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Abstract: Grounding is an accident on the ship that can hit
the bottom ship, propeller, rudder, and other ship struc-
ture. Notch is a defect often appearing in ship structures,
aircraft structures, bridges, welded joints, and even micro-
structures. The most formed notch shape is a notch with a
V-like shape called a V-notch. The present study relies on
the finite element approach to analyze the impact of the
V-notch defect on the grounding penetration simulation on
a stiffened bottom plate. This study models 28 distinct sce-
narios distinguished by the quantity, size, and distance
between V-notches. Study outputs in reaction force, resis-
tance, and plate deformation due to penetration, stress
concentration, and penetration depth of grounding impact
on the stiffened bottom plate are obtained using dynamic
explicit simulation in the form of penetration. The out-
comes of the numerical simulation demonstrate that the
existence of V-notch defects causes stress concentration,
reducing the plate structure’s resistance and allowable
penetration. The plate with one V-notch defect can reduce
the resistance to 29.7% of the resistance of the plate
without defects. Besides that, the resistance of the plate
with two defects drops by only 5.2%, while when there
are three defects simultaneously on the stiffener plate,
the plate resistance is reduced by 31.4%. This research
shows that the number of V-notches does not determine
resistance in a plate, but the position of the V-notch on the
plate is close to the penetration area, which is about
100 mm from the center of the plate. V-notch defects with
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smaller opening angles reduce resistance by 34.38% com-
pared to larger opening angles, which only reduce resis-
tance by 29.77%. Therefore, reducing the strength of the
ship in grounding will increase the possibility of losing ship
buoyancy, cargo leaks, engine and electrical failure, and
loss of propulsion.

Keywords: V-notch, grounding, finite element, stiffener
plate, bottom plate, propulsion - engine room damage,
loss buoyancy

1 Introduction

The strength of a ship’s structure can be affected by factors
such as the load received by the ship, impact, explosion,
accident, and others. One example of an accident on a ship
is a grounding incident. Grounding is a type of maritime
accident in which a vessel comes into unintended contact
with the seabed, potentially causing damage to critical com-
ponents such as the bottom, propeller, rudder, and other
structural elements of the ship. The effect of grounding can
cause several accidents on the ship, so it greatly influences
the strength of the ship’s structure. According to data from
the National Transportation Safety Committee [1], 10 of the
total 152 ship accidents that occurred in Indonesia between
2008 and 2021 were due to ship grounding incidents at
sea. Other European ship accident statistics [2] show that
grounding incidents caused 13% of ship accidents at sea
between 2014 and 2021. Another statistical data from Japan
on maritime accidents in 2011-2020 [3] show that grounding
accidents accounted for 24.1%. A ship that runs aground due
to grounding can get stuck in the shipping lane, the ship’s
structure will crack, and potentially cause fatalities.

This grounding might result in many incidents on the
ship, significantly affecting the ship’s structural integrity
[4]. The process of grounding is complex and involves sev-
eral energy-absorbing systems. The structure’s response
depends on the ship’s position with the object hit or how
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the object hits the hull itself, from the shape and hardness
of the object [5]. Damage to the ship during grounding does
not stop at the phase when the ship is moving toward the
object that is hit, but the ship also suffers damage when
the ship has stopped on the reef or the object it hit [6]. The
consequences of a grounding incident are not only on the
damaged structure of the ship’s bottom but also on
the environmental aspect where the grounding incident
also causes oil spills or ship fuel that spills into the sea
because the hull of the ship’s bottom is damaged and
torn as a result of hitting a hard and sharp object or seabed
so that the ship’s oil or fuel cargo spills into the sea [7]. The
grounding in the bottom is illustrated by Figure 1.
According to Simonsen in his thesis [8], based on the cause
of the impact and the result of the ship’s collision with
objects or the seabed, overall grounding incidents are
divided into two major groups: (1) Grounding incidents
that hit the soft seabed, so they are called Soft Groundings.
Damage to the hull in the event of a grounding accident at
the point of contact with the seabed or soft seabed is
minimal. (2) Grounding incidents of striking hard sea
objects are called hard groundings. The main focus in
this group is on localized collisions and torn bottom plate
structures resulting from striking the seabed or hard,
sharp sea objects.

Ship construction consists of many reinforcing struc-
tures, such as profile plates, arranged into a framework to
form a ship’s construction [9]. However, over time, defects
or damage to the plate structure will usually appear on the
plate, such as corrosion, cracks, laps, scabs, etc. [10]. One of
the defects that can appear on the plate is the notch.
Notches are frequently seen in welded joints, microstruc-
tures, ship structures, aircraft structures, propellers, and
bridges. According to Shen et al [11], notches are com-
monly seen in welded joints, microstructures, ship and air-
craft structures, and bridges. V-notch is the most common
type of notch shape that resembles the letter V. The V-notch
stress concentration will weaken the ship structure’s
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Figure 1: Grounding illustration.
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resistance. The primary factors that determine how
notches affect the strength of ship structural plates are
material properties, crack opening angle, starting fracture,
and notch shape parameters. The notch stress approach is
one of several local stress approaches that include the
effects of a combination of global and local geometry,
one of which is caused by V-shaped notches such as on
the ship’s bottom structure [12].

