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Abstract

When collision accident between ships or between ship and offshore platform occurs, a common phenomenon that occurs in structures is the
plastic deformation accompanied by a large strain such as fracture. In this study, for the rational design against accidental limit state, the plastic
material constants of steel plate which is heated by line heating and steel plate formed by cold bending procedure have been defined through the
numerical simulation for the high speed tension test. The usefulness of the material constants included in CowpereSymonds model and
JohnsoneCook model and the assumption that strain rate can be neglected when strain rate is less than the intermediate speed are verified
through free drop test as well as comparing with numerical results in several references. This paper ends with describing the future study.
Copyright © 2018 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

Among marine accidents, ship collision takes about 35% of
the entire marine accidents (for example web site of KOEM).
Especially in case of a ship carrying detrimental liquids or oil
crash, strand or explode, the leak of its pay load causes serious
marine pollution. And it would cause huge environment and
property loss as well as life. Estimation of structural damage
due to collision accident is not easy due to variety in damage
and fracture types during collision, different capacity in en-
ergy absorption and so on (Choung, 2007; Choung et al.,
2011). Common phenomenon during collision and grounding
accident is the plastic deformation accompanying large
deformation such as fracture. Until recently many researches
are carried out to achieve the structural design such that the
structural undergoes minimum fracture but maximum defor-
mation to absorb the external energy.

Collision and grounding accidents can be categorized into
the internal and the external mechanics. The external me-
chanics has concerned with the estimation of kinetic energy of
striking and struck structures, and the internal mechanics has
concerned with the dissipated energy due to plastic deforma-
tion during collision and grounding. The study on the internal
mechanics of collision accident was initiated by Minorsky
(1958) and many researches have been carried out in the
past few decades. Amdalh (1983) conducted collision test for
the bow structure by scaling down and simplifying bulbous
bow structures as tubes with circular and elliptical cross-
section, and proposed the simplified formulae of estimating
crash strength. Numerical simulation methods have been also
proposed (for example, see Wisniewski and Koiakowski,
2003).

Regarding the fracture criteria, in most studies shear frac-
ture criterion is used in dealing with the collision, contact and
grounding problems. Lehmann and Yu (1998) proposed the
effect of stress tri-axiality on the fracture based on the fracture
mechanics of continuum, and Urban (2003) proposed RTCL
model (Rice-Tracey and Cockcroft-Katham model) for the
fracture criterion. The common point of these works is that
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fracture behavior of material was affected by the stress tri-
axiality. Recently Choung (2007) presented the plastic and
fracture characteristics of marine grade steels through test and
numerical studies. However, in most research, material prop-
erties obtained based on results of tensile test for the material
without heat treatment have been used. The estimation of
damage of striking structure as well as struck structure as
accurate as possible is one of the most important tasks for a
more rational design. Rare study is concerned with the plas-
tification or fracture characteristics of curved outer shell form
by heat treatment such as line heating, triangular heating and
so on. As it is well appreciated, heat forming method usually
used in manufacturing the curved blocks frequently found in
bow and stern part of a ship, and much heat is inputted during
heat forming process. The outer shell plates in bow or stern
part of ship usually formed by cold bending process using
press followed by heat forming process using line heating,
triangular heating and so on. Many researches have been
carried out to investigate the physical phenomena or to
develop the formulae of predicting thermal deformation of line
or triangular heating method (see for example Ha 2001; Jang
et al., 2001; Lee et al., 2002; Shin, 1992).

This study is concerned with investigating plastic material
properties of ship's outer shell plate formed by the heating
process aimed at a more rational design against the limit state
under marine accident. For the present study, the elasto-plastic
properties of marine grade steel suggested by Lim (2012) based
on the results of line heating and tension test are used, which
was the preceded study of the present paper. According to the
results of the preceded study (Lim, 2012), material strength of
heated steel increased due to hardening effect of heat process
but true fracture strain decreased due to hardening effect. And
also it was found that energy absorbing capacity became very

much lower than the unheated steel. This may be disadvantage
from view point of the ultimate limit state design.

