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Abstract: The development of the global economy has led
to a rise in ship traffic. As a result, the risk of accidents,
such as collisions between ships and grounding, has also
increased. Different failure criteria to capture these acci-
dents have been introduced by researchers. Therefore, the
purpose of this study was to determine the essential distinc-
tion between these failure criteria. The simulations suggest
that failure criteria based on the maximum stress result in
a slightly higher rupture strain value, greater crack prop-
agation, and higher internal energy than those based on
the maximum strain. Furthermore, using a larger mesh size
compared with the size of the test specimen appears to
greatly affect the validity of the simulation results.
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1 Introduction

The maritime transportation system is an important com-
ponent of the global economy and significantly contributes
to the fulfillment of numerous demands. In 2018, approxi-
mately 11 billion tons of cargo were transported by sea [1].
As transportation vessels, ships have an important role in
these activities. Moreover, maritime transportation, espe-
cially via ship, has become common, and the number of
vessels continues to increase due to their efficiency. These
vessels are a vital part of existing communication systems.
However, as the number of ships increases, the probabil-
ity of accidents rises. Ship—ship collision and grounding
events are now among the most catastrophic accidents and
can cause the loss of lives, damage to the environment, eco-
nomic losses, and other detrimental effects [2-5]. Numer-
ous international projects and studies have been presented
with the aim of enhancing many different aspects of mar-
itime safety, such as ship operation, advanced ship designs,
intact and damage stability, evacuation, and rescue.

In the classical ship collision theory, the collision esti-
mation is typically separated into two independent prob-
lems: external and internal collision dynamics. External col-
lision dynamics pertain to the motion of colliding ships and
their interaction with the surrounding water. On the other
hand, the internal dynamics involve the local crushing of
material in the ship structures involved in the collision [6].

Methods for the analysis of structural damage in ship
collisions and grounding can be classified into four cate-
gories: empirical methods [7], finite element methods [8—
14], experimental methods, and simplified analytical meth-
ods. In a situation where an accident occurs very quickly,
i.e., collisions between ships, the impact can inflict ex-
tremely severe damage to the material and structure. As
the impact occurs in a short period, the material used in
the ship structure can fail without significant elongation.
In the past three decades, several failure criteria to capture
this failure condition have been introduced by different
researchers.
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The most common failure criterion used for ship colli-
sion numerical modeling is the equivalent plastic strain cri-
terion [15]. In the early 2000s, failure criteria based on max-
imum strain were developed by Germanischer Lloyd [16]
and Peschmann [17]. Some failure criteria benchmark stud-
ies using Germanischer Lloyd and Peschmann simulating
the collision response of ship side structures were investi-
gated by Ehlers et al. [18], and crashworthiness assessment
of powered-hard grounding accidents was simulated by
Prabowo et al. [19]. In addition, failure criteria based on
maximum stress have also been developed, such as the
Rice-Tracey, and Cockcroft-Latham (RTCL) criterion pro-
posed by Tornqvist [20], which is based on the combination
of two continuum damage models: the Rice-Tracey [21] and
Cockcroft-Latham [22] damage models. Moreover, failure
criteria based on ultimate strain are reviewed in the works
of literature [23-26]. Most of the reported studies have used
failure criteria on immensely complex external collision
dynamics in different conditions, such as collision, ground-
ing, etc. [8-14, 27-29].

Although many previous investigations have explored
failure criteria used in ship collision numerical modeling,
few studies have evaluated the numerical response dif-
ferences between stress-based failure criteria and strain-
based failure criteria in numerical modeling with various
numerical parameters, including specimen topology, mesh
size, and applied material types. In this study, three failure
criteria- Germanischer Lloyd (GL), Peschmann, Rice-Tracey,
and Cockcroft-Latham (RTCL) criteria-were applied in nu-
merical modeling using ANSYS software. The main purpose
of this study was to determine the highest failure strain
among the three failure criteria. The tensile test was used
as a failure model, and the use of the specimen was also
investigated to obtain satisfactory results.

2 Literature review

In this section, a theoretical framework is introduced to
support a substantive theory of recent work. The contents
cover the formulation of finite element method, nonlinear
dynamic algorithm, fundamental of tensile test, and Tresca
and von Mises yield criteria.

2.1 Governing equation in finite element
formulation

The following procedure is applied in the finite element
method [30]. The procedure concerns the global discrete
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equilibrium equation, where the conservation of mass can
be written in matrix form for a given time t. For the quasi-
static case, the input in matrix form is the working load or
force. The relationship between the residual vector Ry and
the force can be written as:

Ry=Fy-Fs=0 )

where Fy and F;; are the external and internal force vectors,
respectively. Ry is calculated for the initial configuration
by employing the total Lagrangian method [31, 32].

In the case of the element expressions, the discretized
equilibrium equation of these vectors can be written as in
Eq. (2) and Eq. (3).
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where Ny and bp, are the shape function matrix for dis-
placements and the body force vector at the initial configu-
ration Qy, respectively. fg is the traction vector at bound-
ary I'g, C I'o(I'g = 0Qy), F (C? is the point force vector at
element (e), and nc, is a loaded node. B is the strain-
displacement matrix for large strains [33]. S = JF ' -0 F T
is the Second Piola-Kirchhoff stress tensor, and the super-
script T is the transpose symbol.

In an iterative process (Newton-Raphson), the follow-
ing Jacobian matrix is required:

oR
Juu = _TUU ~ Ky 4)
© _ [ 579S; =T
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where Ky is the stiffness matrix. U and 0S/oE are the nodal
displacement vector and the tangent elastoplastic constitu-
tive tensor for the initial configuration Qy, E is the Green—
Lagrange strain tensor, and H is the strain-displacement
matrix for large strains derived by the linearization of B.

