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Abstract- This paper presents the design of hull structures with unorthodox light stiffeners as
compared to the standard available steel sections with the aim of increasing the overall hull strength.
The Y stiffeners as referred to as herein be designed, analyzed and compared to the standard Flat, L,
Angle sections, Unequal angle sections and Offset bulb sections. The energy absorption capacity of
the hulls strengthened by these light stiffening members and the extent of the damage on the hull
plates with possible penetration and piercing of the bulbous bows are investigated. The amount of
deformation on side shell plates, stringers, web frames are each studied as an indicator of the amount
of distortion that can be induced as a result of the impact from the side collision. Six models of a
double hull oil tanker mid-ship sections are modelled in Abaqus 6.144. They are then collided with
rigid bulbous bows whose probabilistic dimensions are obtained from statistical formulas. Their
results are compared to that of the Y stiffened hull. Outer hull plate rupture latest in the Y stiffened
hull than all the other hulls, at a distortion of 0.2m, a total resistance force of 1518900N with a total
energy dissipation of 152587J. The nearest in resistance of the other standard stiffened hulls, to the Y
stiffened one are; the L and Unequal angle sections with 56% and 55% force, 45% and 44% energy of
the Unequal and T3 sections to the Y hull. These results show that the Y stiffened hull possess the
highest resistance to damage upon impact and the most energy absorption capacity than all the other

standard stiffened hulls. The results of the FEA in Abaqus 6.144 are compared with an analytical

method adopted from other researches with good agreement between the results.

Keywords- Y stiffeners, Unorthodox, Deformations, Distortions, Abaqus, Energy absorption capacity.

Assessment of damage to ships [5], [6], damage
prediction [7], [8], structural consequences [9], [10],
i . o hull girder collapse [11]-[13], damage scenarios[14]-
The congept of ship c.oII_|5|on s introduced .by [16], modelling [17]-[19] and structural designs [20],
Minorsky in 1959 [1]. This is followed by analytical [21]. Research on grounding accidents conducted by

concept of collision by Zhang[2]. Liu [3] and Amdahl Pedersen [22], Nguyen [23] and Hong and Amdahl
[3] broaden this concept into collision between [24]

structure and iceberg. Stronge, [4], developed
analytically contact between two entities comparing
the results with finite element simulations. Numerous

I. INTRODUCTION

In this paper, collision between a rigid bulbous bow
with a deformable double hull mid-ship section from
) ; ) the side is simulated. The double hull ship section is
studies have been performed in relation to . qoled in Abaqus 6.144 with different light
grounding or collision accidents, including the stiffening members. The longitudinals in all the
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models vary from the standard frames of flat, offset
bulb, angle sections, T sections and the innovated Y
stiffeners.

The effect of each to resist damage to the hull and
possible breach into the holds is evaluated. Using the
same material properties for each hull structure
model, same characteristics hull and bulbous bow
dimensions, scantlings, location of impact, speed of
striking bow the results of simulations are compared
between the standard forms steel sections and the
fabricated Y stiffeners.

II. MATERIALS AND METHODOLOGY

1. Brief Literature Review

Researches on impact technology in relation to
scientific and virtual models [25]-[27], between 2011
until 2014, have been conducted. Wisniewski and
Kolakowski [28], explained a simplified numerical
experimentation on the impact phenomenon.
Numerous simulations on types of ship collisions are
studied by Haris and Amdahl, [29]. Kitamura [30],
proposed that, for good accuracy and pragmatism,
the studies have to be based on available data,
obtained from finite element analyses (numerical
experiments), physical experiments, and data from
real accidents, [31].

Crushing experiments of ship bow structures have
been conducted as early as the 1960s. Details on
these experiments have been reviewed in many
references and investigated with regard to the axial
crushing characteristics of the basic structural
components. Progressive analysis of folding of a
conical shell in addition to comprehensive axial
crushing analysis are also studied, [19].

Ozguc et al, [32] suggested the application of
plastic-kinematics material in creating deformable
ship structure for side impact which is embraced and
advanced by Bae et al, [33], applying real-life
accident samples and laboratory experimentation.
Extensively, Ludwik's strain hardening is well-defined
and shown by Hutchinson & Neale, [34].