This study is, hence, mainly concerned with the dynamic
fracture due to impact load such as collision force of heated
steel by line heating method. This paper first presents two
typical models of strain equations for the CowpereSymonds
and JohnsoneCook models, and reviews the material con-
stants included in the CowpereSymonds model through
related references. In analyzing the highly dynamic problem
such as structural analysis of collision accident, dynamic
material properties obtained through high speed tension test
are very important. But in case of marine grade steel, there is
not much information available about the dynamic material
properties, especially there are rare information about the
dynamic material properties for the heat treated steel by
thermal process such as line heating. In this study, the dynamic
material properties have been obtained through the numerical
simulation of dynamic tension test of which validity has been
verified in the proceeded study. With the results of this

Fig. 1. Dynamic yield stress to strain rate (Meyers, 1994).

Fig. 2. Finite element model for numerical simulation of tensile test.
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numerical simulation, material constants involved in Cow-
pereSymonds equation (Cowper and Symonds, 1957) and/or
JohnsoneCook equation (Johnson and Cook, 1985) are
derived and compared with those of previous study available

in references. From doing this, the validity of the present
approach has been verified. In order to show the validity of the
present approach, free drop test and numerical simulation of
several stiffened plate models have been carried out and

Fig. 3. Estimated true stress-true strain curves for various strain rates by numerical analysis.
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compared each other. Based on the present results, effect of
strain rate on the heat treated steel due to impact load has been
investigated. As far as the results of the present study are
concerned, the present approach for highly dynamic problem
shows good agreement with test results.

Fig. 4. Dynamic hardening factors of “A” Grade steel.

Table 1

Material constants of “A” grade steel (unit: s�1).

Constitutive model Type DCS qCS CJC

CowpereSymonds Heated steel 410 5 N/A

Unheated steel 40 5 N/A

JohnsoneCook Heated steel N/A N/A 0.1824

Unheated steel N/A N/A 0.1715
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2. Constitutive equation for strain rate

If strain rate is less than 1/s, it is regarded as the low strain
rate and the problem becomes the quasi-static problem. Strain
rate of 1/se1000/s belongs to the intermediate strain rate and
inertial force and stress wave play the important role. Fig. 1
illustrates the dynamic yield stress of carbon steel to strain

Table 2

Material constants in references.

Researcher DCS qCS

Jones (1989) 40 5

Lee (1983) 355 5

Paik and Pedersen (1995) 3200 5

Lim (2005) Eq. (8) 5

Fig. 5. Comparison of dynamic plastic hardening of “A” Grade steel.
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rate. The results were obtained from Hopkins bar test when
strain rate is greater than about 100/s. It can be seen that dy-
namic yield stress increased as strain rate increased. This
phenomenon became significant when strain rate is greater
than about 500/s. It is well appreciated that as the strength of
steel is higher, it is not much sensitive to strain rate. Consti-
tutive equation for the strain rate has a close correlation with
temperature due to plastic deformation. There is, however, no
adequate constitutive equation to theoretically express the
relation between strain rate and temperature. In the most past
studies, emphasis was placed on the temperature dependency
of strain rate in plastic range of material.

CowpereSymonds and JohnsoneCook models which are
typical models for the constitutive equation for the strain rate
use the dynamic hardening factor of static yield stress as the
approximation of the change in strain rate and are known to be
adequate when strain rate lies low or intermediate range. The

dynamic hardening factor, DHFð _εpÞ which relates the static
flow stress, ssYðεpÞ and the dynamic flow stress, sdYðεp; _εpÞ can
be expressed as:

sd
Yðεp; _εpÞ ¼ ss

YðεpÞ,DHFð _εpÞ ð1Þ
The dynamic hardening factor in CowpereSymonds model

is given as:

DHFð _εpÞ ¼
"
1þ

�
_εp

DCS

� 1
qCS

#
ð2Þ

where DCS and qCS are material constants of Cow-
pereSymonds model. Substituting Eq. (2) into Eq. (1) yields
CowpereSymonds model as follows.

