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ABSTRACT

A bulkhead is very useful for dividing the cargo hold into some compartments and strengthening the ultimate
strength, especially in the longitudinal direction. Bulkheads greatly improve structural integrity, improve damage
stability by reducing flooding, and lessen the free surface effect of liquid cargoes. Longitudinal bulkheads are es-
sential structural elements in ships, especially for big vessels such as tankers and so on. The main function of a
longitudinal bulkhead, which is a vertical partition that runs the length of a ship (fore and aft), is to greatly en-
hance the structural integrity and safety of the vessel through compartmentalization. In larger vessels like tankers
and cargo ships, they are particularly important. The additional bulkhead makes it more potent for longitudinal
strength. The objective of this study is to analyze the ultimate strength of ship construction by considering the
bulkhead effect. A very large crude carrier (VLCC) is the target of the object to be analyzed. The existing condition
of VLCC is used as the basis for the analysis. The VLCC's cross-section is assumed to stay flat throughout the progres-
sive collapse. The numerical analysis is adopted and implemented into the Finite Element Method to analyze the
ultimate strength of the VLCC under hogging and sagging conditions. The application of Multiple Point Constraint
(MPC) is performed on the VLCC cross-section model. The material properties like density, Young’s modulus, yield
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strength and Poisson’s ratio are included in the model. The comparison of the ultimate strength in terms of the

moment-rotation relationship is introduced in this study.

Keywords: Very Large Crude Carrier; Cross Section; Bulkhead Simulation; Ultimate Strength

1. Introduction

Bulkheads not only divide the ship into several
cargo spaces but also increase the ship's strength both
transversely and longitudinally. The set distance and
the required amount determine the location of this bulk-
head. Installing bulkheads certainly impacts the volume
of cargo space on the ship. On the other hand, with the
bulkhead, the ship becomes stronger. In addition, es-
pecially for tankers with bulkheads, the movement of
liquids in the cargo hold can be reduced. The analysis
of the ultimate strength of a ship’s hull has been done
using numerical or analytical methods in many studies.
Rakowski and Guminiak[! employed a computational
technique implemented in finite elements to investigate
the free vibrations of geometrically nonlinear elastic
Timoshenko beams with fixed supports. Li and Chen [?!
focused on developing empirical methods for hull struc-
ture design and safety estimation, evaluating plates un-
der biaxial compression using nonlinear finite element
analysis. Quispe et al.3] used computational modeling
and experimental methods to test a reduced-scale hull
box girder for four-point bending. Deng et al.[*! investi-
gated the ultimate strength and buckling failure behav-
ior of single-hull and double-hull girders with wide deck
apertures under cyclic ultimate bending moments using
both experimental methods and finite element analysis.

To replicate the buckling/plastic collapse behavior
of a real cruise ship, Shi and Gao!® conducted a col-
lapse experiment using a steel model with superstruc-
tures. The results of the experiment validated key el-
ements that were included in the nonlinear finite ele-
ment model, such as starting defects and welding resid-
ual stress. A Bayesian technique for probabilistic mod-
eling was introduced by Georgiadis et al.[! and can be
used to design and evaluate cargo ships. Jagite et al.!”]
investigated the dynamic maximum load-bearing capa-
bility of ultra-large container ships under actual loading

conditions. Their study focused on evaluating the hull

girder under lateral and localized loads caused by differ-
ent cargo loading circumstances, in addition to a com-
posite bending moment obtained from hydro-elastic re-
search over an extended period of time. Babazadeh and
Khedmati!®! built on previous research by investigating
how fractures affect the ultimate longitudinal strength
of a ship's hull girder. They performed a progressive col-
lapse analysis to determine the ultimate strength of an
ISSC2000 bulk carrier, taking into account crack damage
at many hull girder locations, including the deck, sides,
bottom, and double bottom. A finite element study of
a special channel beam with thin walls and reinforced
webs was carried out by Grenda and Paczos!®!. For box-
shaped steel structures subjected to internal blast load-
ing with dimensional analysis, Cong et al.['% proposed
a modified scaling method that incorporates the strain-
rate effect into the material's constitutive model and de-
velops a set of scaling conditions distinct from the con-
ventional scaling laws.