2.2 Brief characteristics of the dynamic
algorithm, software, and computer

The nonlinear dynamic analyses in this study were per-
formed using the ANSYS Explicit Dynamics code [34]. The
algorithm implemented in this code is characterized as:

{acy = ({F2} - {Fi"}) (6)
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where {a;} is the acceleration at time ¢, and [M] is the mass
matrix. { F*'} is the applied external and body force vector,

and {F ;’“} is the internal force vector. F"8 is the hourglass

resistance force, and BT is the form identical to the linear
discrete strain-displacement matrix. FE°" is the contact
force, Q is the solid volume, and oy, is the internal stress. In
this algorithm, the velocities and displacements are evalu-
ated as follows:

{Vesaa} = {Veeara ) +{ac} At (8)
{upenet = {uet + {Veaaea } Ateoar) 9)
{Xtrat} = {Xo} + {Utsat} (10)

where {v;} is the velocity at time ¢, and {u,} is the displace-
ment at time ¢. {xo }is the initial geometry, and {x;} is the
updated geometry at time t. At is the difference in time at
time t compared with the initial/selected condition.

2.3 Tensile test: fundamentals

The material response to mechanical loads is often mea-
sured by performing a uniaxial tensile test. Typically, the
elongation of the sample is measured by a change in gauge
length (1), and the results are displayed as a load—extension
curve or an engineering stress-strain curve. In ductile mate-
rial, the first region of the stress-strain curve shows elastic-
ity until reaching a certain load. After passing through the
elastic region, the ductile material will deform plastically
and fail. On the other hand, brittle material fails without
plastic deformation [35-37].

A tensile test specimen is presented in Figure 1. The
middle of the specimen is the original gauge length [/, and
is where the failure is expected to occur. During the test, the
applied load F and the elongation AL = [ — I, are recorded.
The load F is divided by the original cross-sectional area
of specimen Ag, and the elongation AL is divided by the
original gauge length ly. The engineering stress Oeng. is
defined as:

Oeng. = 5— 11)
eng AO
and the engineering strain eeng. is:
AL (12)

€eng. = T
0
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There are several conditions on the stress-strain curve.
One of the conditions that can be seen is the occurrence of
the nonlinear curve phenomenon. This condition is caused
by strain hardening, which results primarily from an in-
creasing dislocation density that increases the strength of
the material [37]. As a result, the material is permanently
deformed, and the load—deformation relationship in this
plastic region is nonlinear.

The engineering stress definitions are based on the
original cross-sectional area Ag rather than the current
value A. Furthermore, the engineering strain is also based
on the original gauge length [, instead of the instantaneous
gauge length L. To solve these conditions, the true stress o
and true strain ¢ are introduced and defined as [36]:

o= (13)

A

Hence, A is the instantaneous cross-sectional area of
the test specimen. The plastic deformation takes place with-
out any appreciable change in volume. The volume of the
material before deformation is equal to the volume after
deformation:

Aolp = Al (14)

F L
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!
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The true stress-strain curve does not reach a maximum
as in an engineering curve, and the strain value is valid in
the range from uniform elongation to the onset of necking.

For the plastic region of the true stress-true strain curve,
the relationship between stress and strain is nonlinear. A
common empirical stress-strain relationship is Hollomon’s
(power) law [38]:

0= = Oeng. (1 + €eng.) (15)

o=Ke" a7

where K is the strength coefficient, and the exponent n is
the strain-hardening exponent.

L ]

N

l

0

Figure 1: Typical tensile test specimen
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2.4 Yield criteria

The yield criteria define the limit of elastic behavior or the
start of plastic deformation in material under multi-axial
states of stress. A criterion for determining the condition of
continuous plastic flow is defined as the flow criterion [39].
In a uniaxial compression or tensile test, the material starts
to flow plastically when the stress in the material reaches
the material yield strength:

(18)

Hence, F is the instantaneous load, A is the instanta-
neous cross-sectional area of the specimen, and oy is the
yield strength of the material and called the flow stress.

Several theories have been developed for predicting
the stress under which a material element will deform plas-
tically. The most popular yield criteria used in numerical
modeling are the Tresca yield criterion and the von Mises
yield criterion.

The Tresca yield criterion is based on the assumption
that the material starts to yield when the greatest maximum
shear stress reaches a critical value:

max {|01 - 03|, |02 - 03|, |03 -~ 01| } = 0 (19)

where 01, 02, and o3 are principal stresses, and oy is the
flow stress. Hence, under the principal stress condition,
Eq. (19) becomes:

loy - 02| =0f (20)

The Tresca yield criterion in the principal stress space is
depicted graphically by the hexagon in Figure 2.
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Figure 2: Comparison of the yield locus for the plane stress of von
Mises yield criterion and Tresca yield criterion
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In contrast to the Tresca yield criterion, the von Mises
yield criterion considers all principal shear stresses. The
von Mises criterion can be expressed in terms of principal
stresses:

\/% {(01 - 0,)% + (02 - 03)* + (03 - 01)2} =0y (21)

The von Mises yield criterion in the principal stress
space is depicted graphically by the ellipse in Figure 2. The
two yield criteria have major mathematical differences, al-
though the values of predicted stress do not differ by more
than 15% [40].

2.5 Failure phenomena

Marine structures must be designed to have a long and safe
operational life and the lowest possible risk of catastrophic
failures. However, with the constant demand for struc-
tures with decreased weight and the ability to withstand
increased loads, failures can occur due to one or several
of the following causes: collision and grounding [40, 41],
yielding, fatigue, corrosion [42], creep, etc.

Recently, several failures of marine structures, such
as ship structures, have occurred. For instance, in 2013,
the container ship MOL Comfort (316 m length) suffered
a structural failure, as shown in Figure 3a. The analysis
results showed that the bottom shell plates experienced
plastic deformation in the transverse direction just before
the longitudinal hull girders of the ship experienced the
maximum load [43]. Furthermore, the crack in the middle
of the ship was exacerbated by bad weather at the time.
Figure 3b shows a failure in the ship hull panel under in-
dentation in the experimental laboratory [44]. The plates
were made from mild steel (S235JR EN10025) with 5 mm
thickness. In this case, the failure was largely the result of
a significant stretch of the membrane. The strength of this
structure was found to be able to bear a load of 1500 kN.

