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Empirical formulas obtained from a series of experiments for the depth of heat source for zero defocus (= 0D ) versus 

welding speed (= weldV ) were provided for power of 6.0kW ( 0,6.0kWD ) and 8.9kW ( 0,8.9kWD ) on the assumption that the depth of 

molten zone would be the same as depth of keyhole and melting depth.  

0.689
0,6.0 9.7752kW weldD V  

 (2) 

0.793
0,8.9 16.772kW weldD V                                         

From the above defined 0D , the depth heat source for negative defocus ( 1D ) can be simply calculated as the following formula. 

1 0 dfD D D   (3) 

Laser heat energy multiplied by total welding efficiency (= , 0.5) is uniformly distributed over the keyhole volume. This 

volumetric heat source distribution is assumed to be developed right after material inside keyhole changes into plasma condition. 

The power density ( Q ) can be defined as  

P
Q

V

 
   (4) 

P  is the power of welding and V  is the volume of heat source. When defocus is 0mm, V  is 

2
0 0 0

1

3defocusV R D    (5) 

when defocus is negative, V  is 

  2 2 2
0 1 1 0 1 0 0

1

3defocus dfV R D R D D R D                                 (6)  

where, 0
1

1 0

1df

R
D D

R R

 
    

 

HETERO-LAYERED APPROACH 

For an assessment of welding deformation, 3D solid FE model has been employed for heat transfer analysis and thermal 

elatsto-plastic analysis in order to reflect heat load distribution across the thickness. However, even if a high performance 

computer is utilized, the assessment of welding deformation using 3D solid FE model is still quite time consuming. It is a big 

burden for prediction of welding deformation for a real scaled model. 

For example, when thermal elasto-plastic analysis is performed for a 0.5m × 0.5m model using solid elements, the total 

number of elements is 15,000 and it takes 8 hours. In the case of shell element model, the number of element is 7,000 and the 

analysis time is remarkably reduced to one and half hours. Computational time of nonlinear FE analysis using solid elements 

surges as the model size increases. Thus, it is practically impossible to perform a thermal elasto-plastic analysis for a model of 
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real size, for instance, 3m × 9m with 10 cores. This study employs shell element model and suggest a new method to apply heat 

source at the joint of face plate and core which leads to nearly the same heat distribution as that of solid elements.  

Suggestion of ‘HLA’ in shell element model 

FE model of T-Joint with shell element has one node connection between face plate and web plate as shown in Fig. 3(a). 

Some layers need to be defined in shell element in order to impose heat distribution in thickness direction. In Fig. 3(b), the face 

plate and the core have four layers and three layers (including top and bottom layers) across thickness, respectively.  
 

  
(a) Shell model. (b) Shell elements with layers. 

Fig. 3 T-joint modeling using shell elements with multi-layers. 

 
This study proposes a method to define different number of layers for face plate from core and to distribute unevenly. Its 

purpose is to impose heat load only for the face plate at the joint. Fig. 4 depicts a shell model with seven layers for face plate 

and three layers for core including top and bottom surfaces. Between top (=T ) and bottom (= B ) layers, intermediate layers 

(= ILs ) and corresponding virtual nodes (=VN s ) can be defined. Heat load can be applied to the connection node along 

with a designated layer. If the top layer is designated, heat load is imposed on both a virtual node at top layer ( TVN ) of the 

face plate and that of the core. This causes unexpected welding deformation of core. On the other hand, if IL5, IL4, IL3 and 

IL2 are designated, the unintended application of heat load to core could be avoided since those intermediate layers don’t 

exist in the core. 

The locations of layers need to be carefully set up. IL5 and IL2 are located quite closely to top and bottom layers, 

respectively. It is intended to impose heat loads of TVN  and BVN  to 5ILVN , and 2ILVN , respectively. Therefore, specific 

heat distribution can be achieved by assigning specific heat load values to evenly distributed virtual nodes ( 2ILV , 3ILVN , 

4ILVN , 5ILVN ) across the thickness. This approach is named HLA in this study. 

