding deformation.   
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8. Plan of experiments 
8.1. Welding deformation experiment 

The welding deformation experiment was performed for four kinds of stiffened curved plates. As 

shown in Fig. 92, the experimental models have three kinds of curvatures ( =ρ 1000mm, 2000mm, 

and 5000mm). The curvatures were selected by investigating actual fabrication data in the shipyards. 

 

 

Fig. 92 Size of the experimental models for welding distortion 

 

In order to study the effect of welding sequence on the welding distortion, the experimental model 

has two kinds of welding sequences shown in Fig. 93. Case 1 is that the longitudinal stiffener is 

welded after all the transverse stiffeners are welded in order. Case 2 is that the longitudinal stiffener 

is welded at first and then the transverse stiffeners are welded in order. It is generally known by the 

welding experts that the welding deformation of case 2 is smaller than that of case 1.  

This fact will be examined and verified by numerical calculation and experiment later in Fig.100 -

107. In many shipyards, however, welding sequence of case 1 has been generally used because of 

the productivity. But, in case of some particular ships, if the welding deformation is more critical 

than the productivity, the case 2 will be more recommendable.  
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Fig. 93 Two different welding sequences of experimental model 

 

The experimental models were selected by investigating the actual fabrication data in the shipyard. 

The 1st and 4th experimental model with =ρ 1000(mm) and =ρ 5000(mm) adopted the welding 

sequence of case 1, and the 2nd and 3rd experimental model with =ρ 2000(mm) adopted each 

welding sequence of case 1 and 2. 

 

 

Fig. 94 Four experimental models with welding sequence 
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Fig. 95 Photographs of experimental steels 

 

 

8.2. Tensile test 
The experimental model has been constructed using two kinds of steel plates. The one has a 

thickness of 16(mm), while the other has a thickness of 9 (mm). The tensile tests for two kinds of 

steel plates were performed. Each steel plate is tested three times and the average yield strength and 

ultimate strength is used for the numerical calculation. 
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9. Results of experiments 
9.1. Tensile test 

 

Fig. 96 Specimens of tensile test 

 

As shown in Fig. 96, two kinds of specimen (thickness=16mm, 9mm) was used for tensile test. In 

case of thickness=16(mm), the specimen was fabricated in round bar shape. In case of 

thickness=9(mm), the specimen was fabricated in plate shape because of the thin thickness.  

   

 

Fig. 97 Tensile test of 9(mm) plate 

 

 

Fig. 98 Tensile test of 16(mm) plate 
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Table. 3 Tensile test result (yield stress) 

 1st (MPa) 2nd (MPa) 3rd (MPa) Average (MPa) 

Thickness 16(mm) 283.6 288.4 289.4 287.1 

Thickness 9(mm) 275.4 275.8 279.3 276.8 

 

Fig.97 - 98 show the stress-strain curves of tensile tests of the specimen. In general, 0.2% offset 

yield stress has been customary used to determine the yield stress for some other material except 

mild steel which has no definite yield stress. However, 1% offset yield stress is adopted here since 

sufficient plastic flow at 0.2% offset could not be expected for 9mm specimen shown in Fig.101. But 

the difference is very small.  

Table 3 shows the yield stresses of two kinds of specimen. The average yield stress is used for 

analysis to estimate the welding deformation.  

 

9.2. Welding deformation experiment 

 

Fig. 99 Pictures of welding experiment 

 

Welding expert with more than 20 year’s experience performed the experiment. The welding 

speed was checked every 5 seconds that the welding velocity could be kept nearly constant with 
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5(mm/sec). The welding deformation is measured by 3-D digitizer which can measure 3-D position 

shown in Fig. 99. 

 

9.3. Comparison of welding deformation between experiment and analysis 
 

 

Fig. 100 Comparison of welding deformation with R=1000(mm) 
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Fig. 101 Comparison of welding deformation with R=1000(mm) 

 

 

Fig. 102 Comparison of welding deformation with R=2000(mm), case 1 
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Fig. 103 Comparison of welding deformation with R=2000(mm), case 1 

 

 

Fig. 104 Comparison of welding deformation with R=2000(mm), case 2 
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Fig. 105 Comparison of welding deformation with R=2000(mm), case 2 

 

 

Fig. 106 Comparison of welding deformation with R=5000(mm) 
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Fig. 107 Comparison of welding deformation with R=5000(mm) 

 

By the analysis results, the welding deformation is getting larger as the radius of curvature 

becomes large value, and the welding deformation of case 1 is larger than that of case 2. From this 

result, it is recommended that the curved longitudinal stiffener should be welded first before the 

smaller transverse stiffeners are welded from the view point of welding distortion control. 

