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Abstract

The heating process such as line heating, triangular heating and so on is widely used in plate forming of shell plates found in bow and stern
area of outer shell in a ship. Local shrinkage during heating process is main physical phenomenon used in plate forming process. As it is well
appreciated, the heated plate undergoes the change in material and mechanical properties around heated area due to the harsh thermal process. It
is, therefore, important to investigate the changes of physical and mechanical properties due to heating process in order to use them plate the
design stage of shell plates. This study is concerned with the development of formula of plastic hardening constitutive equation for steel plate on
which line heating is applied. In this study the stress correction formula for the heated plate has been developed based on the numerical
simulation of tension test with varying plate thickness and heating speed through the regression analysis of multiple variable case. It has been
seen the developed formula shows very good agreement with results of numerical simulation. This paper ends with usefulness of the present
formula in examining the structural characteristic of ship's hull.
Copyright © 2017 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

As it is well appreciated, plate forming is one of the key
process in manufacturing ship structures. For the plate forming
of curved surface found in bow and stern part heating forming
method such as line heating and triangular heating is usually
used, and very complicate physical and mechanical phenom-
ena are involved in the process. Many researches have been
carried out for the last several decades, and many researches
are also in progress nowadays to enhance productivity. For
example, Nomoto et al. (1991) developed simulator for plate
forming and showed a couple of application examples on
curved surface. Lee (1996, 1997) proposed an algorithm of
generating heating line information by line heating based on
mechanical model. Lee et al. (2002) suggested a simple

prediction model for thermal deformation of steel plates by
line heating and triangle heating through experiments.

Marine grade steel has higher strength than other materials
and excellent characteristics in welding and fracture tough-
ness. When steel plate is formed by heating method, there are
significant changes in both mechanical and physical properties
due to harsh thermal cycle during heating process. Especially
the change of mechanical properties must affect the strength
behavior when the part is subjected to impact load due to
accident such as collision, grounding and so on. In spite of the
importance of change of mechanical properties during heating,
the research on the change of mechanical and physical prop-
erties of steel heated by some heating process is very rare.
Jang et al. (2001) conducted studies on deformation charac-
teristics due to heat forming and Ha (2001) and Jang et al.
(2002) carried out experimental studies to predict deforma-
tion with considering phase transition due to weaved heating
and water cooling effect. But there is rare study investigating
the structural behavior of steel plate in plastic zone beyond
elastic zone due to heating.
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This study is aimed at investigating the plastic material
properties. Numerical simulation for the tension test has been
carried out to investigate the hardening characteristics of steel
plate heated by line heating method. From the present nu-
merical simulation, it is found that numerical simulation of
tension test agrees well with the result of tension test before
diffusion necking occurs but there is much difference after
diffusion necking. This may be due to that the results of ten-
sion test are uniaxial stress state although the real stress state is
tri-axial after diffusion necking. Bridgman proposed the stress
correction formula to compensate the multi-axial stress state
after diffusion necking. However since panel type specimen is
not axial symmetric, Bridgman's stress correction formula
cannot be applied. Many researchers, for example Aronofsky
(1951), Zhang and Li (1994) and Ling (1996), proposed
stress correction formula to estimate the equivalent true stress
from the average true stress of panel type specimens. Recently
Choung (2007) proposed the stress correction formula beyond
the diffusion necking which was derived based on the para-
metric numerical study for the panel type specimens of marine
grade steel. However his formula cannot be applied to the steel
plate formed by line heating. In this study transient thermal
analysis has been conducted with varying heat input and plate
thickness using the elasto-plastic properties of marine grade
steel suggested by Lim (2012) based on the results of line
heating and tension test. Then, a numerical analysis on tension
test has been carried out for several models with varying
heating conditions. Based on the present results, a stress
correction formula which can be applied to the plate formed
by line heating is suggested to correct tri-axial stress state of
tensile specimen after necking. This is expected to be used as

the fundamental information in studying structural behavior
characteristics of marine grade steel formed by line heating.