At a laboratory scale, failures in marine structures are
generally analyzed using the finite element analysis (FEA)
method as a solver. In 2020, the failure mechanism of a
tanker’s side structures under indenter pressure was in-
vestigated using the FEA method, as presented in Figure 4.
The damage model and the occurrence of folding can be
clearly observed. Figure 4b shows the FEA of the failure of
rectangular steel plates struck laterally by hemispherical
indenters, and the results are in good accordance with the
experimental outcome. The use of FEA can reduce the cost
of experiments while providing fairly accurate results. How-
ever, aspects such as failure criteria, boundary conditions,
and mesh size selection are crucial considerations.
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(a)

(b)

Figure 3: (a) Collapsed structures of MOL Comfort container ship [43] and (b) indentation of ship hull panels after fracture [44]

(a)

(b)

Figure 4: (a) Failure mechanism of a tanker’s side structures [45]; (b) failure of the plate after the impact [46]

2.6 Failure criteria

In this section, the constitutive model and research
progress of different failure criteria are reviewed. There are
four different failure criteria that will be investigated in this
work, including Gremanischer Lloyd criterion, Peschmann
criterion, Rice-Tracey and Cockcroft-Latham criterion, and
ultimate strain criterion. As mentioned previously, the four
failure criteria were implemented as user-defined material
models in a software subroutine.

2.6.1 Germanischer Lloyd criterion
The Germanischer Lloyd (GL) criterion [16] is based on a

through-thickness strain experiment on a damaged plate.
This criterion was developed from the actual structure of a

ship that experienced a collision and grounding accident.

Eq. (22) is known as the Germanischer Lloyd (GL) criterion,
which assumes that at the moment of fracture, the element

can be expressed as:

£f (le) =Eg+tE&e <l£>
e

where &; is the uniform strain, €. is the necking strain, and
t and l. are the thickness and length of the element, respec-
tively. For mild steel, which is commonly used in shipbuild-
ing, the uniform and necking strains were measured and
determined to have the following values [47]: eg = 0.056
and e = 0.54. These values were obtained by BV based
on measurements of damaged ships that experienced real
accidents. Unfortunately, no literature could be found that
mentions the specific type of mild steel that obtained these
values. Previous studies that used the Germanischer Lloyd
criterion are listed in Table 1.

(22)
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Table 1: Research that used the Germanischer Lloyd criterion
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No. Research title Methodology Author Year
1 Simulating the collision response of ship side structures: FE analysis Ehlers et al. [18] 2008
A failure criteria benchmark study
2 Crashworthiness assessment of thin-walled bottom FE analysis Prabowo et al. [19] 2018
structures during powered-hard grounding accidents
3 Benchmark study of failure criteria for ship collision Experiment and FE Calle et al. [2] 2017a
modeling using purpose-designed tensile specimen analysis
geometries
Table 2: Research that used the Peschmann criterion
No. Research title Methodology Author Year
1 Energy absorption by the steel structure of ships in the Experiment and FE Lehmann and 2002
event of collisions analysis Peschmann [8]
2 Simulating the collision response of ship side structures: FE analysis Ehlers et al. [18] 2008
A failure criteria benchmark study
3 Crashworthiness assessment of thin-walled bottom FE analysis Prabowo et al. [19] 2018
structures during powered-hard grounding accidents
4 Benchmark study of failure criteria for ship collision Experiment and FE Calle et al. [2] 2017a

modeling using purpose-designed tensile specimen

geometries

analysis

2.6.2 Peschmann criterion

The Peschmann criterion was proposed by Peschmann [17]

and is commonly applied in numerical models of ship colli-
sions to describe energy absorption due to plastic deforma-

tion. The formulation of the Peschmann criterion is based

on a forming limit diagram that was obtained experimen-

tally to evaluate the equivalent plastic strain at different

locations at the moment of fracture with the given relation:

g(le)=eg+a- t (23)

te
where &g is the uniform strain, a = em - (xe/t) is a factor
that depends on the necking strain and the length of the
neck, t is the thickness of the plate, and . is the length
of the individual elements. The recommendation is that
the I/t ratio not be less than 5 for shell elements. For plate
thickness of 5mm, g = 0.1 and a = 0.8. For plate thickness
between 12.5 and 20 mm, &g = 0.08 and a = 0.65. As
noted in [8], an elastic-plastic material with isotropic strain
hardening was used to obtain these values. The type of
material was normal shipbuilding steel and austenitic steel
with material code nos. 1.4404 and 1.4306. Previous studies
that used the Peschmann criterion are listed in Table 2.

2.6.3 Rice-Tracey and Cockcroft-Latham criterion

The Rice-Tracey and Cockcroft-Latham (RTCL) criterion was
developed by Térngvist [20]. The Rice and Tracey criterion
is based on void growth and coalescence. The Cockcroft-
Latham criterion corresponds to failure by shear under
small stress triaxiality. These two damage models cover
the full range of stress triaxiality. The RTCL formulation
yields:

D- / %dae if-0.33<T<0.33, (24)

e

(25)

(1 30m .
D_/EeXp(Boe) dee ifT > 0.33,

The mesh sensitivity is described by the following ex-
pression:

t t ¢
Der (E’ T-= o.33) =g (E) =n+(En-mg (26

where n is the power-law exponent and diffuse necking
strain, and &, is the failure strain at ¢/l = 1 at uniaxial stress.
These values are equal to n = 0.205 and &, = 0.67, which
were obtained using steel [18] with a density of 7850 kg/m3,
Young’s Modulus of 206 MPa, and a Poisson ratio of 0.3. For
a yield stress value of 284 MPa, the strength coefficient is
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Table 3: Research that used the Rice-Tracey and Cockcroft-Latham criterion
No. Research title Methodology Author Year
1 Simulating the collision response of ship side structures: FE analysis Ehlers et al. [18] 2008
A failure criteria benchmark study
2 Crashworthiness assessment of thin-walled bottom FE analysis Prabowo etal. [19] 2018
structures during powered-hard grounding accidents
3 Benchmark study of failure criteria for ship collision Experiment and FE Calle et al. [2] 2017a

modeling using purpose-designed tensile specimen

geometries

analysis

K =730, and the strain-hardening index is n = 0.20. Previous
studies that used the Rice-Tracey and Cockcroft-Latham
criterion are listed in Table 3.

2.6.4 Ultimate strain criterion

The ultimate strain criterion assumes that the structure will
fail due to maximum elongation. This elongation reaches a
critical strain due to excessive load, causing the structure
to fail. In mathematical form, this criterion can be written
as:

@7)

Emax = Ec

McDermott et al. [48] defined the critical strain for mild
steel as:

£c=0.10- (g—f) (28)

0.32
where & is the tensile ductility. The tensile ductility
of mild steel has experimental values ranging from 0.20 to
0.35. However, due to scale effects and material imperfec-
tions, this value is far too large to be used. Amdahl [25] sug-
gested that the critical strain value is between 5% and 10%.
This failure criterion was previously used by Zhang [26].