The proposed HLA can be verified in a simple thermal elasto-plastic analysis as depicted in Fig. 5. The analysis model is a 

simple T-joint constructed with shell elements. The size of the model is 50mm × 50mm × 25mm and thickness of plate and 

core is 3mm. Fig. 5(b) is the resultant welding deformation when the same number of layers is used for the face plate and the 

core. That is the same heat load is applied to both the face plate and the core. This leads to incorrect welding deformation of 

core. The different temperature distribution at top and bottom layers causes bending of the core as well as the face plate.  

 

  
Fig. 4 An example of hetero-layers approach. 

Node

T

T

B

B

Node

T

B

TB

IL4

IL3

IL1

Real node(= ) 

IL2
IL1

IL5



250 

(a)

Study on the 

Intermedi

First, dum

same as the in

Second, tw

and bottom la

layer should b

Third, tru

realized by ap

incorporate co

 

 

Therefore

ILFN : Th

ILCN : Th

ALN : Th

TLN : The

 

The numb

while the num

true intermedi

 Shell FE mod

F

number of lay

iated layers of f

mmy layers cor

ntermediate lay

wo acting laye

ayers of the fa

be placed quite

ue intermediate

pplying heat lo

ontinuous varia

e, the number o

he number of in

he number of in

he number of tw

e number of tru

ber of true inte

mbers of the ot

iate layers is ca

 
del.        

Fig. 5 Verifica

yers of face pl

face plate can b

rresponding to 

yers of core.  

ers replacing to

ace plate. Heat 

e close to top la

e layers. These

oads to virtual n

ation through t

Fig.

of layers of face

ntermediate lay

ntermediate lay

wo acting layer

ue layers of fac

ermediate layer

ther two layers

arried out to in

T

 
        (b)

ation of HLA i

late 

be classified in

intermediate l

op and bottom 

loads of the o

ayer and the oth

e layers are eve

nodes at these 

the thickness. 

 6 Definition 

e plate is determ

ILFN

yers of face pla

yers of core 

rs  

ce plate 

rs needs to be 

s are fixed and

nvestigate its ef

IL1IL2

) Without HL

in a simple the

nto three as illu

layers of core. 

m layers of face

original top and

her bottom lay

enly distribute

layers. The su

of layers of fa

mined as follow

ILC ALN N 

ate 

selected carefu

d not affective 

ffect on the wel

T

B

IL
IL
IL

IL
IL

B

Int. J. N

A.        

ermal elasto-p

ustrated in Fig. 

These layers a

e plate. These l

d bottom layer

er.  

ed and the actu

ufficient numbe

ace plate and c

ws.  

TLN  

fully since it ca

to the result. A

lding deformat

IL2
IL1

IL3
L4
L5
L6

L7
L8

IL9

dumm
layers

true 
intermed
layers

acting t

acting b

Nav. Archit. Oc

 
           

plastic analysi

6. 

are not used an

layers are intro

rs are imposed

ual heat distrib

er of layers sho

core. 

an affect therm

A parametric s

tion.  

my 
s

diate 

top layer

bottom layer

cean Eng. (201

(c) With HLA

is. 

nd the number

oduced to repla

d on these laye

bution across th

ould be created

 

mal elasto-plasti

study for differ

14) 6:245~256

A. 

r should be the

ace exiting top

ers. One acting

he thickness is

d to accurately

ic FE analysis,

rent number of

6 

e 

p 

g 

s 

y 

, 

f 



Int. J. Nav. Ar

Table 2 Defin

# o

# o

# o

# o

 

Here, the abov

 

- Laser po

- Welding

- Defocus

 

Fig. 7(a) i

rence of max

sufficient to re

 

Fig. 7

VERIFICAT

Comparison 

Heat trans

that with solid

agreements ar

There are two

temperatures 

the distributio

temperature c

rchit. Ocean E

nitions of thre

of true layers 

of acting laye

of intermediat

of total layers

ve-defined circ

ower = 7.5kW 

g speed = 2m/m

s = 0mm 

is the analysis 

ximum deforma

ealize the heat 

(a

7 Comparison 

TION OF HE

of welding de

sfer analysis us

d element mod

re identified.  

o ways in chec

and the other i

on of high temp

can be a represe

Eng. (2014) 6:2

ee case studies

 