2. Outline of thermo-elasto-plastic analysis

Thermo-elasto plastic analysis is, in theory, a coupled
problem of heat transfer analysis and thermal deformation
problems. Since deformation due to heating is small
comparing with other dimensions such as width and length of
plate, two problems can be solved independently. That is, two
phenomena can be regarded as uncoupled problems (Shin,
1992; Lee, 2010; Kim and Lee, 2011). Firstly, the tempera-
ture distribution at any time is obtained through heat transfer
analysis due to moving heat source, and inputted as the ther-
mal load in the elasto- plastic analysis to obtain deformation
due to moving heat source. Fig. 1 shows the overall flow of
thermo-elasto plastic analysis. And considering effects of
latent heat for the accuracy in realizing heat transfer, tem-
perature dependent of physical mechanical properties shown
in Fig. 2 are used in the present numerical analysis. As the heat
flux model, the double Gaussian heat flux model suggested by
Tsuji and Okumura (1988) is used to take into account both
primary and secondary flames in the present numerical anal-
ysis. The heat flux distribution, q(r) of flame by combustion
gas is shown in Fig. 3 and is given as follows

qðrÞ ¼ 6hQ
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Fig. 1. Overall flow of thermo-elasto plastic analysis.
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where

R1,R2: primary and secondary flame length
r: distance from center of heat source
b: secondary flame coefficient
h: efficiency
Q: heat input per unit time.

3. Constitutive equation of plastic hardening

Tension test of steel material has been conducted to get the
elasto-plastic material characteristic such as elastic modulus,
initial yield strength, tensile strength, strain hardening expo-
nent, and strength coefficient. Through most of the tension
tests, elongation of load and gauge length is only derived but it
is possible until the diffuse necking occurs intensively around
some cross-section of member, which is called uniform true
stress-uniform true strain (refer to Fig. 4). Nominal strain and
stress in a uniaxial tension test are expressed as follows.

ε¼ DL

L0

¼ L� L0

L0

ð2Þ
Nominal stress is expressed in terms of uniaxial load P as

Eq. (3).

S¼ P

A0

ð3Þ
L0 is the initial gauge length, and L is the gauge length from

a particular section. Plastic deformation rate corresponding to
the gauge length from a particular section is called the log true
strain that can be applied before the diffuse necking. The

Fig. 2. Temperature dependent physical and mechanical properties.

Fig. 3. Double Gaussian distribution of heat flux on the plate surface (Tsuji

and Okumura, 1988). Fig. 4. Necking and stress distribution in a round specimen.
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uniform true stress and the uniform true strain at deformed
section before the diffuse necking are shown as follows.

s¼ P

A
¼ Sð1þ εÞ ð4Þ

ε
p ¼

ZL

L0

dεp ¼
ZL

L0

dL

L
¼ ln

L

L0

¼ lnðeþ 1Þ ð5Þ

Once necking occurs, materials in minimal section tend to
contract faster than in upper and lower sections near the
minimal section. Hollomon (1945) showed the stressestrain
relation in plastic section with using hardening exponent (n)

and strength coefficient (K) like in Eq. (6). In this expression,
the strain hardening exponent means the stressestrain
gradient.

s¼ KðεpÞn ð6Þ
However, Hollomon's equation cannot express stress and

strain near the initial yield region. In order to correct the
average true stress, Bridgman (1952) proved that in minimal
section the radial plastic deformation rate is equal to the
circumferential rate and double the axial rate.

ε
p
r ¼ ε

p
t ¼ ε

p
a

�
2 ð7Þ

With the assumption mentioned above, the equivalent
plastic deformation rate at the smallest section is equal to the
average rate. From Eq. (5), and the equivalent plastic defor-
mation rate can be expressed as Eq. (8) with reminding that
volume is constant during the plastic deformation. This is
called usual log true strain or Bridgman's strain.

ε
p
eq ¼ ε

p
av ¼ ln

�
A0

A

�
ð8Þ

The measured cross section area according to increment of
load can be applied as log true stress with Eq. (8). The axial
average true stress in the minimum cross section is given as;

Table 1

Condition of line heating test.