The ability of the structural components of the ship,
that is, hull plating and frames, to resist bending,
deformation, buckling, tear or failure offers merchant
ships an enhanced element of safety to both the
cargo and marine environment. This comes from a
combination of superior mechanical properties of the

material of the hull structure, proper design of the
stiffening systems both the primary and secondary
members and light and heavy members in addition
to a sound arrangement of these framing system be
it transverse or longitudinal. The ability of a designer
to make an excellent choice in the type and design of
stiffening system in terms of strength of the
individual member and the overall hull structure is
vital. This is in addition to the weight consideration
of the whole structure. A good design combines
weight and strength consideration to achieve
optimum power and fuel economy.

2. The Innovative Y Stiffeners

Fig.1 below shows four basic standard longitudinal
stiffeners that are in used for the stiffening of ships’
hull plates. These are, flat, offset bulb, angle and T
sections. These steel sections come in different
standard sizes that can be obtained in manufacturers
catalogues for references and use.
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Fig.1. Standard longitudinal Stiffeners for hull
plates[35].

The Y stiffener is a non-standard section built from
the welding of a T section on a hat plate. The hat is
made from bending or hot rolling steel plate. The hat
webs are inclined at [45] ~° as shown in Fig. 2
below. This ensures that similar bending resistance is
maintained in both the x and y axes[36]. Fig. 2 shows
the nomenclature of the Y stiffeners.

Fig. 2. Innovative Y stiffeners[36].
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The aim of this paper is to design the Y stiffeners and
compare it with equivalent standard sections during
a collision analysis in terms of energy absorption,
resistance to deformation, physical damage and
possible hull plate breach.

3. Case Study

A double oil tanker [36], table 1, operating at the Red
Sea (Gulf of Suez) having the following main
particulars is chosen as the case study. The mid ship
cross section of the ship is as shown in Fig. 3.

4. Design of Y Stiffeners

The design of the Y stiffeners majorly involves
obtaining the section scantlings in order to be used
during modelling. This is obtained by comparing the
section moduli of the T stiffeners available in mid
ship section in Fig. 3 with an equivalent Y section. For
simplicity of analysis, only one type of T section is
used in the entire hull.

Table 1. Double hull tanker main particulars.

Length Between Perpendiculars,

(Lgg) 238.0m
Moulded Depth, (D) 21.0m
Moulded Breadth, (B) 43.0m
Scantling Draught, (T) 14.3m
Deadweight, (DWT) 97,000tonnes

the Y stiffener to the T stiffener. However, when
comparing other standard forms such as flat, L,
Unequal L and Offset bulb section to the Y stiffener,
a section modulus value that will give the equivalent
standard sections of the aforementioned is required.
This could not be found directly from the table. As a
result, calculations have to be done to find the
section modulus values of the Y stiffener from the
table that will allow the selection of all the other
standard available sections simultaneously. The
scantlings of the sections are then obtained from
standard manufacturers steel section tables. In order
that the double hull mid-ship section is modelled
using equivalent standard stiffener to the Y stiffeners,
table (2 and 3) show the Y and T stiffeners that are
selected for modelling. Then from standard steel
section tables of manufactures, equivalent flat, L
section. Unequal L sections and offset bulb are
identified and their scantlings taken for modelling six
other double hull models.

Table 2. Y-stiffeners with 45° inclination angle
between hat webs (with same weight as T-stiffener)
[36].
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Fig. 3. Midship section of the case study double hull
oil tanker with T longitudinal stiffeners in its midship
section [36].

Badran [36], gave a tabulated data of Y-stiffeners
compared with standard T stiffeners for the same
weight or lighter weight than the T stiffeners. In
addition, [36] also gave the section modulus ratio of

Table 3. T-stiffeners scantlings in the  midship
section[36].
b, t, A, h, t. A, b, Iy

Y 850 135 1317% 350 1z 4200 130 15

A a

2700 16226

5. Equivalent Sections

In many occasions, because of the unavailability or
shortage of certain profiles, equivalent sections
having the same section modulus could be used. The
selection of the equivalent section should satisfy,
among several other requirements, the minimum
weight requirement[37]. A section modulus of
936.066331 with a ratio of 3.03 (without the attached
plating) in table (2 and 3) are used to obtain the
equivalent flat, L, Offset bulb and Unequal L sections
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for modelling and analysis comparisons. Based on
this, the scantlings of L section[38], Unequal L
section[38], Offset bulb[39] and Flat bars[40] are
realized.

6. Finite Element Model (FEM)

The finite element model consists of a double hull
structure and a striking bow as shown in Fig. 4 below.
Modelling is done in Abaqus 6.144 CAE while the
analysis is done in Abaqus Dynamic/Explicit.

Fig. 4. Ship Side Collision Scenario of only the Double
Hull Side Impacted by the Rigid Bow.