sd
Y ¼ sS

Y

"
1þ

�
_εp

DCS

� 1
qCS

#
ð3Þ

In JohnsoneCook's static hardening model given as Eq. (4),
plastic strain and temperature are basically involved as vari-
ables. There are four material constants named as AJC, BJC,
nand m, which must be measured at the temperature below the
transition temperature, Ttrans. In addition to this non-
dimensional temperature, T* is defined as Eq. (5).

sd
Y ¼

�
AJC þBJCðεPÞn

�
,
�
1� T*m

� ð4Þ

T* ¼

8>>><
>>>:

0:0

T � Ttrans

Tmelt � Ttrans

1:0

for
for
for

T <Ttrans

Ttrans � T � Tmelt

T >Tmelt

ð5Þ

where T is the instantaneous temperature. The dynamic
hardening factor in JohnsoneCook model is given as:

DHFð _εpÞ ¼
�
1þCJC ln

_εp

_εref

�
ð6Þ

Using Eqs. (1) and (4), JohnsoneCook model considering
the strain rate can be written as:

sd
Y ¼

�
AJC þBJCðεPÞn

�
,

�
1þCJC ln

_εP

_εref

�
,
�
1� T*m

� ð7Þ

Table 3

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

Table 4

Models for drop test.

Model Forming

method

Heating speed

(mm/min)

No. of heating

lines

Notch radius

(mm)

IN-1 Cold bending e e e

IN-2 Cold bending e e e
IN-3 Cold bending e e 20

IN-4 Cold bending e e 20

IH-1 Line heating 300 3 e
IH-2 Line heating 300 3 e

IH-3 Line heating 300 3 e

IH-4 Line heating 300 3 20

IH-5 Line heating 300 3 20

IH-6 Line heating 300 3 20

Fig. 6. Photo of line heating for drop test model and temperature history.
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where _εref is the reference strain rate and has value of 1/s.

3. Derivation of material constants

As it is previously mentioned, the dynamic material prop-
erties of the heated steel by line heating have been obtained
through the numerical simulation of dynamic tension test of
which validity has been verified in the proceeded study. The

material constants involved in CowpereSymonds and John-
soneCook models are obtained based on this numerical
simulation. Through comparing the present results with values
in relevant references, it is assumed that dynamic hardening
equation can be expressed in term of only strain rate without
much loss of accuracy.

Finite element model for the simulation of tension test is
shown in Fig. 2. For the present numerical simulation, the

Fig. 7. Dimensions of specimen for drop test (include notch R20 in the fracture models only).
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Fig. 8. Photo of prepared drop test models.

Fig. 9. Photos after striking for fracture models.
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commercial finite element package, ABAQUS (Simulia, 2013)
is used. When strain rate is less than 1/s, static analysis is
carried out and when strain rate is intermediate such that strain
rate lies 10/se100/s, dynamic analysis is carried out. In gen-
eral during collision or grounding at sea, ship's speed is less
than 20 knots, so the high strain rate over 1000/s is not
considered in this study. In order to obtain the material data of
heated steel, numerical simulation of tension test is carried out
as following steps.

(a) Simulation of line heating test, that is, transient heat
transfer analysis is carried out with heating speed of
300 mm/min.

(b) Elasto-plastic analysis is to be carried out with the tem-
perature history obtained in (a).

(c) Using the results of (b), numerical simulation of high
speed tension test is performed.

(d) The same simulation is performed for the unheated steel
specimen.

(e) From the numerical results of (c) and (d), information of
average true stress-true strain to strain rate is deduced.

(f) Dynamic hardening factor is deduced based on the results
of previous steps.

(g) Material constants of CowpereSymonds and John-
soneCook models are deduced from the dynamic hard-
ening factor obtained in (f).

(h) Validity of the material constants in (g) are compared with
those in relevant references is verified.

The true stress-true strain relations of ‘marine grade A’
steel specimens of which thickness is 10 mm are shown in
Fig. 3 with changing the strain rate. Based on the numerical
analysis results, the deduced dynamic hardening factors are
plotted against strain rate as in Fig. 4. In order to observe the

Table 5

Comparison of the maximum deflection and crack length for the present test

models.