Research on the effect of V-notch and notch stress has
been widely studied [11-18] such as Shen et al. [11] exam-
ined the effect of V-notch on orthotropic plates due to
bending-tensile loads and analyzed its effect on the stress
generated in the V-notch area of the plate in the form of
notch stress and stress intensity factor (SIF). In his thesis,
Agung [13] used a fracture mechanics approach to investi-
gate the notch stress and SIF in the notch generated in the
ship plate welding joint and its impact on fatigue evalua-
tion. Zappalorto and Ricotta [14] examined how the elastic
characteristics of orthotropic materials affect the SIFs of
pointed V-notched plates subjected to tensile loading using
both theoretical and numerical approaches. Yi et al. [15]
assessed the SIFs of a bi-material V-notch configuration by
employing the conversation integral method alongside the
extended finite element method.

Grounding research has also been widely studied with
several variables and research objects, such as initial velo-
city, impactor dimensions, and impactor material.
Previous studies [4] used the finite element method
(FEM) to investigate how pitting corrosion affected the
strength of the ship bottom plate strength in grounding
accidents. According to the study, the plate was weakened
by pitting corrosion closer to the stress concentration ring,
as shown by the stress concentration at the crack nuclea-
tion. Another study [5] was an experiment to measure the
resistance of a stiffened bottom plate to grounding incident
penetration. The experiments showed that the stiffener
plates were subjected to bending and failed due to exces-
sive strain. Although the stiffener plate did not crack, it
triggered cracks in the bottom plate. Naar et al. [19] inves-
tigated the stranding response of the double-bottom struc-
ture of ships. Various double bottoms were investigated
under the same grounding conditions to obtain a double
bottom structure highly resistant to grounding incidents.
In another study, Samuelides et al. [20] examined the
response and behavior of multiple bottom structures sub-
jected to grounding incidents.

The mechanics of the grounding phenomenon that
occurs on ships can also be studied in the entire response
of the ship when experiencing grounding, including
ground response, stability, damping, added mass, etc.
[21]. The stability of the ship when experiencing a
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grounding incident can be studied through various load
cases of the ship when it hits the beach so that it gives
rise to ground response, weight distribution centered on
the ship’s body that is hit by the beach, and seakeeping
performance analysis [22]. Other ship stability can also be
studied through the type of propeller used by the
grounding ship, from which we will know whether the
ship is able to maintain its stability even when the ship’s
body hits other objects at sea so that improvements in
propeller performance are needed, which can be analyzed
on the propeller type [23]. Damaged ship caused by
grounding is exposed to oblique waves and makes the
ship unstable until the damaged ship faces rolling
dynamics. To analyze this, multi-degree-of-freedom
motions of the ship are needed. The motions of sway and
heave are essential to understanding the rolling hydrody-
namics of a damaged ship, as the rolling hydrodynamic
coefficients can differ significantly based on the phase rela-
tionships among sway, heave, and roll motions [24].

The damage and impact of ship accidents can be
further comprehended by reviewing various things such
as ship construction [25], ship materials [26,27], impact
loads [28], and others. To analyze these things, accurate
research is needed either experimentally or using compu-
tational simulations such as FEMs, computational fluid
dynamics, and others. The FEM is currently a widely
used method to simulate events or situations that need to
be analyzed computationally [29]. FEM method models
objects or objects using an approach to the relationship
between nodes or what is called a mesh [30]. Mesh refers
to the surface of an object that has mechanical properties
and formulas that are made close to the real world [31].

The previous studies underline this research to ana-
lyze further the effect of grounding incident penetration
on the stiffened bottom plate by adding plate defects in
the form of V-notches. Previously, no one had examined
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V-notch defects in grounding incidents. Therefore, the
author wants to numerically analyze the effect of V-notch
defects on grounding incident penetration. In this study,
we will focus on the object of V-notch defects on the stif-
fened bottom plate of the ship’s bottom construction struc-
ture with 28 scenarios that are distinguished based on the
number of V-notches on the plate, the distance between V-
notches and the shape of the V-notch adjusted from the
material characteristics, opening angle, initial crack, and
depth of the V-notch. This study examines which factors
can significantly reduce the plate resistance, whether from
the number, position, dimensions, or distance between
notches. The grounding incident is simulated under dif-
ferent V-notch conditions using the numerical method of
LS-DYNA software. Dynamic explicit simulation in penetra-
tion is used to obtain research outputs in reaction force,
maximum stress, plate resistance and deformation, stress
distribution, and penetration depth of the grounding inci-
dent on the stiffened bottom plate.

2 Materials and methods

This section presents a detailed description of the
grounding scenario, the setup of the FEM model, and the
definition of the notch variable used in the analysis.

2.1 Grounding scenario

The initial step to simulate grounding is to create a model
of the object to be simulated. A part assembly is modeled in
this study to simulate the ship grounding incident simplified
from the grounding experiments of Alsos and Amdahl [5].