7. Selection and Modelling of the Struck ship

As previously described, the struck ship is selected
from Fig. 3 with characteristic dimensions as given in
table 1. Six double hull structure models of several
stiffeners are modelled from 3D deformable four
node shell elements with five integration points. The
models are;

e Flat Stiff All

L Stiff All

Offset Bulb Stiff All

T Stiff All

Unequal Angle Sections Stiff All

o Y Stiff All

Material properties of A36 Mild Steel as shown in
table 4 is used on the struck ship. A true stress strain
relationship of the material can be derived from the
yield stress and ultimate tensile strength [41]. By
assuming the strain e_y, to be 0.006 at the yield
stress o_y, [42], and the strain €_ult, at the ultimate
tensile strength o_ult, is equivalent to (n)[43], the
strain hardening exponent then Egs. ((1) and (2)) can
be applied. As a result, n is obtained as 0.1905 and K
as 662.5 respectively, K being the strength
coefficient. The finite element model is depicted in
Fig. 4 above.

gy = Ke,™ = KO0.006™ ..o &)
our = K[In(1 + €,4:)]"= K[In(1 + n)]"™......... )

For conformity, the same element mesh sizes are
chosen for the different hull models before
submitting for analysis. Ship collision analysis
requires a rather coarse mesh (probably four or five
elements between longitudinals, or about ten times
the plate thickness) to find equilibrium between
practical engineering application and reliable results
[44]. For simplicity an overall plate thickness of
15.5mm for all structural components, a 100mm and
290mm mesh size for the double hull structures and
rigid bows respectively are taken. This ensures that
they are within the acceptable range. A fixed
boundary condition encastre is selected for each to
secure all the edges of the double hull, the
longitudinal stiffeners, stringers and web frames.
These are all defined as fixed boundary conditions. A
further displacement/rotation boundary condition is
applied to the tip of the rigid bow.

Table 4. A36 Steel Material Properties for the double
hull[45].

Yield 5tress 250MPa
Ultimate Tensile Strength 400MPa-550MPa
Mean Ultimate Tensile 5trength 475MPa
Minimum Fracture Strain 0.23
Density 7800kg/m3
Young's Modulus 200GPa
Poison's Ratio 0.26

8. Selection and Modelling of the Striking Ship.

A striking ship of 70Ktons is selected. Its main
dimensions (length, breadth and draught) can be
obtained from graphs of statistical data. Brown
[14],stated that, the relationship between the
probabilistic ship principal dimensions and the ship
displacement can be established for all striking ships.
Similarly, the probabilistic dimensions of the bulbous
bow can also be obtained using the same method of
statistics.

For further simplification, the cross section of the
bulbous bow is assumed to be of that of a parabola
both horizontally and vertically. The tip is in addition
taken as of circular cross section. This enables its
dimensions to be accomplished via statistical graphs
as well[46]. According to Zhang[2], the horizontal
and vertical cross section of the bulbous bow could
be described as a parabola. Amdahl et al[47],
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experimented on two indenters, one with elliptical
while the other with a parabolic profile. It is deduced
that, a corresponding form bulbous bow would have
the same mathematical calculation, hence the tip can
be further idealized as a sphere. Consequently, the
application of the methodology in the above
literatures sources, the dimensions of the striking
ship are evaluated and tabulated as in table 5 below.

Bulbous Bow

Tip of bulb idealized as a
circle with radius r.

. R«or Rv

Fig. 5. (a) Determining bulbous bow shape of Striking
ship and simplification of its tip.

Table 5. Striking ship dimensions.

x Length,L Breadth,B  Draft,T R,
70Kons 21739 3n 12.35 7.39
R, R, , R,
293 34 269 0.57m

The striking bows are made from discrete rigid body
shell-elements. A rigid reference point is defined on
each of the bow form while an inertia force of
70Ktons assigned to the reference point to represent
the striking ship. A coarse mesh size of 290mm is
used to model the striking bow. A kinematic
automatic surface to contact surface is employed
with finite sliding formulation to define a penalty-
based friction interaction with a coefficient of 0.3.

This is done in the dynamic explicit step in the step
module. A predefined striking velocity (translation
only) of 10m/s is assumed to be applied on the rigid
body reference point of the striking bows within an
impact time of 0.2s. The results through an evenly
spaced time of 100 intervals, has been analyzed. This
is to allow sufficient time to observe the plastic
deformation and possible penetration of the outer
plate of the hull.