The welding deformations by the experiment show fairly good agreements with those by the 

ELM(Equivalent Load Mehod) suggested in this paper, but the welding deformation by the 

EPA(Thermal Elasto-Plastic Analysis) has a different tendency compared with the cases of ELM and 

EXP(Experiment). 

In case of ELM and EXP, the deformation at the transverse stiffener has a small value, but in case 

of EPA, the deformation at the transverse stiffener has a large value. 
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10. Welding distortion analysis of a stiffened curved panel block by equivalent load 
method 

10.1. Dimension and welding heat input of a curved double bottom block 

 

Fig. 108 Curved double bottom block for analysis 

 

The analysis model has 6 longitudinal stiffeners (Longi) on the surface bottom plate and 6 

longitudinal stiffeners on the inner bottom plate. 2 girders and 2 transverse webs between the surface 

and inner bottom plate shown in Fig. 108. A curvature of the plate ( ρ ) is 5000(mm) in the 

longitudinal direction.  

 

Table. 4 Dimension and welding heat input 

 Size(mm) Thickness(mm) Heat input(cal/mm) 

Surface bottom 8000×7200, ρ=5000 12 - 

Inner bottom 8000×7200, ρ=5000 12 - 

Girder 8000×1200 12 252 

Transverse Web 7200×1200 12 252 

Longitudinal Stiff. 8000×200 10 218.4 
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The dimension of the curved double bottom block is shown in Table. 4. The value of the heat input 

is determined by considering the data in the shipyards. In this analysis, it is assumed that the voltage 

and welding velocity has a constant value with 30(V) and 5(mm/s). The current is controlled for 

exact heat input. 

 

 

Fig. 109 Modeling for finite element analysis 

 

The model of the curved double bottom block has 20864 elements and 20906 nodes. The number 

of elements has a large value for elasto-plastic analysis. Actually, the elasto-plastic analysis for this 

block is nearly impossible. The ELM, however, is adopting an elastic analysis, so the welding 

deformation can be predicted. 

In this analysis, the longitudinal direction is x-direction, the transversal direction is y-direction and 

the height direction is z-direction as shown in Fig. 109.  
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Fig. 110 Welding sequences 

 

The welding sequence is determined by considering the welding sequence in ship yard. First, the 

longitudinal stiffener on the surface and inner bottom is welded as shown in step 1. Second, the 

Girder, and transverse web frame is welded in order as shown in step 2 and 3. The inner bottom with 

the longitudinals is welded lastly as shown in step 4. 
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10.2. Heat transfer analysis 
 

 

Fig. 111 Heat transfer analysis 

 

All of the welding process is analyzed through 20 steps and the cooling process is analyzed during 

4 steps. Because it is assumed in previous chapter that the temperature history of all section is same, 

as shown in Fig. 111, the heat transfer analysis is performed by 2-D thermal analysis. In this case, 

because the base plates (surface bottom, inner bottom) have same thickness, and the stiffeners have 

two kinds of thickness, the heat transfer analysis is performed twice. 

 

10.3. Calculation of degree of restraint 
The degree of restraint is calculated by the unit load method as introduced in previous chapter. For 

calculating the degree of restraint, it needs to perform two unit load elastic analysis, a free state and a 

restrained state.  

 

Fig. 112 Calculation of the restraint of Free State 

 

The experimental result is necessary for calculating the degree of restraint of a free state. As 

shown in Fig. 112, by the 2-D heat transfer analysis, the highest temperature is calculated. Because 

the inherent strain is determined by the highest temperature and the degree of restraint, if the degree 

of restrain is assumed, the welding deformation can be calculated. If the calculated welding 
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deformation is different with the experimental result, changed degree of restraint is used to calculate 

the welding deformation. By this loop, the exact degree of restraint of a free state is calculated. 

    

 

Fig. 113 Calculation of degree of restraint 

 
The degree of restraint of a free state fβ  is expressed by the stiffness of bar and plate in bar-

spring model.  
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Substituting the stiffness by the unit load method in a free state fR , the fSk  and fBk  is 

calculated. 
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Substituting the degree of restraint of restrained state rβ  

staterestrainedinbarofstiffnessk

staterestrainedinspringofstiffnesskwhere
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In this expression, because the rBk  is the stiffness of the heat input area (bar) in restrained state, 

the stiffness of spring in restrained state rBk  has a same value with the stiffness of spring in free 

state fBk . Therefore the stiffness of spring and the stiffness of bar in restrained state are calculated. 



 79

fBrrBrrS

fBrB

kRkRk

kk

−=−=

=
 

 
 

10.4. Prediction of welding deformation of a curved double bottom block by equivalent 
load method 

The welding deformation by the equivalent load method is shown in Fig. 114 - 116. The analysis 

shows that the buckling phenomena (deformation) occurred in surface and inner bottom plate along 

the longitudinal direction.  