Stiffener Plate

Bottom Plate

Impactor

(b)

Figure 2: Modeling setup: (a) Alsos’ experiment [5] and (b) numerical simulation.
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The grounding simulation will be assembled into two main
parts consisting of an impactor that represents a marine
object that strikes the ship’s body and a bottom plate struc-
ture, which is the bottom shell plate and the stiffener plate
with the addition of a V-notch defect on the stiffener plate
as shown in Figure 2. The dimensions of the impactor and
the bottom plate structure that will be the object of
research follow the bottom plate criteria from the experi-
ments by Alsos and Amdahl [5]. The dimensions of the
stiffener attached to the bottom plate have a plate width
of 120 mm and a plate thickness of 6 mm, while the bottom
plate has length and width dimensions of 1,200 mm and
720 mm with a plate thickness of 5mm. The dimensions
of the impactor have a radius of 200 mm and an angle of
45°, as shown in Figure 3.

Generally, numerical simulation of grounding incidents
uses shell elements because solid elements are longer and
more complicated to calculate. Therefore, in this study, the
grounding numerical simulation model will be modeled using
a four-node shell element commonly called the Belytschko-
Tsay element [19], as shown in Figure 4. This type of element
is often used in numerical analysis of impact mechanics of
steel plate structures. It has been proven in many examples
that the Belytschko-Tsay element accurately captures the
plastic fracture of the plate structure as long as there is no
crack propagation. The initiation and propagation of cracks
in a stiffened bottom plate structure can be modeled in LS-
DYNA by removing the element from the system after the
plastic strain reaches a certain level. The failure of the shell
element in the time logger during the simulation run is
usually recorded by:

18:05:02

failed element report time = 6.0172 x 1072

number of failed shell elements = 3
number of failed tshell elements = 0
shell element 250,176 failed at time 6.0172 x 1072,

1200
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The impactor component was converted into an ele-
ment using an eight-node hexahedron mesh type with solid
elements, as depicted in Figure 4. In the case of solid ele-
ments, the nodal coordinates (x;) are expressed in Eq. (1),
which changes over time (). The starting position of the
node in the parametric coordinate system (¢, , {) is denoted
as X,. The nodal coordinate is indicated as x;/, corresponding
to the jth node in the ith direction. The shape function for an
eight-node hexahedron is represented by @;

Xi(Xa ) = xiXa(E, 0, OO) = Y BE, 0, OxJ(©). @
k=0

There will be a moment of penetration in a grounding
incident between objects at sea and the ship’s bottom struc-
ture, where the penetration will affect the configuration of
the ship’s bottom structure and can even damage and
weaken the strength of the ship’s bottom structure [31].
This is consistent with Alsos and Amdahl’s experiments
[5], as illustrated in Figure 5. Measurements of U, and h
are made from point A, where A is the impactor’s centerline
distance, h is the distance from the impactor radius point
to the bottom plate’s surface, and U, is the depth of defor-
mation in the plate. § represents the distance of impactor
translation, which can be seen in Eq. (2)

6=1u,+h. 2)

The collision under ship grounding conditions in the
numerical simulation is represented by the interaction
between two objects consisting of a slave part, namely
the impactor, and a master part, namely the ship’s bottom
structural plate, where the slave part cannot penetrate the
master part [16]. A contact force will be created when the
slave and master parts collide. This study will also investi-
gate stress distribution and crack nucleation — the first
stage of a crack forming, since the grounding simulation
will run until the bottom plate structure is cracked [5].
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Figure 3: Dimension of the numerical simulation model: (a) side view and (b) front view.
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Figure 4: Finite element of grounding simulation.
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Figure 5: Contact due to grounding simulation.

2.2 V-Notch scenario

An important object of this study is the V-notch on the
stiffener plate on the ship. It is necessary to model several
different shapes and sizes of V-notches in this study to get
accurate results of the effect of V-notches on the ship. The
V-notch in this study follows the simulation standard by
Shen et al [11], who used an orthotropic plate with two
V-notches in the center of the plate and opposite directions
between the V-notches. In this study, testing the V-notch on

V-notch

h

V-notch Il _~V-notch |

Y

Figure 6: V-notch model of numerical simulation.
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only one side of the stiffener will be planned with 28 sce-
narios. In this study, the ship is modeled and represented
as a rectangular plate with stiffener, neglecting the ship
load, engine, propeller, and other factors. Figure 6 shows
the V-notch model on the plate; the dimensions of the
V-notch defects follow the V-notch dimension criteria
from the research of Shen et al. [11], who simulated V-notch
on an orthotropic plate. In the V-notch model, the length of
the first crack is represented by a, the opening angle of the
produced V-notch is shown by 6, [ indicates the depth of
the V-notch defect, and the spacing between V-notch
defects on the plate is shown by h.

The V-notch model applied to the FEM to be simulated
is shown in Figure 7. As indicated in Table 1, the V-notch
dimensions in this study scenario will be split into four
categories. The number of notches planned to be simulated
is 1-3 pieces, with the distance between V-notches (notch
spacing) planned as far as h = 200-300 mm. The scenarios
in this simulation will combine all conditions, namely the
number of V-notches, the distance between V-notches, and
the dimensions of the V-notch itself. The planned scenarios
are 28 scenarios, as shown in Table 2. The scenario mod-
eling with the minor condition is when the bottom plate
has one notch defect with the most diminutive V-notch
dimensions of notch depth of 15mm, the opening angle
of 30°, and crack length of 1 mm. The most extreme condi-
tion is when the bottom plate has three notch defects with
adjacent notch spacing of 200 mm, with the largest notch

Figure 7: FEM of V-notch.
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Table 1: Dimension of the V-notch scenario

Dimension code /] I (mm) a (mm)
A 30° 15 2
B 60° 20 3
C 90° 25 4
D 120° 25 5

dimensions of 25 mm notch depth, 120° opening angle, and
5mm crack length.