Item Value or description

Heat source LPG

LPG pressure 1.7 kgf/cm2

Oxygen pressure 4 kgf/cm2

LPG flow rate 23 L/min

Oxygen flow rate 50 L/min

Distance between torch tip and plate surface 50 mm

Cooling method Water cooling

Fig. 5. Present line heating apparatus and line heating experiment.

Fig. 6. Temperature history of 10 mm steel.
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sa;av ¼ P

A
ð9Þ

Bridgman (1952) analytically derived the radial, the
circumferential and the axial stress distributions, and sug-
gested an equation estimating the equivalent true stress from
the average true stress like as Eq. (10) in terms of von Mises
equivalent stress.

seq ¼ P

A

1�
1þ 2Rs

as

�
ln
�

as
2Rs

�¼ sa:av$z ð10Þ

seq is the equivalent true stress, sav is the average true
stress, and z is the correction coefficient. However, Bridgman's
stress correction equation given as Eq. (10) cannot be applied
to plate specimen because the equation is derived under the
assumption that the strain distribution was axisymmetric.
Choung (2007) suggested stress correction equation that can
be applied to plate specimen of mid steel for ships and
offshore structures based on Bridgman's equation. Although
the equation can be easily used because it consists of function
of strain hardening exponent, it is known that the equation is
valid only until localized necking occurs.

4. Line heating test

Line heating test has been carried out to investigate the
effect of heat input on material properties such as yield stress,
tensile strength and so on (Lim, 2012). The test specimens
were made of marine grade mild steel whose nominal yield
stress is 235 MPa. Before line heat test, the initial displace-
ment along the heating direction is measured. After heating
and cooling, displacement is measured at the same location to
draw the deformation due to line heating. For the present test,
the displacements were measured with laser sensor whose
resolution is ±0.2 mm. Four K-type thermocouples were
attached on the back side of heating to measure temperature at
locations 0, 10, 20, 50 mm apart from the center of heating
line, respectively.

The most dominant parameter affecting the result of linear
heating is the heat input. The heat input per the unit time of the
present line heating apparatus is 2300 cal/sec. The size of
specimen is 300 � 1000 mm. The line heating test was

Fig. 7. Half section shape of double Gaussian Heat Flux.

Fig. 8. Temperature history of 10 mm thick plate by numerical analysis.

Fig. 9. Comparison of maximum temperature between experiment and nu-

merical analysis of 10 mm thick plate.
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conducted with varying heating speed as 400 into 500,
600 mm/min for 10 mm and 15 mm thick specimen to
investigate the change of material properties to thickness of
plate. Water cooling was applied at the location 150 mm apart
from the heating torch to trigger phase transition due to line
heating. Conditions for the present line heating test are sum-
marized in Table 1. Fig. 5 illustrates the present line heating
test scene.

The temperature histories at the back side of heated surface
during test are illustrated in Fig. 6 for 10 mm thick specimen
when heating speed is 400 and 600 mm/min, respectively. As
it can be easily expected, the peak temperature becomes
higher as heating speed becomes slower due to higher heat
input during line heating, and temperature suddenly decreases
just after water cooling.

5. Numerical analysis of line heating

As it is already mentioned, double Gaussian heat flux
model suggested by Tsuji and Okumura (1988) is used for the
present numerical analysis for the heat transfer analysis. The
right half section under the given heating conditions is shown
in Fig. 7 corresponding to the heating conditions are listed in
Table 1.

Water cooling is applied to line heating as a cooling
method. Thus, heat transfer analysis in this study is conducted

Fig. 10. The relation of stress-temperature according to strain hardening

exponent.

Fig. 11. Thermo-elasto-plastic analysis for 10 mm thick plate: heating speed e 400 mm/min.

Fig. 12. Thermo-elasto-plastic analysis for 15 mm thick plate: heating speed e 400 mm/min.