Model Forming

method

Deflection at

mid-span (mm)

Crack length

(mm)

IN-1 Cold bending 59.77 e
IN-2 Cold bending 61.43 e

IN-3 Cold bending 74.67 20

IN-4 Cold bending 76.67 19

IH-1 Line heating 57.43 e
IH-2 Line heating 54.77 e

IH-3 Line heating 58.43 e

IH-4 Line heating 74.23 23

IH-5 Line heating 73.67 21

IH-6 Line heating 72.33 24

Fig. 10. Temperature dependent physical and mechanical properties.

Fig. 11. Double Gaussian distribution of heat flux on the plate surface (Tsuji

and Okumura, 1988).
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fluctuation of the dynamic hardening coefficient depending on
the strain level, the dynamic hardening coefficient for the four-
stage plastic strain level of 0.05, 0.1, 0.15, and 0.2 is shown in
Fig. 4.

As it can be seen in Fig. 4, the dynamic hardening factor
of both heated steel and unheated steel increases as strain rate
increases. This conforms that dynamic hardening factor can
be represented in terms of strain rate and constitutive equa-
tion for dynamic hardening can be represented in terms of
only strain rate without much loss of accuracy. In this study
using the dynamic hardening factors, material constants in
CowpereSymonds and JohnsoneCook models are obtained
with reference of the 5% proof stress as summarized in
Table 1.

Fig. 12. Heat transfer analysis for drop test model.

Fig. 13. Thermo-elasto plastic analysis result for drop test model.

Table 6

Mechanical properties of 10 mm steel at heating speed of 300 mm/min.

Initial yield

stress, s0

Plastic strain

hardening index, n

Strength

coefficient, K

401.58 MPa 0.2131 1222.36 MPa
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In order to verify the validity of the present approach, the
dynamic hardening factor and material constants in Cow-
pereSymonds model deduced based on the present numerical
simulation for high speed tension test are compared with those
found in three references as Table 2 and Fig. 5. The material
constant, DCS is defined as Eq. (8).

DCS ¼
8<
:
92000� exp

� s0

364MPa

�
�193779

40

for
for

s0>271MPa
s0 � 271MPa

ð8Þ
In Table 1 and Fig. 5, the values designated as ‘FEA’ are

the results of the present study. As it can be seen in Fig. 5, in
case of heated steel, result by Lee (1983) is most similar to the
results of the present study and others overestimate or un-
derestimate the dynamic hardening factors.

4. Free drop test and numerical simulation

4.1. Line heating test

The heat formed model for the drop test is manufactured
by line heating method. Heating speed is 300 mm/min as it is
given in Table 4. Conditions for the present line heating test
are listed in Table 3. Deformation due to heating is calculated
as the difference of displacement measured before heating
and after cooling. Displacement is measured by the laser
sensor of whose resolution is ±0.1 mm, and temperature
history is measured by K-type thermo-couples. The distance
between heating lines is 320 mm such that there is no
interaction between heating lines. Fig. 6 shows the line
heating test scene and temperature history. With the
measured deformation of heat formed model, cold formed
models are manufactured hydraulic press of which capacity
is 1000 tons.

4.2. Free drop test apparatus and models

Free drop test has been carried out for the two cases, say,
‘Damaged model’ and ‘Fracture model’. Five models for the
damage and fracture models each were manufactured. The
detailed design of the model is shown in Fig. 7 which was
designed with referring to the model for the free drop test
conducted by Min et al. (2011). Material is marine grade A
mild steel of 10 mm thick. ‘Damage model’ denotes the
model designed to deform without fracture in drop test with
the apparatus used for the present study and ‘Fracture
model’ is designed to undergo the significant deformation
and fracture failure. To compare the results of different plate

Fig. 14. True stressestrain curves used for to finite element analysis.