II. RESULTS & DISCUSSION

1. Finite Element Results (Hulls with various

Stiffeners)

The FE results of the double hull models stiffened

with various standard steel sections and the

innovative Y stiffeners are presented in terms of;

e Deformation patterns of shell plate, web frames,
stringers, bottom transverse, and longitudinal
stringers.

e Forces - Time and Force - Displacements curves.

e Response Force - Time and Response Force -
Displacements curves.

e Absorbed Energies - Time and Absorbed Energies -
Displacements curves.

2. Deformation Patterns

The shape of the pattern is similar for all bows due to
the shape of the same bulb used to strike them. The
vertical line of tear due to the tip of the bulbous
bows varies in the deformation patterns they form
from one hull model to the next. This depends on
the amount of resistance the hull exhibits during the
impact. The length and shape of the stringer and
web plate portions protruding out of the material
rupture line also differs from hull model to hull
model. However, it is difficult to discern the extent of
the resistance to the damage of the different
strengthened hulls from just the outline shape of the
outer hull structures from FEA, in particular when the
striking bow is the same, like in this case.

Similar patterns will result. Only the inner structural
members with major deformations will sow variations
in deformation patterns from one hull model to
another. They present the different shapes and
amount of distortion at the rigid bow tip. Otherwise,
the investigation of the response forces and energy
absorption capacity or energy dissipation of the
different structural components of the hull models
can thence bring the actual difference in the strength
of the various standard stiffened hull models.

In Fig. 6, the extent of distortions is maintained in the
two frame and two stringer spacing. Even though the
deformation pattern is the same, the amount of
protrusion of the middle stringer and middle web
plate is different. In a, the stringer plate more than
the web plate. This length however, increases in b. In
¢, the amount of the web plate portion is almost
equal to that of the stringer plate. In d, the web
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frame and stringer seem to have shifted from the
centre line due to the impact. Although e is similar to
¢, there are protrusion of either the stringer or the
web plate.

Fig. 6. Deformed hulls (a) Flat3 Stiff All (b) L3 Stiff All
(c) Offset Bulb Stiff All (d) T3 Stiff All () Unequal L3
Stiff All (f) Y Stiff All.

Fig.7. Y3 Stiff All Hull Model (a) Deformed hull (b)
Outer Shell Plating (c) Inner Shell Plating (d) Side
Stringer Plates (e) Side Stringer Longitudinals (f)
Outer Hull Longitudinals (g) Inner Hull Longitudinals
(h) Web frames with stringers, bilge transverse and
stringer longitudinals.

3. Actual Deformations

For all the standard stiffened hull models and the Y
stiffened model in the deformations in the outer hull
plates (Fig.8) increase with increasing bow
penetrations in the hulls. The least deformed being
the L3 stiffened hull model followed by Y stiffened
hull model. The offset bulb registers the most
deformations among all the models. All the hull
models, deform closely in a range between 1.83m to
1.88m at the end of impact period, except the L3 hull
model, which reaches a peak of 1.6m. Rupture of the
outer hull occur early in the Flat, L3 and Offset Bulb
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stiffened hull at a penetration between 0.22m to
0.24m of the bulbous bow.

Deformations Vs Bow Penetrations
Flat

2

L3
1 /

Offset
0 Bulb

T3

Outer Hulls, (m)

0 1 2

Unequal

Bulbous Bow Penetrations, (m) Y

Fig.8. Graph of Deformations Vs Bulbous Bow
Penetration on various stiffened outer hulls.

This is equivalent to a deformation range of 0.11m to
0.12m as shown in Fig.4.4.8. Related to the Y
stiffened hull model, the T3 and the Unequal Angle
sections stiffened hull models deforms at an 87%
and 78% rate as compared to 59.8%, 59.1% and 52%
for the L3, Offset Bulb and the flat stiffened hull
models respectively. The Y stiffened hull model outer
plate ruptures the last at a deformation high of
0.203m corresponding to a rigid bulbous bow
indentation of 0.341m.

The outer hull longitudinals (Fig.9), shows an
increasing deformation to bulbous bow penetration
too. L3 and Unequal Angle stiffened hulls presents
the highest increase than the others throughout the
impact period. Below and beyond 1.06m of bulb
penetration, the Y and Flat model OHL shows the
least displacements respectively. When the onset of
rupture of the outer hull begins for all the hulls, the
OHL of the Y hull leads in deformation at 0.187m.
This is followed by the Unequal and T3 and L3 at
0.182m, 0.177m and 0.160m respectively. This is 97,
94 and 85 percent to that of the Y model. The least
deformed is that of the Flat and Offset bulb at
0.075m and 0.087m which are 40 and 46 percent
compared to that of the Y model.

w

Deformations Vs Bow Penetrations
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N
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Outer Hulls
Longitudinals, (m)

T3

[y

Offset
Bulb
L3

o

0 05 1 15 2 ot

Bulbous Bow Penetrations,(m)
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Fig. 9. Graph of Deformations of OH Longitudinals
Vs Bulbous Bow Penetration on various stiffened
hulls.