Fig. 13. Dimensions of flat type tension test specimen [mm].
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Fig. 14. Half symmetry FE model.

Fig. 15. Results of numerical analysis (heating speed: 400 mm/min).
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considering the heat loss caused by quenching (water cooling).
The heat input per unit time in the present heat transfer
analysis is 2300 cal/sec which is same as in line heating test
described in the previous article. For the line heating speci-
mens, four 300 � 300 mm models are generated using
PATRAN, and the thickness of each model is 5, 10, 15 and
20 mm. ABAQUS/Standard (Simulia, 2013) is used for the
present numerical analysis, and the heat transfer analysis is
conducted with varying the heating speed as 400, 500, and
600 mm/min. In numerical analysis, convection boundary
condition is added to reflect heat loss by convection in all
surfaces. And in order to give the same heating and cooling
condition as the line heating test, the ordinary temperature is
considered as 20 �C, and heat loss coefficient is set
6.0 � 10�6 cal/mm2 �C for air cooling and 4.0 � 10�3 cal/
mm2 �C for water cooling. The latent heat is 65,000 cal/kg.
And as a boundary condition for elasto-plastic analysis,
constraint is given at each bottom of the model's edge to
prevent the rigid body motion.

As the result of heat transfer analysis, the temperature
history at four locations apart from heating center line by 0,
10, 20 and 50 mm, respectively are illustrated in Fig. 8 when

heating speed is 400 and 600 mm/min, respectively. Fig. 9
shows the comparison of peak temperature at four locations
on the reverse face apart from center line by 0, 10, 20 and
50 mm, respectively between line heating test and numerical
analysis shown in Figs. 6 and 8, respectively. The difference
between the numerical analysis and the line heating test lies
within about 5%, which shows the good agreement of nu-
merical analysis results with test results. As another results of
heat transfer analysis, Fig. 10 illustrates the strain hardening
exponent to consider the change in the material property to
temperature. As it is mentioned before, thermo-elasto-plastic
analysis is to be carried out to get the residual deformation
with the temperature history obtained in the heat transfer
analysis. The deformed shape of plate during heating and
cooling are illustrated in Figs. 11 and 12 for 10 and 15 mm
thick plate, respectively when heating speed is 400 mm/min.

6. Numerical simulation of tension test

After the numerical analysis of line heating, numerical
simulation of tension test is followed. Fig. 13 shows the ten-
sion test specimen following ASTM (2004). For this ABAQUS

Fig. 17. Comparison of average stressestrain curves from experiment and numerical analysis for heating speed-600 mm/min.

Fig. 16. Comparison of stressestrain curves by numerical simulation (nominal stressestrain, average true stressestrain).
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is also used. As the finite element, 8-node brick element with
reduced integration (C3D8R) is used for the present numerical
simulation. With keeping the initial width of specimen con-
stant as 25 mm, change of ratio between length and width is
simulated with varying the initial thickness, t0. Due to the
symmetry, only half modeling is used for the present simula-
tion as in Fig. 14. At the plane of symmetry, fixed boundary

condition is imposed, and displacement is imposed at the end
of grip to simulate the tension load. The finite element size
within mid-part of 50 mm is 1.25 mm and that of grip part is
5 mm and there is transition region between two parts. Since
many elements are concentrated at the mid-part, artificial
initial displacement is not imposed. In order to take into ac-
count the change in heat input, that is, change in material

Fig. 18. Comparison of average stressestrain curves from experiment and numerical analysis for heating speed-400 mm/min.

Fig. 19. Nominal stressestrain, uniform true stressestrain, average true stressestrain and equivalent true stressestrain curves for 10 mm flat specimen by line

heating.
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properties to temperature, the results of thermo-elasto plastic
analysis are used, and the average true stressestrain relation
derived to heating speed is used as the material data. 210 GPa
for the modulus of elasticity and 0.3 for Poisson ratio are used
during simulation of tension test tensile displacement is given
with speed of 2 mm/min as in the real tension test.