3 Benchmarking based on
pioneering experiments

In this study, several laboratory tensile test experiments
were reconducted with the finite element program as valida-
tion. Validation through experiments is essential because
the accuracy of simulation results can be significantly af-
fected by several major parameters in the finite element
program. The details of the experiments and the properties
of the tested materials are introduced in the next sections.

3.1 Experimental validation based on Wang
et al. [45]

For the validation study in the current work, the laboratory
tensile test reported by Wang et al. [45] was reconducted.
The dimensions of the tensile test specimen are shown in
Figure 5. The standard dimensions of the specimen are an
overall length of 200 mm, grip section length of 50 mm,
grip section width of 45 mm, and fillet radius of 25 mm.
The width and the length of the reduced section are 20 mm
and 75 mm, respectively. The material for the tensile test is
mild steel with the material properties listed in Table 4. The
material has a density of 7850 kg/m3, Young’s modulus of
201 GPa, and a Poisson ratio of 0.3.

200mm I

[e—— 50mm —-‘ ‘ 75mm ]

{—ZOmm

Figure 5: The dimensions of the tensile test specimen

-

45mm

i

N~ R25mm

Table 4: Basic mechanical properties of mild steel

Properties Unit Value
Material density kg/m> 7850
Young’s modulus GPa 201
Ultimate tensile strength MPa 361
Yield stress MPa 245
Poisson ratio 0.3

The tensile test model was established using solid
(SOLID186), and shell (SHELL181) element types; mesh
sizes of 2.5 mm x 2.5 mm, 5 mm x 5 mm, 7.5 mm x 7.5 mm, and
10 mm x 10 mm were used for each element type. A solid
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Figure 6: Comparison of engineering stress-strain curves from the current numerical simulation and experimental tensile test: (a) with the
solid element type; (b) with the shell element type
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Figure 7: The von Mises stress and localized necking in the specimen: (a) with the solid element type; (b) with the shell element type
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Figure 8: The dimensions of the tensile test specimen
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Figure 9: Comparison of engineering stress-strain curves from the current numerical simulation and experimental tensile test: (a) with the

solid element type; (b) with the shell element type

model is a solid element where the material is represented
throughout the component/structure (3D). SOLID186 is
a higher-order 3-D 20-node solid element that exhibits
quadratic displacement behavior. The element is defined
by 20 nodes having three degrees of freedom per node:
translations in the nodal x, y, and z directions. Moreover,
shell elements do not consider the stress in the direction
perpendicular to the shell surface (2D). SHELL181 is suit-
able for analyzing thin to moderately-thick shell structures.
It is a four-node element with six degrees of freedom at
each node: translations in the x, y, and z directions, and
rotations about the x, y, and z-axes. For the boundary con-
dition, each grip section of the specimen was pulled by
forces in the opposite direction until a fracture occurred.
The numerical simulation was carried out for 1 x 107 sec-
onds. The results of the current simulation and the experi-
mental test are shown in Figure 6. As shown in the figure,
the stress-strain curves obtained from the simulation with
both the solid and shell element types are consistent with
the experimental results. However, slightly higher ultimate
tensile strength is observed when the 7.5 mm and 10 mm
solid elements are used. These two solid elements result
in ultimate tensile strengths of 375 MPa and 400 MPa, re-
spectively, compared with the experimental result of 361
MPa. On the other hand, the results of all numerical simu-
lations with the shell element types are consistent with the
experimental values. Figure 7 shows the distribution of von
Mises stress in the specimen with both the solid and shell
element types after a fracture occurs. The von Mises stress
contour shows that the highest stress is experienced in the
middle of the gauge length, which means that the damage
and the maximum stress are mainly concentrated in this

region. This area experiences a high stress concentration,
which causes the necking phenomenon, and is ultimately
the point of fracture in the specimen.

3.2 Experimental validation based on
Cabezas and Celentano [49]

The experimental tensile test performed by Cabezas and
Celentano [49] was reconducted with the finite element
program. The material used in the experimental test is SAE
1045 steel. Table 5 lists the average chemical composition
of SAE 1045 steel, which has an elemental composition of
0.447% Carbon (C) and 0.756% Manganese (Mn) by weight.
The tensile test specimen in the experiment has standard
ASTM standard dimensions, as depicted in Figure 8. The
standard dimensions of the specimen are an overall length

Table 5: Average chemical composition and the percentage of SAE
1045 steel (% in weight)

C Si Mn P S
0.447 0.213 0.756 0.0148 0.03272
Cr Mo Ni Al Cu
0.0635 0.0139 0.0914 <0.00106 0.277
Nb Ti Vv w Pb
<0.0050 0.00219 0.00917 <0.01 <0.005
Sn B Fe Co
0.0159  <0.00051 98.02 0.0172
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Figure 10: The von Mises stress and localized necking in the specimen: (a) with the solid element type; (b) with the shell element type
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Table 6: Material properties from Wiegard and Ehlers [50]

Properties Unit Value
Material density kg/m> 7800
Young’s modulus GPa 210
Yield stress MPa 349
Poisson ratio - 0.3
Failure strain - 0.89

of 200 mm, grip section length of 50 mm, grip section width
of 20 mm, and fillet radius of 13 mm. The width of the gauge
length is 12.5 mm.

The boundary conditions are the same as described in
Section 3.1. The results of the current simulation and the
experimental test are shown in Figure 9. The figure shows

that the stress-strain curves obtained from the simulation
with both the solid and shell element types are in good
agreement with the experimental result. The maximum
engineering stress is observed at 762 MPa in the experiment
and 780 MPa and 795 MPa in the tensile test simulation
when 2.5 mm solid and shell elements are used, respectively.
Figure 10 shows the distribution of von Mises stress with
both the solid and shell element types in the specimen after
a fracture occurs. In the gauge length region, the necking
phenomenon appears at the point where the fracture occurs.