Fig. (10 and 11) shows how the stringers and stringer
longitudinals deforms with subsequent rigid bow
penetration respectively. The L3 and Unequal hulls
records the highest plate deformations in the entire
period followed by the Y model peaking at 1.74m for
the two former hulls with the latter at 0.5m.
However, the stringer longitudinals of the Y hull
presents the highest deformations all through the
entire impact period followed by the flat and T3
models. The least being the Unequal hull. At rupture
of the outer plate, the closest to the Y model is the
T3 model with 59.6 and 17.5 percent of stringer plate
and stringer longitudinal distortions. The farthest
from Y is presented by the Unequal hull model.

In Fig. 12, the web frames deformations indicate an
increasing amount with bulbous bow penetrations.
High ranges being presented in L3, Unequal and Flat
models throughout the impact period. This varies
between 1.50m to 1.57m at their peaks. Low range
deformations are seen in T3, Y and Offset Bulb hulls
varying between 035m to 045m. At hull plate
rupture, significant deformations occur in the
Unequal and Flat models with 0.14m and 0.11m
respectively which are very high distortions
compared to the to the Y hull model. The closest in
terms of deformations are the Offset, T3 and L3 hull
models with 62, 54 and 52 percent respectively.

Deformations Vs Bow Penetrations !

Unequal

g 2
- T3
o1
dé) ——— = Offset
= 0 : Bulb
s 13
0 0.5 1 15 2

Flat
Bulbous Bow Penetrations, (m)

Fig. 10. Graph of Deformations of Stringers Vs
Bulbous Bow Penetration on various stiffened hulls.
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€ Deformations Vs Bow Penetration
- Unequal
58
£ = T3
503
g, 13
g Flat
0 0.5 1 1.5 2
Offset
Bulb Penetration, (m) Bulb

Fig.11. Graph of Deformations of Stringers
Longitudinals Vs Bulbous Bow Penetration on various
stiffened hulls.
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0 0.5 1 15 2
Bulbous Bow Penetrations, (m)
Fig. 12. Graph of Deformations of Web Frames Vs
Bulbous Bow Penetration on various stiffened hulls.

Flat

Fig. (13 and 14) present the deformations of the IHL
and IH with subsequent bow indentations into the
hull models. The Y hull model registers the highest
increment of deformations as compared with all the
other stiffened models with a maximum of 0.51m
and 0.53m in the IHL and IH respectively. The lowest
readings being in the Offset Bulb and T3 hull models
in the IHL and IH respectively. At rupture, only the
Offset Bulb IHL deforms closely, at 32 percent, to
that of the Y stiffened hull. The Y longitudinals
displace the least. However, the inner hull of the Y
model deforms the most, at 0.034m, upon rupture of
the outer hull. The inner hull of the Flat model
distorts the least at 0.00043m. T3 models inner hull
deforms at a rate of 53 percent to that of the Y hull.
The closest of all other models.

Deformations Vs Bow Penetrations y

-
Eo6
w . Unequal
5 504
=]
I _E ’ 3
]
]
c :g 0.2 Offset
El-) Bulb
o 0 L3
-
0 1 2 Fat

Bulbous Bow Penetrations, (m)
Fig.13. Graph of Deformations of Inner Hull
Longitudinals Vs Bulbous Bow Penetration on various
stiffened hulls.
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Fig.14. Graph of Deformations of Inner Hull Vs
Bulbous Bow Penetration on various stiffened hulls.

Fig.15 presents a direct comparison of the
deformations of the various hull components for all
the different stiffened hulls. In the OH, OHL, Stringer
Longitudinal and the IH, the Y stiffened components
deform the most. Only the Unequal and T3 models
produce deformations in the same range as that of
the Y model.

Fig. 16 shows the percentage deformations of the
hull components of the various strengthened hulls
with respect to the Y hull. The nearest standard
stiffener relating to the amount of distortion to the Y
stiffeners is the T3 stiffener. This is as evidenced by
the percentages to the Y sections in the various hull
components studied during the analysis. The T3 hull
show deformations percentages of, 87% OH,
94%0HL, 59%Stringer, 17% Stringer longitudinal,
54%Web frames and the inner hull plates.