( TLN ) 

rs ( ALN ) 

te layers of co

s of face plate 

cular-cone type

min 

model and Fig

ation among th

distribution ac

a)        

of different n

ETERO-LAYE

eformations 

sing HLA in s

del as shown in

cking the agree

is the maximum

perature in tran

entative value f

245~256 

s. 

ores ( ILCN ) 

( ILFN ) 

e volume heat l

g. 7(b) shows 

hree cases are 

cross the thickn

   
  

umbers of inte

ERED APPRO

hell element m

n Fig. 8. Temp

ement of tempe

m difference in

nsverse directio

for the distribu

load is applied

the calculated 

found to be b

ness and more 

           

ermediate lay

ROACH 

model is carried

perature distribu

erature distribu

n two temperatu

on is the most 

ution. 

0

0.1

0.2

0.3

0.4

0.5

0.6

0

W
el

id
ng

 d
ef

or
m

at
io

n 
(m

m
)

I 

5 

9 

d and other wel

welding defor

below 1%. Fro

layers is mean

          

ers (a) FE mo

d out and the r

utions along fo

ution. One is to

ure distribution

influential to t

0.01

Sh

Sh

Sh

II 

6 

2 

2 

10 

ding condition

rmation at poin

om the results, 

ingless. 

  (b) 

odel (b) weldin

resultant heat d

our horizontal l

o compare the 

ns. The former 

the welding def

0.02 0

Location (m

hell with 11 layers

hell with 10 layers

hell with 9 layers f

0 

ns are defined b

nt A, B and C

five true laye

ng deformatio

distribution is c

lines are comp

difference of t

r is more gener

eformation and 

.03 0.04

m)

s for skin plate

s for skin plate

for skin plate

251

III 

7 

11 

below.  

C and the diffe-

rs can be seen

on plot. 

compared with

pared and good

two maximum

rally used since

the maximum

0.05

1 

-

n 

h 

d 

m 

e 

m 



252 

(a) Four com

 

To valida

that from soli

is used and o

Overall tende

20% larger. 

 

(

 

The weld

Fig. 10. ‘Shel

It is identified

analysis resul

mparison locati

Fig. 8 Com

ate the propose

id FE model a

other condition

encies are nea

(a) Shell elem

Fig. 9 Co

ding deformati

ll with HL’ in

d that the resu

lts.  

 

 
ions.     

mparison of te

ed HLA, therm

and that from s

ns. Fig. 9 comp

arly the same, 

ment model wit

mparison of w

ions along fou

ndicates a case 

ult of shell elem

-2 -1.5
D

e
g

re
e
 C

e
lc

iu
s
 

-2 -1.5

D
e
g

re
e
 C

e
lc

iu
s

 

(b) Along z =

(d) Along z =

emperature dis

mal elasto-plas

shell element m

pares vertical w

but when HLA

th HLA. 

welding deflec

ur lines are co

of shell eleme

ment with HLA

0

500

1000

1500

2000

2500

3000

3500

-1 -0.5 0

Horizontal lo

0

500

1000

1500

2000

2500

3000

3500

-1 -0.5 0

Horizontal lo

= 0mm.   

= 2mm.   

stribution betw

stic analysis is

model without

welding deflec

LA is not empl

   
           

ction obtained

ompared togeth

ent model with

A coincides w

0.5 1 1

ocation (mm)

0.5 1 1.

ocation (mm)

Int. J. N

 
           

 
           

ween shell ele

s performed an

t the HLA. Th

ction from she

loyed, the max

   (b) Shell

d from thermal

her with solid

h HLA and ‘S

ell with the ex

.5 2

Solid

Shell

-2

D
e

g
re

e
 C

e
lc

iu
s

 

5 2

Solid

Shell

-2

D
e

g
re

e
 C

e
lc

iu
s
 

Nav. Archit. Oc

      (c) Al

      (e) Al

ement and soli

nd welding def

he proposed vo

ell element mo

ximum vertica

element mod

l elasto-plastic

d element mod

hell w/o HL’ a

xperimental res

-1.5 -1 -0

Horizo

-1.5 -1 -0

Horizo

cean Eng. (201

long z = 1mm

long z = 3mm

id element. 

formation is c

olumetric heat

odel with and 

al deflection b

del without HL

c analysis. 

del and experi

a case without

sult as well as

0

500

1000

1500

2000

2500

3000

3500

0.5 0 0.5

ontal location (

0

500

1000

1500

2000

2500

3000

3500

0.5 0 0.5

ontal location (

14) 6:245~256

. 