3.3 Experimental validation based on
Wiegard and Ehlers [50]

The tensile test performed by Wiegard and Ehlers [50] was
reconducted. The dimensions of the test specimen are pre-
sented in Figure 11. The specimen has a length of 194.1 mm,
grip section length of 55 mm, grip section width of 33 mm,
and fillet radius of 25 mm. The width of the gauge length
is 24.22 mm. The material used in the test has a density
of 7800 kg/m3, Young’s modulus of 210 GPa, and a Pois-
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Figure 12: Comparison of engineering stress-strain curves from the current numerical simulation and experimental tensile test: (a) with the
solid element type; (b) with the shell element type
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Figure 13: The von Mises stress and localized necking in the specimen: (a) with the solid element type; (b) with the shell element type
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Table 7: Mechanical properties of the material [51]

Properties Unit  Value
Material density kg/m> 7850
Young’s modulus GPa 207
Ultimate tensile strength MPa 408.4
Yield stress MPa 302.8
Poisson ratio 0.3
Failure strain 0.306
Strength coefficient MPa  690.2
Strain-hardening index 0.2
Splat 0.0189

son ratio of 0.3. The details of the material are described in
Table 6.

The boundary conditions used are the same as de-
scribed in Section 3.1. As shown in Figure 12, the stress-
strain curves obtained in the numerical simulation and
experiments show reasonable agreement. The stress is al-
most the same as the experimental result. Figure 13 shows
the distribution of von Mises stress with both the solid and
shell element types in the specimen after a fracture occurs.

3.4 Experimental validation based on Zhang
et al. [51]

The next validation was performed by reconducting the
laboratory tensile test reported by Zhang et al. [51]. The
material has a density of 7850 kg/ m>, Young’s modulus of
207 GPa, and a Poisson ratio of 0.3. The mechanical proper-
ties of the material are summarized in Table 7. The tensile
test was conducted using standard tensile specimens and
procedures and performed on a universal testing machine.
The dimensions of the test specimen are an overall length
of 200 mm, gauge length of 85 mm, grip section width of
20 mm, and fillet radius of 12.5 mm. The dimensions of the
standard tensile test specimen are shown in Figure 14.

For the boundary condition, the same test setup as in
Section 3.1 was employed. The engineering stress-strain
curves obtained from the experimental test and the finite
element simulations are shown in Figure 15. A reasonable
agreement with the experimental results is observed. How-
ever, the simulation result shows a slightly higher ultimate
tensile strength of 428 MPa when a 10 mm solid element is
used compared with the experimental result of 408.4 MPa.
Thus, the simulation result is 19.6 MPa higher than the ex-
perimental value. On the other hand, relatively good agree-
ment with the experimental result is achieved when the
shell element type is used. The von Mises stress obtained

DE GRUYTER

in the numerical simulation is shown in Figure 16, and lo-
calized necking can be seen in the gauge length where the
fracture occurs.

3.5 Experimental validation based on Calle et
al. [2]

For the fifth validation, the experimental tensile test con-
ducted by Calle et al. [2] was reconducted. The material in
the experiment is a cold-rolled SAE 1008 carbon steel sheet
with a thickness of 0.25 mm and is considered to be equiv-
alent to the Grade A naval steel plates (25 mm thickness)
normally used in the shipbuilding industry. The material
has a density of 7800 kg/ m3, Young’s modulus of 205 GPa,
and a Poisson ratio of 0.3. The mechanical properties of the
material are summarized in Table 8. The experiment was
performed with uniaxial tensile tests using an Instron uni-
versal testing machine, model 3369, with a clamp velocity
of 0.0025 mmy/s. The tensile test used a standard specimen,
and the dimensions are shown in Figure 17. The specimen
dimensions are an overall length of 150 mm, grip section
length of 40 mm, grip section width of 25 mm, and fillet
radius of 10.4 mm.

S

150mm
50mm i _|

|~10mm

Figure 17: The dimensions of the tensile test specimen

40mm ‘ ‘

\ R10.4mm

25mm

Ly

Table 8: The mechanical properties of the material

Properties Symbol Unit Value
Material density p kg/m> 7800
Young’s modulus E GPa 205
Poisson ratio v 0.3
UTT failure criterion En 0.2674
parameters
&y - 0.5071

The boundary conditions described in Section 3.1 were
applied to this test. The engineering stress-strain curves
obtained from the experimental test and the finite element
simulations are shown in Figure 18. The figure shows that
the fifth validation model achieves reasonable agreement
with the experimental results. A higher ultimate tensile
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strength is observed when the 7.5 mm and 10 mm solid 47 MPa higher than the experimental value. With the shell
elements are used. These two solid elements produce ul- elements, relatively good agreement with the experimental
timate tensile strengths of 422 MPa and 417 MPa, respec- result is achieved. The von Mises stress from the simulation
tively, compared with the experimental value of about 370  is shown in Figure 19, and localized necking can be seen in
MPa. Thus, the simulation results are about 52 MPa and the gauge length where the fracture occurs.
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Figure 18: Comparison of engineering stress-strain curves from the current numerical simulation and experimental tensile test: (a) with the
solid element type; (b) with the shell element type
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Table 9: Material properties of the investigated steels

DE GRUYTER

Material Steel grade Density  Young’s Yield Ultimate Poisson’s ratio
[kg/m3®] modulus  strength strength
[GPa] [MPa] [MPa]
Medium-carbon steel 1030 7850 206 345 550 0.29
High-carbon steel 1080 7850 205 585 965 0.29
High-strength low-alloy (HSLA) A606 7750 205 310 448 0.28

4 Extended study: failure behaviors
under tensile loads

4.1 Technical geometry

The specimens used in this study have four different geome-
tries, as shown in Figure 20. Specimens 1 and 2, shown in
Figures 20a and 20b, were previously used in the numeri-
cal analysis of ship collision and grounding by Calle et al.
[2, 41]. The experiments included scaled collision tests of
a T cross-section beam, head-on collision of an oil tanker
against a rigid wall, ship grounding, and collision between
two oil tankers.