 

Fig. 114 Welding deformation of curved double bottom block 
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Fig. 115 Welding deformation of curved double bottom block 

 

 

Fig. 116 Welding deformation of curved double bottom block 
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Fig. 117 Welding deformation in longitudinal direction of surface bottom 

 

 

Fig. 118 Welding deformation in transversal direction of surface bottom 
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Fig. 119 Welding deformation in longitudinal direction of inner bottom 

 

 

Fig. 120 Welding deformation in transversal direction of inner bottom 



 83

The welding deformations in longitudinal direction and transverse direction of surface and inner 

bottom plate are shown in Fig 117 - 120. The welding deformation in transverse direction of the 

surface bottom plate is convex between the longitudinal stiffeners, and the welding deformation in 

transverse direction of the inner bottom plate is concave between the longitudinal stiffeners.  

The welding deformation in longitudinal direction of two bottom plate is not simple like the 

transverse cases. Because the buckling deformation occurs along the longitudinal direction, the 

welding deformation between the transverse webs has shapes of waves. It is thought that the 

buckling occurs because of an effect of the rigidity of the curved bottom plate. Because of the 

buckling, it is thought that the maximum welding deformation has a small value considering the 

block dimension. 

The CPU running time is shown in Table. 5. The CPU running time proves the efficiency of the 

equivalent load method. 

 

Table. 5 Comparison of computation time 

 ELM EPA 

Analysis time 

(Experimental model) 
3~4(min) 1.5~2(day) 

Analysis time 

(Curved double hull block) 
30(min) impossible 

Pentium Ⅳ: CPU 3.20GHz, 2.00GB RAM, Microsoft Windows XP 
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11. Conclusions 
 

In this research, welding deformation analysis using equivalent load method based on inherent strain 

is developed for prediction welding deformation of various hull block shapes including curved hull 

block. Developed welding deformation analysis can consider the various modes of welding 

deformation such as longitudinal/transverse shrinkage and longitudinal/transversal bending 

simultaneously. The analysis can reflect reasonably the change of structural stiffness by considering the 

welding sequence according to fabrication stages. Most of all, the efficiency of calculation time and 

cost is guaranteed considering the complexity of block shape by the developed analysis. The main 

conclusions of this research are summarized as follow: 

 

(1) The welding region, where inherent strain occurs, is idealized as a bar-spring model. The 

inherent strain is determined by the thermal elasto-plastic analysis of bar-spring model which has two 

variables; highest temperature and the degree of restraint. Therefore, by the heat transfer analysis and 

the calculation of the degree of restraint, the distribution of inherent strain around the HAZ was 

calculated.  

 

(2) The highest temperature is an important factor with the degree of restraint for calculating 

the inherent strain. For calculating the highest temperature, 2-D heat transfer analysis was performed. 

Actually, a phenomenon of heat transfer is a 3-dimensional phenomenon, but for the case with the long 

welding line like a ship hull block, it can be assume that the temperature transition of the welding edge 

area and the heat transfer to another stiffener is neglected. The 2-D heat transfer analysis, therefore, 

represented the welding heat transfer well.  

 

(3) The degree of restraint is one of the important factors for calculating the inherent strain. 

The unit load method is used to calculate the degree of restraint. By the experiment, exact degree of 

restraint of curved plate is calculated at a free state. To reflect the change of structural stiffness 

according to the fabrication stages, two unit load elastic analysis, a free state and a restrained state, was 

performed.   

 

(4) The inherent strain which is given by the 2-D heat transfer analysis and the unit load 

analysis was used to calculate the equivalent loads. The equivalent loads (axial force and moment) are 

calculated by integration of the inherent strain. The elastic analysis was performed to predict welding 

deformation by applying the equivalent loads. 
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(5) The welding experiment of the curved stiffened plate with different curvature and welding 

sequence was performed. The welding deformations by the equivalent load method, thermal elasto-

plastic analysis and experiment are compared to prove the accuracy of the equivalent load method. The 

welding deformation by the equivalent load method has better agreement to the welding experiment 

compare with the welding deformation by the thermal elasto-plastic analysis. The equivalent load 

method is more precise and more effective than the elasto-plastic analysis..  

 

(6) An efficiency of the equivalent load method is proved by predicting a welding 

deformation of curved double bottom block. Since it only requires experimental data of simple 

specimen, the equivalent load method can be utilized in the estimation of welding deformation of 

curved blocks which has more complex shapes. 

 

(7) The most important merit by the equivalent load method is the efficiency to calculate the 

welding deformation. As shown in Table 5, the CPU running time proves the efficiency of the 

equivalent load method.  

 

The welding deformation analysis by the equivalent load method can be applied to the design stage, 

so it can be utilized to decide exact margin. Furthermore, it is useful to minimize the welding 

deformation by controlling the welding condition and the welding sequence. 
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