2.3 Numerical variable

Equation With today’s modern computer capabilities in
structural mechanics, the FEM is gaining popularity as a
numerical solution. This includes studies to check the
validity of explicit dynamic analysis approaches such as
impact, contact, etc. [29], including penetration or bending,

Table 2: Numerical simulation scenario

Number of V-
notch

V-notch Dimension code Scenario code

spacing

1 —

2 200

O oo NouhWN = O

250

300

3 200

250

300

Uﬁm>ohm>oﬁw>Uhm>oﬁm>oﬁm>oﬁm>|
—
S
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which is the primary variable in this study. The present
study simulation uses LS-Dyna v.11.2.0 software, as shown
in Figures 4 and 7, and the model uses a four-node shell
element commonly called the Belytschko-Tsay element [10]
with a mesh adjusted to the dimensions of the impactor
and impactor bottom plate model. The numerical model
for grounding simulation consists of 427,095 elements
and 469,575 nodes overall. Boundary conditions are used
in the stiffened bottom plate structural model to provide a
fixed (non-moving) plate side [31]. That is, Ux = Uy = Uz =
Rx = Ry = Rz = 0 for the bottom plate side, and Ux = Uz = Rz
= Ry = Rz = 0 for the right and left sides of the stiffener
plate. Figure 8 shows the definition of the applied
boundary conditions.

The AUTOMATIC_SURFACE_TO_SURFACE algorithm
models penetrating contact between the impactor and
the stiffened bottom plate structure. In explicit dynamic
FEM analysis, this automatic contact algorithm is most fre-
quently utilized to characterize a part making contact with
another part [30]. The static and dynamic friction coeffi-
cient between the impactor and the plate structure is 0.35.
The penetration velocity of the impactor against the con-
cave bottom plate was also defined by the INITIAL_VELO-
CITY_GENERATION algorithm with a velocity on the y-axis
of 0.001667 m/s corresponding to the Alsos experimental
hydraulic machine speed of 10 mm/min for the numerical
simulation to obtain reaction force and plastic strain
results that match the experimental results of Alsos and
Amdahl [5].

The material of the numerical model of the impactor
and the tensioned bottom plate structure is implemented
with the MAT_003_PLASTIC_KINEMATIC card. Eq. (3) uses
the material’s hardness to obtain the dynamic stress (o4) in
the plastic kinematics, and the strain rate is applied to the
equation since &, C, and P are the Cowper-Symonds strain
rate parameters [28], and oy is the static stress. Eq. (4)

Ux=Uy=Uz=0

Ux=Uz=0

Figure 8: Boundary condition of FEM.
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illustrates the strain rate effect of steel as determined by Table 3: Material properties of S235 [27]
Cowper-Symonds [28]. The necking strain is denoted by &,
the thickness of the plate is defined by ¢, and the element’s Material properties Value Unit
length is .. & and &, stand for failure strain and uniform vy 4 stress 235 MPa
strain, respectively Tan modulus 672 MPa
1 Density 7,850 kg/m?
\p ;
[ 1+ € Q) Your\g s modulus 210 G_I:a
I3 cl’ Strain rate 500 S
Beta 0.30
t Poisson ratio 0.225
&(le) = & + & | 4
e

Since the study’s model makes use of shell elements, a
deformed material element may be taken into considera-
tion to derive an engineering correction for the element
size effect in shell elements. The material element that is
stressed to the point of fracture is assumed to be composed
of two halves. There is a local neck with volume V; in one
portion, and there is uniform strain in the other part, V.
Elemental volume V, is the total of ¥, and V;. Moreover,
assume that it is possible to track the developed neck’s
volume during the procedure. Since plastic incompressi-
bility is assumed, 14, and V; do not change while deforma-
tion occurs. From the volume weighted average strain
distribution within the material element, the average
strain at the fracture point &, can now be determined.
The following equation provides the critical strain for the
entire element based on applying the average strains &,
and &, for the known volumes V;, and V; [21]

81“71‘ + SHVH
Eor T . 5)

Fractures in sheet metal typically occur after there has
been considerable plastic deformation localized in narrow
regions, known as local necks [5]. While the material does
not break apart instantly, the occurrence of local necking is
critical. This is due to the formation of a notable weakness
in the material, which is rapidly succeeded by fracture.
The following assumes just similar strains [21]. The
“instability” volume produces v, = t?l, if the “local neck”
forms parallel to the material element’s sides with an
undeformed breadth equal to the original element thick-
ness t. With [, being the length of the undeformed element,
this naturally yields the volume of the remaining element,
Ve =Ve = Vp = tle2 - tzle. When this is entered into Eq. (5),
the critical strain that follows is shown as follows:

t
Ex(le) = & + (&0 — gr)l_- (6)
e
This expression is similar to that presented by Alsos
et al. [21], though the basis for the derivation and input
values is slightly different.