The tensile specimen lengths are 150 mm and 59 mm,
and the widths of the lengths of the reduced sections are
10 mm and 4 mm, respectively. Both specimens have a
grip section width of 25 mm. Reference specimens 3 and
4 are from Iannucci et al. [52], who studied the effect of
thickness on the tensile strength of Dyneema®HB26 lami-
nates, and from Térnqvist [20], who explored the design of
crashworthy ship structures, respectively. The specimens
have lengths of 300 mm and 210 mm, and the widths of
the lengths of the reduced section are 10 mm and 30 mm,
respectively. Both specimens have a grip section width of
50 mm. The dimensions of all specimens are shown in Fig-
ure 20.

4.2 Applied material and failure criterion

The ultimate strain criterion and three failure criteria, i.e.,
the Germanischer Lloyd (GL) [16], Peschmann [17], and Rice-
Tracey and Cockcroft-Latham (RTCL) criteria, were used in
this investigation [20]. Different failure criteria were applied
in the numerical tensile test with different materials. The
material properties of the investigated steel materials are
listed in Table 9. The materials are medium-carbon steel
1030, high-carbon steel 1080, and HSLA A606, and their
densities are 7850 kg/m?, 7850 kg/m?, and 7750 kg/m3,
respectively.
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Figure 20: Tensile test specimens with rectangular cross-section: (a)
tensile test specimen 1; (b) tensile test specimen 2; (c) tensile test
specimen 3; (d) tensile test specimen 4
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Figure 21: The clamping areas in the specimens are indicated by
the square pattern in magenta: (a) specimen 1; (b) specimen 2; (c)
specimen 3; (d) specimen 4

Two of these failure criteria, the Peschmann and Rice-
Tracey and Cockcroft-Latham criteria, were studied in great
detail in the Master of Science thesis by Odefey [53].

4.3 Scenario and boundary conditions

The numerical tensile test consisted of opposite axial nodal
forces acting on both sides of the specimen until a fracture
occurred. During the tests, clamping areas in the specimen
were placed near the end of the gauge length on both side
surfaces. Clamping areas in the specimens are indicated
by the square patterns in magenta in Figure 21. During the
tensile test analysis, boundary conditions (Figure 22) were
applied.

Nodal forces on the clamps, as shown in Figure 21, were
applied in opposite directions, as indicated by the arrows
in Figure 22. When selecting the nodes on which the nodal
forces act, the box volume selection was used. The magenta
outline in Figure 22 indicates the region in which the fail-
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Figure 22: The tensile test analysis and boundary condition of the
proposed models: (a) specimen 1; (b) specimen 2; (c) specimen 3;
(d) specimen 4

ure was analyzed. During every tensile test simulation, the
time was set to 1 x 10™* s. The environmental temperature
was set to 22°C. The tensile test was terminated when the
specimen failed to retain the load. To produce a variety of
results, meshing sizes of 2.5, 5, 7.5, and 10 mm were used
for the specimens. The automatic method was used when
implementing the mesh size on the specimens. In addition,
when sizing the mesh relative to the body of the specimens,
the element size type was used. In the output data, the
equivalent plastic strain and normal stress are plotted on
the x- and y-axes, respectively.

5 Effects of physical and numerical
parameters

The simulation result regarding the effect of modeling pa-
rameters is presented. The influence of specimen topology
of obtained characteristic results under three failure crite-
ria, including GL, Peschmann, and RTCL, is explained in
detail.
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5.1 Specimen topology

The effect of four different specimen topologies with dif-
ferent mesh sizes is investigated to obtain the stress-strain
characteristic under different failure criteria. Total of four
different specimens with different topologies were exam-
ined. The stress-strain curve for each specimen with the
Germanischer Lloyd (GL) criterion and AISI 1030 steel is
presented in Figure 23. Figure 23 shows the engineering
stress-strain for the four specimen models. As shown in the
figure, there are fairly large differences in the maximum
strain & for specimen 2 compared with the three other spec-
imens. The rupture in specimen 2, which has the shortest
gauge length of the specimens, occurs earlier compared
with the other specimens when mesh size I, = 5 mm, 7.5
mm, and 10 mm, as shown in Figure 23b. With these mesh
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sizes, the rupture strain is 0.12, 0.10, and 0.08, respectively.
Only the 2.5 mm mesh size of specimen 2 has a rupture
strain with the same tendency as the other three specimens.
The rupture strain obtained with this mesh size is 0.27. On
the other hand, the other three specimen topologies, i.e.,
specimens 1, 3, and 4, have identical tendencies and rea-
sonable agreement.

The results show that specimens 1, 3, and 4 are able
to effectively predict fracture initiation for various failure
criteria. Furthermore, these three specimens can produce
the same results and tendencies for all proposed lengths of
the element l.. As shown in Figure 23, the initial positions
of the rupture strain of specimens 1, 3, and 4 are at & =
0.27, 0.16, 0.12, and 0.11 with mesh size lo = 2.5 mm, 5 mm,
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Figure 23: The stress-strain curve with Germanischer Lloyd (GL) criterion and AISI 1030 steel: (a) specimen 1; (b) specimen 2; (c) specimen 3;

(d) specimen 4
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Figure 24: The von Mises stress distribution in the specimen after a fracture occurs with 5 mm mesh size and the Germanischer Lloyd (GL)
criterion: (a) specimen 1; (b) specimen 2; (c) specimen 3; (d) specimen 4
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75 mm, and 10 mm, respectively. These specimens also
produce almost identical engineering stress-strain curves.

The von Mises stress and the strain [54, 55] contours
of the four specimen topologies after the failure occurs are
presented in Figures 24 and 25, respectively. In Figure 25b,
the strain contour for specimen 2 with lo = 5 mm mesh size
is presented. As observed in the figure, there are fairly large
differences in the location of the maximum strain contour
compared with the other three specimen topologies, as
shown in Figure 25a, 25c, and 25d. The grip section near
the gauge length of specimen 2 experiences a slight strain
phenomenon when a mesh size greater than 2.5 mm is used.
This tendency is observed in specimen 2 with coarse mesh
sizes (5 mm, 7.5 mm, and 10 mm). However, for the other
three specimens, the maximum strain & shows the same
tendency, and they are in almost complete agreement. For
these specimens, the maximum strain is found to be g =

0.16, 0.12, and 0.11 when mesh sizes 5 mm, 7.5 mm, and 10
mm are used, respectively.