. 

compared with

t source model

without HLA.

becomes about

 
LA. 

ment result in

t the approach

 solid element

1 1.5 2

(mm)

Solid

Shell

1 1.5 2

(mm)

Solid

Shell

6 

 

h 

l 

. 

t 

n 

h. 

t 



Int. J. Nav. Archit. Ocean Eng. (2014) 6:245~256 253 

   
(a) Along plate edge perpendicular to the welding line.  (b) Along plate center line perpendicular to the welding line. 

 

   
(c) Along plate centerline parallel to the welding line.      (d) Along plate edge parallel to the welding line. 

Fig. 10 Comparison of vertical welding deformations for a verification of HLA. 

 

As listed in Table 3 the difference between shell model with HLA and the experiment is close to that of solid model. 

When HLA is not employed, unintended heat load causes a deformation of core and it affects to the deformation of face 

plate as well.  

 

Table 3 Comparison of max. deformations. 

 Max. vertical deformation(mm) Average error 

Experiment 2.71 - 

Solid model 2.94 7.25% 

Shell with HLA 3.05 9.22% 

Shell without HLA 3.51 25.9% 

Comparison of computational time of shell model with HLA and solid model 

In the previous section, the prediction of shell model with HLA shows a good coincidence with solid model. More cases are 

compared to validate the advantages of shell model in terms of computational time. Three cases are defined as follows and the 

FE models are summarized in Table 4.  

 

- Case I  : single-sided model with one core 

- Case II : single -sided model with four cores 

- Case III  : double-sided model with three cores 

-4

-3.5

-3

-2.5

-2

-1.5

-1

-0.5

0

0.5

0 0.1 0.2 0.3 0.4 0.5 0.6

W
e

ld
in

g
 D

e
fo

rm
a
ti

o
n

 (
m

m
)

Location (m)

Experiment
Solid
Shell wITH HL
Shell w/o HL

-4

-3.5

-3

-2.5

-2

-1.5

-1

-0.5

0

0.5

0 0.1 0.2 0.3 0.4 0.5 0.6

W
e

ld
in

g
 D

e
fo

rm
a
ti

o
n

 (
m

m
)

Location (m)

Experiment
Solid
Shell with HL
Shell w/o HL

-4

-3.5

-3

-2.5

-2

-1.5

-1

-0.5

0

0.5

0 0.1 0.2 0.3 0.4 0.5 0.6

W
e

ld
in

g
 D

e
fo

rm
a
ti

o
n

 (
m

m
)

Location (m)

Experiment
Solid
Shell with HL
Shell w/o HL

-4

-3.5

-3

-2.5

-2

-1.5

-1

-0.5

0

0.5

0 0.1 0.2 0.3 0.4 0.5 0.6

W
e

ld
in

g
 D

e
fo

rm
a
ti

o
n

 (
m

m
)

Location (m)

Experiment
Solid
Shell with HL
Shell w/o HL



254 

Table 4 FE m

Case 

I 

II 

III 

 

In genera

a few elemen

Table 5. The 

of shell mode

applied to the

 

Table 5 Lase

Case 

I 

II 

III 

models of three

al, the number 

nts across the 

above-defined

el. The power

e nodes. 

r welding con

Power(kW)

6.0 

8.9 

8.9 

e case studies

Solid

# of el

# of el

# of el

of elements us

thickness whi

d volumetric h

r with efficien

nditions of thre

W) Weldi

. 

d element mod

ements = 18,5

ements = 35,2

ements = 30,3

sed in solid mo

ile the shell m

heat sources ar

ncy is divided 

ee cases. 

ing speed(m/m

2 

4 

4 

del 

 
562 

 
226 

 
384 

odel is much la

model defines 

re imposed on

by the numbe

min) De

Int. J. N

arger than that

virtual layers.

n both actual n

er of nodes lo

efocus(mm)