Fig. 15. Finite element models for numerical analyses.
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forming process, three heat forming models and two cold
forming models for damage and fracture models, respec-
tively are prepared. Models for drop test are summarized in
Table 4, in which ‘IN’ denotes the cold formed model and
‘IH’ denotes the heat formed model by line heating
described in the next section. There are four cold form
models and six heat formed models as mentioned before. In

Table 4 form process and no. of heating lines, heating speed
and radius of initial notch for ‘Fracture model’ are
described. Models designated as ‘IN-1, IN-2, IH-1, IH-2 and
IH-3’ are ‘Damage models’, and ‘IN-3, IN-4, IH-4, IH-5,
IH-6’ are ‘Fracture models. In case of fracture model, the
radius of initial notch is 20 mm as it can be seen in “A” SEC
in Fig. 7.

Fig. 16. Deformed shape of models.

Fig. 17. Numerical analysis results of cold bending model (IN-4) for drop fracture experiment.
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4.3. Drop test

Free drop test models are manufactured by welding the heat
or cold formed plate and stiffener. Fig. 8 shows the apparatus
for the present free drop test. The drop height is 1.5 m for the
damage model and 1.8 m for the fracture model with the
striker of which mass is 460 kg.

The fractured shape around the initial notch for the fracture
models are shown in Fig. 9. Measured deformation and crack
length are listed in Table 5. As it can be seen in Table 5,
deformation of the heat formed models is less than those of
cold formed models by about 10%. This may be due to
hardening effect by line heating process. Meanwhile, there is
not much difference in crack length between the cold and heat
formed model. The crack length of heat form model is a little
bit greater than that of cold formed model. This seems to be
due to the lowered energy absorbing capacity during collision.
This implies that fracture of heat formed model occurs at
lower stress and strain than cold formed model.

4.4. Numerical analysis for drop test

In order to numerically simulate the free drop test, thermo-
elasto plastic analysis for the outer shell plate is firstly per-
formed using the commercial package ABAQUS (Simulia,
2013). 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 step is obtained through heat
transfer analysis due to moving heat source, and inputted as
the thermal load in the elasto-plastic analysis to obtain
deformation due to moving heat source. And considering ef-
fects of latent heat for the accuracy in realizing heat transfer,
temperature dependent of physical mechanical properties
shown in Fig. 10 are used for the present numerical analysis.
As the heat flux model, the double Gaussian heat flux model
suggested by Tsuji and Okumura (1988) is adopted to take into

account both primary and secondary flames in the present
numerical analysis. The heat flux distribution, q(r) of flame by
combustion gas is shown in Fig. 11 and is given as follows.

qðrÞ ¼ 6hQ

R2
1 þ bR2

2

e
�

�
r

R2
1

þb r

R2
2

�
ð9Þ

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

Fig. 12 illustrates the temperature distribution for each
heating lines, in which dotted arrow denotes the heating lines.

Fig. 18. Numerical analysis results of heating model (IH-6) for the drop fracture experiment.

Table 7

Comparison of the maximum deflection of damaged models (unit: mm).

Model Experiment Numerical analysis

Lee

(1983)

Paik and Pedersen

(1995)

Lim (2005) Present

studya

IN-1 61.77 63.02 63.03 62.80 63.19

IN-2 62.43 63.69 63.70 63.51 63.87

IH-1 57.43 59.96 60.04 60.58 60.97

IH-2 54.77 57.19 57.25 57.78 58.15

IH-3 56.43 58.92 58.99 59.53 59.91

a Strain rate is neglected.

Table 8

Comparison of the maximum deflection of fracture models (unit: mm).

Model Experiment (a) Present numerical

analysisa (b)

(a)/(b)

IN-3 79.56 80.43 0.989

IN-4 81.67 82.51 0.990

IH-4 74.23 75.67 0.981

IH-5 73.67 76.12 0.968

IH-6 72.33 74.97 0.965

average 0.979

a Strain rate is neglected.