5.2 Failure definition

Figure 26 shows the engineering stress-strain for the
Germanischer Lloyd (GL), Peschmann, Rice-Tracey and
Cockcroft-Latham (RTCL), and ultimate strain criteria. Spec-
imen 4 and AISI 1080 steel are used in this model. As ob-
served in the figure, the RTCL criterion has the highest rup-
ture strain, followed by the Peschmann and Germanischer
Lloyd (GL) criteria. The initial crack in the specimens is
indicated by a dashed line with a filled circle.

Figure 26¢ shows the engineering stress-strain curve
obtained with the Rice-Tracey and Cockcroft-Latham (RTCL)
criterion. The results indicate that the rupture strain with
mesh size lo = 2.5 mm shows a failure strain of &7 = 0.39.
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Figure 26: The stress-strain curves with the applied failure criterion and AISI 1080 steel on specimen 4. (a) Germanischer Lloyd (GL) crite-
rion; (b) Peschmann criterion; (c) RTCL criterion; (d) ultimate strain criterion
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However, the Peschmann and Germanischer Lloyd (GL) cri-
teria show smaller rupture strain values. The Peschmann
and Germanischer Lloyd (GL) criteria result in ¢ = 0.34 and
0.27 when a mesh size of 2.5 mm is used, as shown in Fig-
ure 26b and 26a, respectively. On the other hand, extremely
small failure strains, such as 0.05, 0.1, 0.2, and 0.3, can
be effectively handled by the ultimate strain criterion, as
shown in Figure 26d.

Figures 27 and 28 show the von Mises stress and the
strain contours obtained with the four failure criteria after
the fracture occurs. The snapshot shows a mesh size of 2.5
mm. As is shown in Figure 27, the gauge length of specimen
4 experiences the highest von Mises stress. Furthermore,
the results suggest that the Germanischer Lloyd (GL) crite-
rion results in small crack propagation in the specimen, as
presented in Figure 27a. This condition is slightly different
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Figure 35: The stress-strain curve with different mesh sizes and HSLA A606 steel on specimen 1. (a) Germanischer Lloyd (GL) criterion; (b)
Peschmann criterion; (c) RTCL criterion; (d) ultimate strain criterion
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from the Peschmann and Rice-Tracey and Cockcroft-Latham

(RTCL) criteria, which are shown in Figure 27b and 27c.

The Rice-Tracey and Cockcroft-Latham (RTCL) criterion re-
sults in slightly larger crack propagation, followed by the
Peschmann and Germanischer Lloyd (GL) criteria. On the
other hand, with the ultimate strain £¢ = 0.05, as shown in
Figure 27d, localized necking is not quite visible in the frac-
ture region. However, von Mises stress is clearly observed to

be homogenously distributed throughout the gauge length.

Figure 29 shows the internal energy generated during
the simulation. This internal energy increases to a certain
point when the specimen is under tension. The results in-
dicate that the Germanischer Lloyd (GL) criterion gener-
ates the lowest internal energy. Localized necking appears
to start at the internal energy of 128 joules, followed by
a decrease in energy, and then the fracture occurs at 105
joules. This phenomenon shows much lower internal en-
ergy compared with the Peschmann and Rice-Tracey and
Cockcroft-Latham (RTCL) criteria. It is also seen in Figure 29
that the highest internal energy is obtained with the Rice-
Tracey and Cockcroft-Latham (RTCL) criterion, followed by
the Peschmann criterion. With Rice-Tracey and Cockcroft-
Latham (RTCL), localized necking starts at the internal en-
ergy of 231 joules. Afterward, the energy decreases to 183
joules, and the initial fracture occurs. On the other hand,
with the Peschmann criterion, localized necking starts at
the internal energy of 182 joules, and the initial fracture
occurs at 147 joules.

Figure 30 shows the kinetic energy obtained in the sim-
ulation. As observed in the figure, the three criteria have

identical energy values of 523 joules until 5.2 x 10~ seconds.

Afterward, the Germanischer Lloyd (GL) criterion produces
slightly higher energy, followed by Peschmann and Rice-
Tracey and Cockcroft-Latham (RTCL) criteria, indicated by
the blue, red, and green lines, respectively. The total en-
ergy is observed to have the same trend, as presented in
Figure 31. The criteria have identical total energy values of

596 joules until 4.9 x 107> s at the end of the simulation.

Then, the results suggest that the Germanischer Lloyd (GL)
criterion produces slightly higher total energy, followed by
Peschmann and Rice-Tracey and Cockcroft-Latham (RTCL)
criteria. Figures 32, 33, and 34 show the curves of internal
energy, kinetic energy, and total energy versus deformation,
respectively.

5.3 Meshing size

It is essential to study the mesh sensitivity of crack growth
behavior of a ductile fracture in a material. Different levels

of mesh refinement influence solution convergence [56].

DE GRUYTER

Particular attention is dedicated to mesh effects on the
crack initiation and rupture strain in the damaged ship
structure under different known failure criteria.

Figure 35 presents the engineering stress-strain for the
four failure criteria with different mesh sizes for specimen
1 and HSLA A606 steel. The results indicate that the Ger-
manischer Lloyd (GL), Peschmann, and Rice-Tracey and
Cockcroft-Latham (RTCL) criteria obtain a small rupture
strain value along with an increase in the meshing size, as
shown in Figure 35a, 35b, and 35c, respectively.

Figure 36 shows the rupture strain with different mesh
sizes for the three failure criteria. Rupture strain occurs
at 0.27, 0.34, and 0.39 for the Germanischer Lloyd (GL),
Peschmann, and RTCL criteria, respectively, with 2.5 mm
mesh size. The simulation using the coarser mesh of 10 mm
appears to produce rupture strains at 0.11, 0.15, and 0.25, re-
spectively. As shown in the figure, the Peschmann criterion
has considerably higher rupture strain £ at a smaller mesh
size le than the rupture strain £; obtained for the German-
ischer Lloyd (GL). In Figure 36, these two failure criteria are
indicated with a dashed line and a solid line, respectively.