-1 

-2 

-2 

Nav. Archit. Oc

Shell ele

# of elem

# of eleme

# of elem

t of shell mode

 Laser weldin

odes of 3D so

cated inside th

Heating s

1 

3×4=1

2×3=

cean Eng. (201

ement model 

ments = 3,216 

ents = 12,226

ments = 7,624 

el since the sol

ng conditions 

olid model and

he keyhole an

steps Co

12 

=6 

14) 6:245~256

 

 

 

lid model uses

are defined in

d virtual nodes

nd the value is

oling steps 

10 

10 

10 

6 

s 

n 

s 

s 



Int. J. Nav. Ar

Fig. 11 sh

summarizes m

below 5%. It 

On the other 

ratio of the co

model and the

 

 

Table 6 Resu

Case 

I 

II 

III 

CONCLUSI

Thermal e

number of ele

suggested for

employing sh

model by def

rchit. Ocean E

hows the shape

maximum defo

can be regard

hand, the com

omputational ti

e larger degree

(a

Fig. 11 Com

ults of case stu

Max. de

Solid mode

0.398 

3.165 

1.020 

ION 

elasto-plastic a

ements and th

r the thermal e

hell element mo

fining more in

Eng. (2014) 6:2

e of vertical we

ormations at th

ded that analysi

mputational tim

imes ranges fro

e of freedom of

a) Case I.  

mparison of we

udies. 

eformation(mm

el Shell m

0.39

3.10

0.98

analysis using 

he inherent larg

elasto-plastic a

odel instead of 

ntermediate lay

245~256 

elding deformat

he edge of bot

is results with 

me of solid mod

om about 8.0 t

f solid element 

          

elding deform

m) Dif

model 

96 

09 

81 

solid element 

ge degree of fr

analysis for T-

f solid element 

yers at the face

ations in transve

th sides. The d

shell element 

dels are much 

to 16.0. It is m

than those of s

     
           

 

(c) Case III.

mations of solid

fference 
(%) 

0.5 

1.8 

4.0

model require

freedom of soli

-joint laser we

model. It enab

e plate than th

erse direction o

difference betw

have good agr

longer than th

mainly due to th

shell element m

  

d model and s

Computation

Solid model

236 

2,200 

1,712 

es considerably

id element. In 

elding. It aims

bles to impose 

he core. From, 

of solid model 

ween the solid

reement with a

hat of the corre

he larger numb

model.   

 (b) Case I

 

hell models in

nal time (minu

Shell m

28

165

108

y long comput

this paper, a n

s at the reducti

the same heat 

a heat transfer

and shell mod

d model and sh

analysis using 

esponding shel

ber of solid ele

II. 

n three cases. 

utes) T
(Smodel 

8 

5 

8 

tational time d

new method n

tion of compu

load at joint as

er analysis, the

255

del and Table 6

hell model are

solid element.

ll models. The

ements of solid

Time ratio 
olid/Shell) 

8.43 

13.33 

15.85 

due to its large

named HLA is

utation time by

s solid element

e resultant heat

5 

6 

e 

. 

e 

d 

e 

s 

y 

t 

t 



256 Int. J. Nav. Archit. Ocean Eng. (2014) 6:245~256 

distribution on the cross section in the vicinity of the welding joint is observed to be nearly the same as that of solid element 

model. A thermal elasto-plastic analysis shows a good agreement of welding deformation between shell element model and 

solid element model.  

With respect to computational time, three case studies are carried out. Thermal elasto-plastic analyses are carried out for 

both solid element model and shell element model and out-of-plane welding distortion and the computational time are com-

pared. From the study, the proposed HLA can reduce the computational time by about 1/8 to 1/16 and the difference of maxi-

mum welding deformation remains below 5%. Conclusively, the application of HLA to thermal elasto-plastic analysis using 

shell elements is expected to cut down the computational time drastically while keeping the accuracy within tolerable level. 

This advantage may be more remarkable when predicting the welding deformation for real scaled sandwich panel.  

The proposed method is expected to be applied to other welding methods to require deep penetration like electron beam 

welding for thick plate or laser welding at fillet joint. The target of the welding simulation can be also extended to other types of 

sandwich panels with different cores like corrugated cores, cup shaped cores, honeycomb cores, and so on. HLA is expected to 

enable an optimization the welding condition to enhance weldability while reducing welding deformation through a drastic 

reduction of computational time. 
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