The materials used in the ship’s body structure usually
vary from composite materials, natural materials such as
wood and bamboo [26], fiber materials, and even to using
steel materials to increase the strength of the ship’s struc-
ture when sailing at sea. In this research, the ship’s struc-
ture, namely the stiffened bottom plate, will use mild steel
and high-strength steel materials. Mild steel material
(S235]JR EN10025) is utilized for the stiffener plate. Table 3
lists the characteristics of the $235 material that Alsos and
Amdahl [5] utilized, while the bottom plate will use high-
strength steel material (S355NH EN10210). Table 4 contains
the material properties of S355, which will be inputted into
the MAT_003 card. The MAT_020_RIGID card will be used
as a rigid material [30] that will penetrate the stiffened
bottom plate structure for the part impactor material.
The simulation time of one scenario run takes more than
20 h for scenarios with the number of V-notch defects 1 and
3 piece(s), while for scenarios with the number of V-notch 2
pieces, it takes about 6 h on a PC with CPU 8-core Intel i7-
11700F.

3 Benchmark test with
experimental data

The simulation model that has been made at the beginning
needs to be benchmark tested in order to get a model that

Table 4: Material properties of S355 [27]

Material properties Value Unit
Yield stress 355 MPa
Tan modulus 680 MPa
Density 7,850 kg/m?
Young’s modulus 210 GPa
Strain rate 850 s
Beta 0.571

Poisson ratio 0.280
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Figure 9: Comparison between Alsos’ experiment [5] and numerical
simulation of reaction force and displacement.

matches the real-world situation, also identify the best
analysis results and the validity of the numerical simula-
tions in this study. Also, Alsos and Amdahl’s experiment [5]
on the resistance of a stiffened plate structure to grounding
penetration will be compared to the FE model of this study.
Figure 9 illustrates how the FE model’s numerical simula-
tion findings in this study correspond to the outcomes of
Alsos and Amdahl’s experiment with only a slight differ-
ence in the maximum reaction force and displacement of
about 0.371%. The numerical simulation and experimental
results have a difference at 136 mm penetration, whereas
the numerical simulation results show no dip in the reac-
tion force curve at 136 mm penetration. This is similar to
other studies [21] where numerical simulation results show
no symptoms of a dip in reaction force at certain penetra-
tion levels (Table 5).

Figure 10 demonstrates that the stiffener plate defor-
mation in this simulation matches the plate deformation
observed in Alsos and Amdahl’s experiment [5]. The cracks
in the penetrated stiffened bottom plate structure corre-
spond to the experimental cracks at the joint area between
the bottom plate and the stiffener plate. One might expect a
crack to occur at the center of the stiffener plate due to the
penetration causing an excessive bending moment. But

Table 5: Numerical error with experiment [5]
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rather than breaking, the stiffener plate folds and bends
to one side. As a result, the stiffener plate’s cross-section
will experience a bending moment. Following that, frac-
tures appear in the bottom plate’s cross-section near the
joint location. This is due to the stiffener plate’s ability to
support a substantial load in the longitudinal direction as it
distributes stress along it. Its residual capacity is between
50 and 60% of the maximum plate resistance [4]. Although
the numerical simulation was stopped as soon as the plate
broke, the reaction force graph showed that the initial
crack did not indicate a complete loss of plate functionality.

4 Results and discussion

In the Results and Discussion section, the outcomes of each
scenario will be compared to evaluate the effect of the
notch. The comparison will be based on reaction forces,
penetration depth, and visualizations of material failure.

4.1 Effect of the number of V-notches

This research classifies the object of study, namely the
V-notch, into several variables such as the number of
V-notches, the dimensions of the V-notch, and the distance
between V-notches. The stiffener plate is simulated to have
one to three V-notch defects with different positions in this
study. One defect is at the center point of the stiffener plate
in a scenario. When two defects are present in a scenario,
the distance between the notches on the right and left sides
of the plate is measured from the stiffener plate’s center
line. The defects are on the stiffener plate’s right, left, and
center in the scenario with three defects. Figure 11a illus-
trates the impact of the plate’s number of V-notches. It
shows that when the plate has no V-notch defects, it has
the most significant reaction force, meaning that the plate
resistance is the greatest compared to when there are
V-notch defects.

Figure 11a also shows that when there is one defect, the
plate resistance is reduced to 29.7% of the plate’s resistance

Present study with FEM Error (%)

Variable Also’s experiment [5]
Reaction force (kN) 1415.29
Penetration (mm) 170.41

1410.04
171.22

0.37
-0.48
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without defects. While the plate’s resistance when there
are two defects decreases by only 5.2%, when there are
three defects on the stiffener plate at once, the plate resis-
tance drops to 31.4%. This shows that plates with two
defects have higher resistance than plates with one and
three defects. Figure 11b shows the depth of penetration
that can be applied to the plate until it cracks or fractures.
When the plate has no defects, penetration can be up to
170 mm. In contrast, penetration can only be as deep as
136 mm when the plate has one defect. For the scenario
of two defects, penetration can be given up to 167 mm,
which is only a 3mm difference from the penetration
that can be given for plates without defects. When there
are three defects, the penetration can only be done as far
as 135 mm until the plate fractures.