5.4 Overall discussion

The findings of this study suggest that the FEA results are
influenced by the geometry of the investigated specimen.
Specimen 2, which has the shortest gauge length, shows
an earlier rupture strain. When compared with other speci-
mens, this rupture strain value tends to be quite small. How-
ever, this shortcoming in specimen 2 can be overcome by
the 2.5 mm mesh size, which appears to result in the same
value for the rupture strain, 0.27. As was proved in [10],
the mesh size significantly affects the results of the finite
element method. Furthermore, it is likely that this dissim-
ilarity occurs because the coarse meshes, 5 mm, 7.5 mm,
and 10 mm, do not completely cover the gauge length of
specimen 2, as illustrated in Figure 25b. These mesh sizes
are also slightly larger than the gauge length of 4 mm. This
condition can also be recognized by the presence of strain
in the grip section near the gauge length of specimen 2, as
shown in Figure 25h.

The finding of the study on the failure criteria shows
that the RTCL criterion produces a slightly higher rupture
strain, followed by the Peschmann and Germanischer Lloyd
(GL) criteria, as shown in Figure 26b and 26a. The results
also suggest that the criterion based on the maximum stress
produces a slightly larger rupture strain compared with the
criteria based on maximum strain. RTCL is observed to have
a rupture strain of ¢ = 0.39 for le = 2.5 mm. The Peschmann
and Germanischer Lloyd (GL) criteria have slightly smaller
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rupture strain values of 0.34 and 0.27, respectively. Further-
more, this difference in the rupture strain value appears
to affect crack propagation, and in turn, crack propaga-
tion likely affects the internal energy during the tensile
test. As shown in Figures 27 and 29, Germanischer Lloyd
(GL) has smaller crack propagation and lower internal en-
ergy when compared with the Peschmann and Rice-Tracey
and Cockcroft-Latham (RTCL) criteria. This effect of rupture
strain on crack propagation is in accordance with the lit-
erature [18]. More evidence shows that localized necking
is initiated at the internal energy of 128 joules for the GL.
This value is the lowest obtained. Higher internal energy
of 147 joules and 231 joules is observed for the Peschmann
and RTCL, respectively, when localized necking occurs. In
the ultimate strain criterion, the proposed rupture strain is
extremely small, ranging from 0.05 to 0.35. Therefore, this
criterion is distinctive from the others. The results suggest
that this failure criterion can still be used even though the
rupture strain is quite small (0.05). No constraints were
found on these values. Surprisingly, with this failure value,
the stress distribution is observed throughout almost the
entire specimen. In this study, the effect of specimen thick-
ness was not the main focus and was not investigated. How-
ever, the results indicate that the thickness of the specimen
affects the failure strain, as discussed in Section 2.6.

Figures 37-40 show the states of the material as it ap-
proaches failure during the simulation with the described
failure criteria. It can be seen that the strain is concentrated
in the center of the gauge length, and at the maximum elon-
gation, the first deleted elements are different. This phe-
nomenon likely occurs due to differences in the value of
the failure strain.

The finding of the study on the failure criteria with dif-
ferent mesh sizes suggests that the GL, Peschmann, and
RTCL criteria depend on the selected mesh size. The coarser
mesh appears to produce an earlier rupture strain com-
pared with the finer mesh. For the Germanischer Lloyd (GL)

e =
‘max

fracture

(b)

Figure 37: The steps of failure during the simulation with the Ger-
manischer Lloyd (GL) criterion and 2.5 mm mesh size: (a) maximum
strain = 0.1; (b) fracture occurs
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criterion, the results indicate that the rupture strain has a
value of 0.27 when 2.5 mm mesh size is used, whereas it is
0.11 with the coarser mesh of 10 mm. The rupture strain is
also slightly higher when 2.5 mm mesh size is used with
the Peschmann and RTCL criteria, obtaining values of 0.34
and 0.39, respectively, compared with the 10 mm mesh (0.15
and 0.25).

In the extended study, several classical papers are rel-
evant to the analysis of failure progress. Tvergaard and
Needleman [57] investigated the ductile fracture process in

—_

a)

—_

b)

Figure 38: The steps of failure during the simulation with the
Peschmann criterion and 2.5 mm mesh size: (a) maximum strain
= 0.1; (b) fracture occurs
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Figure 39: The steps of failure during the simulation with the Rice-
Tracey and Cockcroft-Latham (RTCL) criterion and 2.5 mm mesh size:
(a) maximum strain = 0.1; (b) fracture occurs
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Figure 40: The steps of failure during the simulation with the ulti-
mate failure criterion £ = 0.05 and 2.5 mm mesh size: (a) maximum
strain = 0.01 and (b) fracture occurrence
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a round tensile test specimen. The observation revealed
that if the bar had a uniform thickness with no poros-
ity, then necking occurred. Later, a penny-shaped crack
formed, and the zig-zag growth of the crack gave rise to
a conical void-sheet fracture. The relation between crack
growth resistance and fracture process parameters speci-
fying the traction- the separation law of the fracture pro-
cess in elastic-plastic solids- was further evaluated by Tver-
gaard and Hutchinson [58]. In the study of crack growth,
Rice [59] introduced the J-integral as a parameter for de-
scribing crack propagation in elastic-plastic fracture me-
chanics conditions. The J-integral was first proposed as a
fracture criterion for small-scale plasticity conditions at the
crack tip. Subsequently, it was applied as a fracture crite-
rion to study fracture initiation and stable crack growth
in large-scale plasticity. Moreover, approximate constitu-
tive equations of localization, as important mechanisms of
ductile fracture, have been evaluated in plane strain tests
using several methods, including the Gurson model [60],
flow localization using J, corner theory, and Storen and
Rice [61].

6 Conclusions

The selection of the geometry of the specimen for the tensile
test is an important factor to consider. A larger mesh size
compared with the specimen geometry can provide unsatis-
factory results relative to smaller mesh size, as occurred in
specimen 2. Furthermore, this study also shows that failure
criteria based on the maximum stress produce a slightly
higher rupture strain compared with those based on the
maximum strain. The highest rupture strain value was ob-
tained with Rice-Tracey and Cockcroft-Latham (RTCL), fol-
lowed by Peschmann and Germanischer Lloyd (GL). These
changes in the rupture strain value also appear to affect the
crack propagation and the internal energy generated. Fur-
thermore, the selection of the mesh size was also studied
because it strongly influences these failure criteria. The use
of a coarser mesh size resulted in a smaller rupture strain.
Further research is needed to determine the influence of
the thickness of the tensile test specimen, which was not
explored in this study.
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