Deformation of Hull Componenents at
Rupture my

0.2 W Unequal
T3

5
g mOffset Bulb
‘go'l “ “ ‘ ‘ "
CE)OS Flat
| T N .
0

]
OH OHL Str StrL WF IHL IH

Hull Components on various Hulls

Fig. 15. Graph of Deformations of Hull Components
at Outer Hull Plates Rupture on Various Stiffened
Hulls.
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Fig. 16. Graph of %Deformations of Hull Components
at Outer Hull Plates Rupture to the Y Stiffened Hull
Deformation at Rupture.

In all the above description it is evident that the Y
stiffeners underwent the most distortions. This is as a
result of the fact that the Y stiffeners has more
sectional parts than any other standard steel section
due to the addition of the hat. This increases area of
deformation to eventually achieve failure. As these
large displacements occur, strain foci in the hull
plates become less pronounced hence delay in its
rupture [47]. The outer hull plates in the Y stiffened
hull, ruptures later during indentation than any other
hull longitudinal strengthened model.

4. Response Forces

The response in all the models is similar, with the
peak of the curves indicating the point of initiation of
the crack in the outer hull. Until this initial crack point
of the plate is reached, the response forces keep on
increasing after which they drop rapidly [46]. Fig.17
shows the response of the Y stiffened hull and the
maximum point the hull material can withstand
loading. Beyond this point, the hull cannot withstand
any forces past its own capacity of 1518900N.

In Fig.18, the Y stiffened hull indicates the highest
slope compared to all the other hull models before
reaching the onset of fracture. The slope represents a
corresponding measure of the amount of resistance
the structure can offer before failure occurs. Failure
in the Y stiffened hull occurs the latest and the
highest amount of force is needed to actualize it
than any other stiffened hull in the analysis, Fig. 19
and Fig. 20. L3 and Unequal angle sections
strengthened hulls follow the Y hull with capacities of
853673N and 836005N respectively. This is just 56%
and 55% respectively of the capacity of the Y model,
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Fig. 21. The Flat strengthened hull presents the
lowest resistance force among the entire models with
a limit of 635730N. This implies that failure in this
model occurs relatively earlier than all the other
models.

Y Stiffened Hull
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‘E 2000000 900)
% 1500000
gloooooo
o

500000

0
0 0.5 1 15 2

Bulbous Bow Penetration, (m)

Fig.17. Graph of Response Force Vs Bulbous Bow
Penetration of Y Stiffened Hull.
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5. Absorbed Energies

Fig. 22 presents the total energy absorption capacity
of all the hulls under investigation. The Y hull
emerges as the one with the most energy absorption
capabilities than any of the other hulls. This is then
followed by the Flat and L3 hull but with a big
discrepancy between them and the Y hull. At peak
values, the Y hull has an energy absorption of
1512250J) while the L3 and Flat model possessing
965902) and 992542 respectively of the absorbed
energy. The least being that of T3 at 802721).

In Fig.23 the Y model registers the highest increasing
amount of energy absorbed during the impact
period than any other model with a peak of 430392)J.
The other models energies are bundled within a peak
range of 381703) to 395138J, T3 and Unequal
models respectively. At rupture, the most absorbed
energies are by the T3 strengthened model with
16895.6J followed by the Y hull with 10561.4) and the
Unequal with 7057.2 J. The Flat model absorbs the
least energy followed by the Offset Bulb and
eventually the T3 stiffened model, compared to the Y
model, the L3 and the Unequal models are the
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nearest in terms of their outer hull energy absorbing
capacity of 59% and 67% respectively.

5.1. Outer Hull longitudinals

Although the absorbed energies in the outer hull
longitudinals is less than that of the outer hull plates,
the Y stiffened hull model still presents higher values
of energies compared to other models with
increasing bow penetrations. It reaches its peak of
301402) while the other models cluster themselves
between a range of about 96600J for the T3 and
145174) for the Flat model. At failure, OHL absorb
most energy in the Y, T3 and L3 models with
22976.3J, 11092.9J) and 6518.44) respectively. In this
the Y model OHL absorbs twice as much energy as it
takes in its OH. The least absorbed energy being that
of the Unequal model with 4965.4J, Fig. 23. Among
all these models, the nearest in terms of OHL energy
absorption capacity to the Y hull is the T3 model with
just 48%, Fig. 24.