This result disproves the assumption that the more
defects in the plate, the more susceptible the plate is to
fracture. The plate’s resistance is not determined by the
number of V-notch defects present on the plate but is influ-
enced by the position of the V-notch defect. V-notch defects
located in the center of the plate or parallel to the impac-
tor’s penetration direction will clearly reduce the stiffener
plate’s resistance. This is because the load distributed
along the plate in the longitudinal direction could be
more optimal. After all, the centered V-notch defect in
the plate causes the nucleation of cracks to occur in the
center of the plate. Plates with two defects can stretch more
than plates with one or three V-notches.

4.2 Effect of V-notch dimension

In addition to the number of V-notches, this study also
examined the effect of V-notch dimensions on grounding
penetration. This dimension variable is presented to deter-
mine whether the size of the V-notch has much effect on
the resistance of the ship plate. The simulated plate defects’
dimensions are divided into four dimensions of V-notch
defects with codes A-D, as shown in Table 1. Figure 12a
shows the reaction force results of plates having one
V-notch defect. It can be seen that plates having V-notch
codes A and B have lower resistance than plates having
V-notch code C and code D. Figure 12b shows that the plate
with V-notch code A is only able to be penetrated by
130 mm, the same amount as the penetration that can be
given to the plate with V-notch code B, which is 130 mm.
For plates with V-notch code C, penetration up to 136 mm is
the same as for V-notch code D.

The reaction force and penetration graphs for each
defect code show that V-notch codes A and B decrease
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the plate resistance by 34.32 and 34.38%, respectively.
Meanwhile, V-notch codes C and D reduce the plate resis-
tance by 31.10 and 29.77%, respectively. In Table 1, it can be
seen that code D has the largest opening angle of 120°
compared to codes A, B, and C, which have opening angles
of 30°, 60°, and 90°, respectively. One might expect that the
larger the shape of the V-notch, the lower the plate resis-
tance. However, the results show the opposite: the two
V-notch with larger opening angles, codes C and D, reduce
the resistance less than those with smaller opening angles,
codes A and B.

This phenomenon is explained by previous studies by Liu
et al [17] in their paper “An improved semi-analytical solution
for stress at round-tip notches.” According to their studies,
when the fracture at the notch’s tip widens under continuous
pressure, the maximum stress initially falls and then rises. It
was discovered that the maximum stress decreased monoto-
nically with an increasing notch tip radius for the same notch
depth [17]. In the present numerical simulation, when loading
this case, penetration is applied to a V-notch defect, the max-
imum stress at the notch tip reduces proportionately to the
notch radius or opening angle increase.

The maximum stress of a V-notch with large dimensions
can be calculated using the stress concentration factor (SCF)
formula, which is often used to find the maximum stress of a
V-notch on a plate. The SCF formula uses the ratio between
the depth of the V-notch and the width of the plate, which is
the main variable in obtaining the SCF value. The maximum
stress equation on the V-notch is as follows [18]:

Omax = Kt X Onoms 7

where Opax 1S the maximum stress, K; is the stress con-
centration factor, and oy, is the nominal stress. The value
of the nominal stress is obtained from the following equa-
tion [18]:

F

w - dt’ ®

Onom =
where F is the applied force, w is the width of the plate, d
is the depth of the V-notch, and ¢ is the thickness of
the plate itself. The equation can be studied further by
finding the ratio of the V-notch depth and the plate’s width,
namely the d/w ratio. This d/w value will be the primary
variable in finding the SCF obtained from the following
equation [18]:
3

a@ (o

dV
4l
w w
From Eq. (9), it can be seen that the value of K; is

proportional to the value of d/w. In this case, if the value
of d or the depth of the V-notch increases, the value of d/w

w

d
Ki=3- 3,13[ ] + 3,66
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Figure 10: Comparison of plate deformation (a) numerical simulation
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Figure 11: Graph of the number of V-notch effects: (a) reaction forces and (b) penetration.
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will also increase. If the value of d/w increases, the value of
K; will also increase. If the value of K; increases, the value
of Opaxs in Eq. (7) will also increase because the value of
Omaks 18 directly proportional to the value of K;. Therefore,
it can be concluded that if the value of d or the depth of the
V-notch increases, it will increase the value of the max-
imum stress on the plate (Gmaks)-
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This explanation reinforces the simulation results in
the study that V-notch defects with larger dimensions — in
this case, the V-notch depth — have a greater maximum
stress before cracking so that the plate structure is more
resistant or has greater resistance to penetration loads
compared to plates that have V-notches with smaller

dimensions.
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4.3 Effect of V-Notch spacing

In addition to the number of V-notches and different
V-notch dimensions, it is also necessary to analyze the dis-
tance between V-notches. This is necessary because steel
plates have different strain-hardening and strain-rate
effects depending on the defects present in the plate [28].
This study modeled more than one V-notch defect on the
stiffener plate with different V-notch spacing between 200
and 300 mm, as shown in Table 2. Figure 13a shows the
reaction force graph for notch spacing in the two-notches
scenario, where the graph shows that the plate having two
V-notches defects with notch spacing of 200 mm has the
lowest resistance compared to other notch spacing of 250
and 300 mm, where notch spacing of 300 mm affects the
least resistance.