Simulation has been carried out for four cases of specimen
thickness as shown in Fig. 14, that is, 5, 10, 15 and 20 mm,
respectively to investigate the material properties to the ratio
of gauge length to thickness. Regarding the line heating, three
heating speed cases, that is 400, 500 and 600 mm/min, and no
heating are considered. Hence 16 cases in total have been
simulated in the present numerical simulation of tension test.

As the result of simulation, Fig. 15 illustrates the stress
distribution when rupture occurs for the specimens when
heating speed is 400 mm/min. Comparison of nominal
stressestrain and average true stressestrain curves are shown
in Fig. 16.

The nominal strain is calculated using Eq. (2) with the
displacement at the node corresponding to gauge length and
nominal stress is calculated using Eq. (3) with the reaction

forces at nodes where displacements are prescribed. The
average true stress is calculated using Eq. (6).

Comparison of average stressestrain curves with the ma-
terial data obtained from experiment and numerical analysis is
made as in Figs. 17 and 18 in order to show the validity of
numerical analysis. As seen in Figs. 17 and 18, the average
stressestrain agrees well with the experiment values at all
heating speed cases.

7. Stress correction formula

Once necking occurs, materials around the least section
tend to contract faster than in upper and lower sections.
Although it is very difficult to predict stress after diffuse
necking, the necking correction formula by Bridgman (1952)
is known to be reliable. In recent Choung (2007) studied
necking correction of plate specimen of mid steel for ships. In
this article, the necking correction formula suggested by
Bridgman is used to get stress of heated steel after diffuse
necking. The equivalent true stress of heated steel is firstly
calculated through numerical analysis, and then the average

Fig. 20. Nominal stressestrain, uniform true stressestrain, average true stressestrain and equivalent true stressestrain curves for 15 mm flat specimen by line

heating.
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stress is drawn from the experiment data conducted by Lim
(2012). Stress correction factor z in Eq. (10) is obtained
through regression analysis of multiple variables based on
results of numerical simulation of tension test as it is
mentioned in the previous section. As far as the present results
are concerned, the stress correction factor z in Eq. (10) is
derived as following equation.

zðεrÞ ¼ aεr
2 þ bεr þ g ð11Þ

where a ¼ 2:43e�2; b ¼ �14:04e�2 and g ¼ 1:0103.
Finally in order to show validity of the stress correction

formula for heated steel suggested in this paper as Eq. (10)
with correction factor in Eq. (11), this equation is compared
with the average true stressestrain and equivalent true
stressestrain obtained by numerical simulation as in Figs.
19e21. And the equation is also compared with that sug-
gested for marine grade mild steel by Choung (2007). As it can
be seen in Figs. 19e21, the formulae derived in the present
study shows good agreement with the results of numerical
simulation. As far as the present results are concerned, it can
be said that the present correction formula can be easily used
for the steel structure within wide strain range after local
necking when heating speed and plate thickness are given.

8. Conclusions

In this study, thermo-elasto-plastic analysis and simulation
of tension test have been carried out with varying heat speed
and plate thickness for which elasto-plastic properties of
heated steel obtained from the former study (Lim, 2012) are
used. It was found that due to the hardening effect equivalent
true stress increased as heat input increased. Based on the
results of numerical simulation of tension test with varying
plate thickness and heating speed, that is, heat input, stress
correction formulae has been derived through the regression
analysis, and it is compared with results of numerical simu-
lation. It is seen that the proposed formula shows good
agreement with numerical results.

As it is mentioned, as far as the present results are con-
cerned, it is expected that the correction formula proposed
here can be easily applied to the steel structure within wide
strain range after local necking when heating speed and plate
thickness are given. For a more comprehensive work before
applying to the design of real structure, more study with
varying parameters affecting stressestrain relation should be
carried out. The results will be published in the judicial pro-
ceedings or journal in the future.

Fig. 21. Nominal stressestrain, uniform true stressestrain, average true stressestrain and equivalent true stressestrain curves for 20 mm flat specimen by line

heating.
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