115H.K. Lim, J.-S. Lee / International Journal of Naval Architecture and Ocean Engineering 10 (2018) 103e118



As it is listed in Table 4, number of heating lines to form the
outer shell plate is three. As the final results of thermos-elasto
plastic analysis, the final deformed shape is shown in Fig. 13.
To get the information about material properties, numerical
simulation for the tension test has been carried out instead of
real tension test, of which validity has been already verified in
the proceeded study (Lim, 2012). The size of specimen for the
present numerical simulation for tension test is same as in Fig. 2.
As the results of material properties, initial yield stress (s0),

plastic strain (n) and hardening factor (K ) are listed in Table 6
for the 10 mm thick marine grade A mild steel heated with
heating speed of 300 mm/min. Fig. 14 shows the true stresse-
strain curve of heated specimen with the unheated specimen.

With regard to the effect of strain rate, substituting the yield
stress of 401.58 MPa as listed in Table 6 into Eq. (8), material
constant Dcs becomes about 83,501/s. This means that strain
rate effect can be disregarded if strain rate is less than several
thousands/s. And Min et al. (2011) claimed that effect of strain

Fig. 19. Comparison of strain rate history at cold bending and heating model.
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rate could be ignored when strain rate was less than 1000/s as
far as their study on the drop test and numerical analysis were
concerned. In order to verify this, numerical analysis has been
carried out for the two cases, that is, the first case is using Dcs
and qcs proposed in the references and the second case is that
strain rate effect is disregarded.

Fig. 15 shows the finite element models for numerical
analysis of damage and fracture models. As it is mentioned,
there is notch at mid span of fracture model of which radius is
20 mm.

As it can be seen in Table 5 which is the result of drop test,
average displacement at mid-span is 58.37 mm for damage
model and 74.31 mm for fracture model. Numerical analysis
results are shown in Figs. 16e18. As the present numerical
analysis results, maximum displacement at mid-span is sum-
marized in Tables 7 and 8 with test results. In Table 7, the
results using the material constants proposed by other re-
searchers considering the strain rate are also included as for
comparison. As it can be seen in Table 7, the present numer-
ical analysis result for which strain rate is ignored shows a

Fig. 20. Comparison of kinetic and dissipated energy history for cold bending and heating model.
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good agreement with test results such that the difference be-
tween test and numerical analysis results is less than 4%. In
addition, the present result also shows a good agreement with
those using material constants proposed other researchers
which were obtained considering the strain rate.

Fig. 19 illustrates the maximum principal strain rate to time
at the location where maximum strain rate occurs during
collision. As it can be seen, the maximum value of strain rate
is 250/s and 300/s for the damage test model and fracture test
model, respectively. The steady strain rate is less than 100/s.
This also conforms that the effect of strain rate due to collision
can be neglected.

In order to evaluate the reliability of the present analysis,
energy equilibrium state is compared as shown in Fig. 20.
Fig. 20 shows the change in the kinetic and dissipated energy
during collision for damage and fracturemodels. Also, energy is
equilibrated with time, and it can be seen that the energy ex-
change becomes slower as the material strength becomes larger.

5. Conclusions

This study is concerned with investigating the plastic mate-
rial properties of ship's outer shell plate formed by the heating
process aimed at a more rational design against the limit state
under marine accident such as collision, grounding and so on.
Material constants in CowpereSymonds and JohnsoneCook
models are derived for the heated and the unheated plate based
on the results of numerical analysis of which validity was
already verified in the proceeded study. Since the strain rate
effect can be neglected if the strain rate is not more than several
thousand/s at the moment of impact, In deriving the constants,
the effect of strain rate was neglected in the present study. With
the constants derived from the present study, numerical analysis
of drop test for the outer shell structure formed by cold or
heating process are performed for two types of model, that is
‘damage model’ and ‘ fracture model’. The present numerical
results show a good agreement with test results of drop test.
From the present findings, it can be said that since the material
properties of heated steel is different from those of unheated
steel, the material properties derived here for the heated steel
should be used in structural analysis beyond the yield state for a
more rational design of a ship structure. And it is found that
strain rate can be ignored in analyzing the collision or grounding
of ships since strain rate is relatively low.

As an extension of the present study, the practical useful-
ness of the present results should be verified by applying to the
structural damage analysis of collision or grounding. The
result would be presented in the judicial proceedings or
journals in the future.
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