Figure 13b shows that the penetration that can be
given to plates with two V-notches with a notch spacing
of 200 mm is the least, which is only 167 mm, in contrast to
plates that have two defects with notch spacing of 250 and
300 mm, which can be given up to 168 and 170 mm, respec-
tively. These results show that plates with two defects with
a notch spacing of 200 mm have a decrease in resistance of
up to 5.39% compared to plates without V-notch defects.
Meanwhile, 250 and 300 mm notch spacing decreased the
resistance by only 3.79 and 2.43%, respectively. This is fol-
lowing the previous explanation, where the location of the
V-notch defect influences the decrease in resistance. The

DE GRUYTER

plate with two defects with a notch spacing of 200 mm is
located close to the center area of the stiffener plate, which
is parallel to the penetration area so that it clearly reduces
the resistance compared to notch spacing of 250 and
300 mm, which are located further from the penetration
area located at the stiffener plate’s center.

Figure 14a compares the reaction force on plates with
three V-notch defects with 200-300 mm notch spacing. The
graph shows different results from the graph in Figure 13b,
where the three defects with a notch spacing of 200 mm
actually have the highest resistance compared to notch
spacing of 250 and 300 mm. The penetration that can be
given to the plate with three V-notch defects with a notch
spacing of 200 mm is the largest at 139 mm, greater than
the notch spacing of 250 and 300 mm, which can only be
given penetration as far as 138 and 136 mm, respectively, as
shown in Figure 14. These results show that the plate with
three V-notch defects with a notch spacing of 200 mm only
reduces resistance by 28.94% compared to notch spacing of
250 and 300 mm, which reduces resistance to 29.34 and
30.89%, respectively.

4.4 Stress concentration (Von-Mises stress)

The results of the simulation also need to be reviewed
from the distribution and concentration of stress and
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Figure 16: Maximum reaction force of stiffened plates in 28 scenarios.
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Figure 17: (Continued)

DE GRUYTER

Effective Stress (v-m)
)

5.952e+08
5.638e+08

5.325e+08_|
5.012+08_|
4699+08_
43856408 _
4.072+08_
3759e+08_|
3.446e+08_|
3:132+08_|
2819408 _|
2.506e+08_|
2193408 _|
1.879e+08 _
1.566e+08_
1253408

9.397¢407.

6.2650407.

3132407,

0.000e+00

S
(n) s
6.336e+08 _
4.980e+08 _
4.624e+08 _
4268408 _
3.913e+08 _|
gmsey
-
1.779e+08 __
1.423e+08
b
b

Effective Stress (v-m)
(p)
5.403e+08 _|
5.085e+08 _|
4767e+08 _
4449408 _
4132408 _
0.000e+00 _|

Tstertn
Tassercn
cssercn
gy
61050108
s1230008
sattes0s

. AL s
a5780108

41570008

astsevcs |

-
3.434e408
3.0526408 _
26716408 _
2.289¢408 _
1908408 _
1526408
1145408
76316407
38156407

0.000e+00_I

( r) Effective Stress (v-m)

(®)

Effective Stress (v-m)
7.439+08
7.067e+08
6695408
6.323¢+08 |
5.951¢+08 _
5579408 _
5207¢+08_

a0 T S WWmrtes

44646408 _

4.0926408 _

3.720e+08_|

-
3348408 |
2976408 _|
2604408 _|
2232408 _
1860408 _
1488408
1116408
7439407
37206407

0.000e+00_|




DE GRUYTER

Effective Stress (v-m)
7.492e+08
7.117e+08
6743408
63680008 _||

(u)

59940408
5.619e+08

52440408
48700308

44950408

41210308

— 3.746e+08

3371408
29976408
2622408
22486408
1873408
1.498¢+08
11240408
7.492e+07
37466407
0.000e+00_f

Effective Stress (v-m)
7.721e408
7.336e+08
6.949¢+08
6.563+08
6.177e+08
5791408
5.405e+08

5019408 _
4633408 _
4247ev08 |
e ———— 3.861e408_|

(w)

3475e408
3.088e408
2702¢408
23160408
1.930e408
15440408

1.158+08
7.721e407
3861407
0.000e+00_I

(y) Effective Stress (v-m)

7612408
7231408
6.851+08
6.470e+08
6.090e+08
5709408

53280408 _
4.948e+08 _
as670408_
4570405 |
= 38060408 |

3.425e+08
3.045e+08
26646408
22846408
1.903e+08
15220408
1142408
7612407
3.806e+07
0.000e+00_f

(aa)
7.769e+08

11650408
7.769¢407
3884407
0.000¢400

Figure 17: (Continued)

deformation that occurred on the stiffened bottom plate
when undergoing grounding penetration. Stress concentra-
tion is a technique for predicting a structure’s material
failure point when there is an elevated risk of failure in
that area. Before that, it is necessary to analyze the com-
parison of the reaction forces results of all 28 scenarios.
Figure 15 shows the overall numerical simulation results in
28 scenarios. The results are divided into scenarios with a
maximum reaction force of about 1,315-1,400 kN and sce-
narios with a maximum reaction force of about
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925-1,000 kN. This phenomenon is based on the reaction
of the stiffened bottom structure in the form of plate resis-
tance, strain due to bending, and penetration. Besides, it is
also necessary to analyze stress concentration. Figure 16
shows the maximum reaction force of plates for each of the
28 scenarios. It shows that the reaction force of a scenario
with one V-notch defect (scenarios 1-4) is similar to a sce-
nario with three V-notch defects (scenarios 17-28), about
925-1,000 kKN. Besides, the reaction force of the scenario
with two V-notch defects is about 1,315-1,400 kN, which is
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close to the reaction force of the scenario when the stif-
fened bottom plate has no defects, about 1410.03 kN.