5.2. Stringers

The Y stiffened hull still shows significant energy
absorption capacity in the stringers and their
longitudinals than the rest of the models. With a
peak value of 176908J in the stringer plates, the
other models are left within a range of 99648J) and
125557) of the T3 and L3 models respectively. In the
event of rupture of the outer hull plates, the Y and T3
models stringers plates absorbs the most energy of
about 14143J and 8500J) respectively, Fig. 23. The
closest, in terms of energy absorption capacity, of
the stringers to the Y model, is the T3 stiffened hull
model with 60.1% rate, Fig. 24.

In the absorbed energies of the stringer
longitudinals, with increasing bow penetrations, the
Y stiffened hull longitudinals continues to indicate
higher increasing energies than all the other models.
It attains an uttermost value of 35571.6J at the end
of the collision period. The other models range
between peak values of 12655.4) and 15779.6J of T3
and of L3 respectively. During OH plate tear
initiation, the Y hull stringer longitudinals with 867J
possess the most energy as compared to the other
stiffened hull models. This is twice as much as that of
individual energy levels of all the other models save
for the Flat model for which it is four times its energy
at 222J, Fig. 23. The nearest, to the Y stiffened hull,
in terms of energy absorption capacity of the stringer
longitudinals is the L3 hull at just 51% that of the Y
model, Fig. 24.

5.3. Web Frames

In the absorbed energy capacities for the web frames
of all the stiffened hulls, the Y stiffened hull again
indicates highest increasing amounts of energy
absorbed in the web frames for all the strengthened
hulls in investigation. It attains a peak of 436757) at
the end of impact period. T3 hull model with a
maximum value of 141682J and the Flat model with a
maximum of 242036) forms the range between
which all the remaining hulls models energies are
found. During rupture of the outer hull plates, Y,
Unequal and L3 models lead in energy absorption
with 100029J, 52204) and 46043J respectively, Fig.
23. The nearest to the Y hull in terms of the energy
absorption capacity in the web frames is the Unequal
hull with just 52% rate, Fig. 24.

5.4. Inner Hull and Inner Hull Longitudinals

The energy absorption capacities of the IHL and IH of
the different strengthened hulls show that with peaks
of 28885J and 19761J for the IHL and IH respectively,
the Y stiffened hull maintains the highest energy
levels than all the other hulls stiffened by standard
longitudinal sections during the entire impact period.
The rest of the hull models have an absorption
capacity range between that of the Flat and Unequal
with 5818) to 8263J and that of T3 of 10759) to
13812) for the IHL and IH respectively. At rupture,
the Y model energy absorptions are the highest at
3167J) and 841J in the IHL and IH. This is followed by
that of the T3 model with 496J and 591J, Fig. 23. The
T3 model maintains the closest capacity in terms of
energy absorption to the Y hull with a rate of 16%
and 71% in the IHL and IH respectively, Fig. 24.

Absorbed Energies Vs Bow Penetrations
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Fig. 22. Graphs of Total Absorbed Energies of Inner
Hull Vs Bulbous Bow Penetrations of the various
stiffened hulls.
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6. Validation

Liu [46] presented a rapid method to assess the
resistance of a double hull struck by a rigid bulbous
bow. Using this method, the results obtained from
the analytical calculations, for the Y stiffened model,
for the outer hull plate only, are compared with the
numerical results. The resistance force obtained at
the outer shell plate is 7% more than the numerical
results. The absorbed energy evaluated from
integration is 9128.24), 13.57% less than that of the
numerical results of 10561.4). The numerical results
are in good agreement with the analytical formula
evaluating effectively the strength of the outer hull of
the Y stiffened side hull structure as shown in Fig. 25.
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Fig. 25. Comparison between the Forces of
Indentation on the outer hull plate of a Y stiffened
hull by Analytical and FEA Method.

IV. CONCLUSIONS

An unorthodox new stiffener, the Y stiffener, is
designed in this thesis. The designed is based on the
minimum weight requirement of standard T steel
sections on a double hull oil tanker case study ship.
By replacing all the midship sections with equivalent
sections of flat, offset bulb, L, unequal angle and the
Y stiffeners, numerical analysis of the double hull
models impacted by rigid bows from the side is
studied.