Stress concentration is a technique for predicting a
structure’s material failure point when there is an elevated
risk of failure in that area. In the stiffener bottom plate
structure, stress concentrations of all 28 scenarios can be
seen collectively both before and after crack nucleation
(Figures 17 and 18). The stress concentration in the stiffener
plate before crack nucleation, or the start of the crack, is
shown in Figure 16. The stress concentration is highest
in the area parallel to the impact penetration direction
or the center of the stiffener plate (around 100 mm from
the center). The stress concentration centered at the tip of
the V-notch defect can be seen in scenarios with one
V-notch defect on the plate, which are scenarios 1-4
(Figure 16a—d), and scenarios with three V-notch defects
on the plate, which are scenarios 17-28 (Figure 16g—16ab).
As for the scenario with two defects on the plate, the stress
concentration is not concentrated on the notch defect, so the
V-notch defect does not have much effect on the structural
resistance of the plate.

This strengthens the explanation that the plate resis-
tance is not affected by the number of V-notches in a plate
but rather by the position of the plate; V-notch defects in
the area of stress concentration will drastically decrease
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the plate’s resistance capacity, reducing the reaction and
penetration forces that can be applied. Figure 16a—d show
a greater stress concentration in V-notch defects with
smaller opening angles, resulting in faster cracking. Mean-
while, V-notch defects with larger opening angles can
reduce the maximum stress as the V-notch end radius
strain increases, making cracking take longer. This is also
confirmed by the results of research by Liu et al. [17].
Figure 18 shows the notched bottom plate’s stress con-
centration and structural deformation after the final crack.
The deformation of the plate structure is divided into two
types. The first type can be seen in the scenario with one
V-notch defect (Figure 18a—d) and three V-notch defects on
the plate (Figure 18q—18ab). The numerical simulation
results show that the plate with one V-notch defect and
three V-notch defects on the center line of the stiffener
plate tears right at the center line of the stiffener plate
parallel to the penetration direction, after which the plate
splits into two and bends simultaneously in the right direc-
tion in scenarios 1, 2, 18, 22, and 26 (Figure 18a, b, r, v, z) or
bent in the opposite direction in scenarios 3, 4, 17, 19, 20, 21,
23, 24, 25, 27, 28 (Figure 18c, 18d, 18q, 18s, 18t, 18u, 18w,
Figure 17x, 17y, 17aa, 17ab) before finally the bottom plate
also cracked precisely at the joint area between the bottom
plate and the stiffener plate. The second type can be seen in
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the scenario with two V-notch defects (scenarios 5-16); the
plate with two V-notch failures first bends to the left,
extending the tear at the V-notch end line on both the
left and right sides of the plate center line. Then, the stif-
fener plate bends to the left, extending the tear as it folds to
the left. This deformation occurs in Figure 18e-p. The
longest tear is seen in scenarios 5-8 (Figure 17e-h), which
have the closest notch spacing of 200 mm because the
V-notch defect is close to the stress concentration in the
penetration area.

5 Conclusion

The V-notch defect will obviously reduce the bearing capa-
city of the stiffened plate structure in the penetration of a
grounding incident; the influence of the V-notch can be
studied through the graph of reaction force, plate resis-
tance, penetration depth, plate deformation, and stress
concentration.

The significant decrease in plate resistance to penetra-
tion load is not affected by the number of V-notch defects
in a plate but depends on the position of the V-notch
defects on the plate. V-notches located at the penetration
area (about 100 mm) from the center point of the bottom
plate will significantly lower the plate’s resistance. The
decrease in plate resistance to penetration load can be
reduced by up to 34.4% of the plate resistance without a
V-notch. The maximum reduction in reaction force that
can be achieved when the V-notch is present is only
924.92kN, while when the plate is without a V-notch,
the reaction force reaches 1,410.4kN. The penetration
depth that can be provided when there are V-notches
on the plate is only 130.05 mm, while when the plate is
without V-notches, the penetration can be provided up to
170.29 mm, a reduction of 23.68%.

The maximum stress distribution is seen around the
penetration area, about 100 mm from the center point of
the bottom plate. The stiffener plate can be deformed in the
form of a tear right at the centerline or bent and folded
sideways, with the tear occurring at the end of the V-notch
defect. For the base plate, deformations are in the form of
cracks at the joint area between the bottom plate and the
stiffener plate.

A reduction in structural strength in the bottom area
of the ship increases the likelihood of hull breach, which
can result in water ingress. This may lead to a loss of buoy-
ancy, damage to the engine and electrical systems, failure
of the propulsion system, and potential harm to the cargo.
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