The purpose of the study is to justify the merits of
the new innovative stiffeners over the standard
sections in terms of increased resistance of the hull
structure to failure during impact by other ships. In
order to come up with some measureable criteria to
determine the crashworthiness of the various
stiffened hulls, the deformations, response and
energy absorption capacity of the individual hull
components until fracture are investigated. A rapid
analytical method is adopted from different research
sources to validate the numerical results obtained. In
this method, simple shape bow forms are used to
come up with simple analytical formulas based on
probabilistic and statistical dimensions of striking
bows in relation to the striking ship’s displacement
to determine individual components and overall hull
strength. The results from each hull are compared
and the following are the deductions made:

e Except for the stringer plate and web girders, the
displacements at rupture in the Y stiffened hull are
the highest compared to any other standard
stiffened hull in the outer shell plates, outer hull
longitudinals, stringer longitudinals and the inner
hull. This is due to the fact that the Y stiffeners has a
bigger surface area to deform than all the other
standard sections. The closest to the Y sections are
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the T sections with 87%, 93%, 59%, 17%, 54% and
53% deformations in the OH, OHL, Str, Str L, WF and
the IH. The least being the flat and the offset bulb
stiffened hulls. Outer hull plate rupture latest in this
Y stiffened hull than all the other hulls, at a bulbous
bow indentation of 0.34m with a deformation of
0.2m of the plate.

The Y stiffened hull shows the highest resistance to
distortion as it has the highest response force at
rupture than all the other standard stiffened hulls.
The Y longitudinals increases the stiffness of the
material structure the most until a capacity of
1518900N where rupture occur after a distortion of
0.2m as previously mentioned. From the onset of
loading the forces increase with the deformations of
the plates and stiffeners. With the Y sections having
the most distortions, they resisted the highest
forces until the material could withstand no more.
The nearest to resistance of the other standard
stiffened hulls to the Y stiffened one are the L and
Unequal angle sections with 56% and 55% of the Y
longitudinals resistance capacity respectively.

The dissipated energy capacity of the Y hull is
dominant to the other standard hull stiffened
structures. The values in this hull indicates a
towering superiority over the others throughout the
entire impact period. This is proof of the enormous
distortions the unique longitudinals can take as they
absorbs the most energy with these displacements
until fracture occur. At rupture, an enormous
amount of energy of 152587J is dissipated by the
entire structure with the OHL absorbing twice as
much as the OH. 22976J) and 10561J respectively.
This is due to the twice as much displacement the
OHL undergoes compared to the OH. The nearest
to the Y hull in terms of the energy absorption
capacity is the Unequal and T3 sections with 45%
and 44% energy absorption capacity to the Y hull.

Is evident that the Y stiffened hull exhibits superior
crashworthiness properties than all the other
standard stiffened hulls by an overwhelming margin
as portrayed in the analysis. The Y longitudinals
offer a better alternative to all the other standard
steel sections giving a stronger hull against damage
due to impact forces. An overall hull structure is
realized when stiffened by the innovative Y
stiffeners.

The results of the FEA in Abaqus are compared with
the analytical method with good agreement
between the results. The OH resistance is 1625244N,
7% more than that of the numerical analysis,
1518900N. The dissipated energy obtained from the
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integration of the same force displacement
equation is 9128.24J, 13.57% less than that of the
numerical results of 10561.4). The application of the
simple method to evaluate the strength of the
double hull proved effective. However, the critical
distortion at rupture evaluated from the analytical
method was beyond the allowable limits.

1. Nomenclature

Ay: Area of face plate

A,: Area of attached plating

A,: Total area

A, Area of web frame

b: Width of face plate

bsj,: Width of face plate of hat in Y stiffener

b;,,: Width of the web plate of the hat in a Y stiffener

b,: Width of attached plate

b,,: Width of the hat of a Y stiffener

hy,: Height of the hat of in a Y stiffener

Riotar - Overall height of the Y stiffener

h,,: Depth of web plate

IH: Inner Hull

IHL: Inner Hull Longitudinal

L3: L stiffener of number three in the given table

OH: Outer Hull

OHL: Outer Hull Longitudinal

7., Average radius of the tip of the bulbous bow

r,. Vertical radius of the tip of the bulb

Ry: Horizontal radius of the bulb

R, Horizontal length of the tip of the bulb

R;: Length of Bulb

Ry: Vertical radius of the bulb

Str: Stringer

Str L: Stringer Longitudinal

T3: T stiffener of number three in the given table

ty: Thickness of face plate

tep: Thickness of face plate of the hat in a Y stiffener

tiy: Thickness of the web plate of the hat in a Y
stiffener

t,: Thickness of attached plating

t,,: Thickness of web plate

WE: Web Frame

Z.atio - S€Ction modulus ratio between stiffeners
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