Yuan et al.['¥ addressed the limitation of previ-
ous studies by ignoring interior hull components and
highlighted the study gap on the cumulative damage ef-
fect caused by multiple underwater explosions on hull
structures. The precise conversion of dynamic behavior
between scaled models and prototypes was supported
methodologically and theoretically by Yin etal.['?). Shi et
al.['%l used model experiments with a drop-hammer fa-
cility to examine the nonlinear bending behavior of box
girders under impact loads. The ultimate load-bearing
capability of pre-cracked stiffened panels under the com-
bined impacts of accumulative plasticity and low-cycle
fatigue was examined by Geng and Qin"*. The collapse
behavior of a scaled, ring-stiffened HY-80 cylinder was
examined by Park et al.['>, Ma et al.[®] focused on the
impact of coupled bending moments and lateral pres-
sure on the load-bearing characteristics and failure be-
haviors of hull girders at different scaling factors. A ge-
ometrical distortion solution for the box-girder similar-
ity design under longitudinal compression load was pro-
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posed by Wang et al.['7]. In order to study the behaviors
of wave-induced loads of a 21000TEU super large con-
tainer ship, Yu et al.['®! devised a hydroelastic computa-
tional technique that predicts springing reactions by in-
tegrating a finite volume flow solver with a multibody dy-
namics framework. The technique, known as the "buck-
ling strength driven similarity method, was created by
Wang et al.[*”) and used to hull girders under combined
bending-torsion loads.

A double-hull tanker under biaxial bending was ex-
amined by Kuznecovs et al.[?%] in four scenarios: an in-
tact hull, a hull damaged in a collision, a newly con-
structed hull, and a corroded hull. The accuracy and pro-
cessing needs of two different methods were assessed
in the study. The study by Vu Van et al.[?Y sought to
determine how the maximum bending moment in two
bulk carriers of varying sizes and types was impacted
by varying corrosion levels and initial flaws. The ulti-
mate hull girder strength of tankers and bulk carriers
was analyzed using a semi-analytical approach by Muis
Alie et al.[??] taking into account the effect of side hop-
per angle on two ships and the cross section was con-
sidered for simple calculation. Oterkus et al.[?3] used
the commercial program ANSYS APDL to study the con-
tainer ship under hydrostatic pressure using the Finite
Element Method.

force point and line transmission into surface transmis-

In order to convert the excitation

sion, Qin et al.** suggested a foundation impedance-
balanced approach that replaces the conventional foun-
dation support structure with a vibration isolation liquid
layer.

Using a numerical approach, this study investigates
the influence of longitudinal bulkheads on the ultimate
strength of ship hull girders for VLCC. The analysis con-
siders that progressive collapse occurs under hogging
and sagging phases. The impact of the bulkhead on the
ultimate strength of VLCC is a novel topic covered in the
study.

2. Materials and Methods

2.1. Materials

This research examines how bulkhead location

affects the ultimate strength through numerical tech-

niques. The study examines the cross-section of VLCC
hull constructions, analyzing them under conditions of
hogging and sagging. The simulation of the bulkhead
location is done in three stages. The first stage is the
existing condition, where the location of the bulkhead
does not change from the original position. In the sec-
ond stage of simulation, the longitudinal bulkhead is
placed in the middle of the VLCC ship's cross-section.
The last stage is where one bulkhead is placed on the
center line of the VLCC cross-section. The ship measures
42 m in width and 20.3 m in depth. Along the longi-
tudinal direction, the frame spacing is fixed at 4.67 m.
The ship has the same material characteristics: density,
yield strength, Poisson's ratio, and Young's modulus (see
Table 1). It is assumed that the cross-section remains
planar during the assessment of progressive collapse.
The analysis excludes considerations of initial deflection,
corrosion, or cracks. The ultimate strength assessment
of VLCC is performed under conditions of hogging and
sagging. The cross-section of a VLCC is illustrated in Fig-

ure 1.
Table 1. Material properties.
Parameters Value Unit
Density 7.89 x 1077 N/mm?
Young Modulus 206000 N/mm?
Poisson Ratio 0.3 -
Yield Strength 315/355 N/mm?

Figure 1. Cross-section and dimensions of VLCC.

2.2. Numerical Method

In this study, the models of the VLCC with simulated
bulkheads are shown in Figures 2-4, respectively. For
the model of VLCC with one bulkhead on the centerline
(Figure 3) and the VLCC model with two symmetrical
bulkheads (Figure 4), the plates and unstiffened plates
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from the existing model are removed. In Figure 2 (exist-
ing condition), the reinforced plate installed in the cen-
ter of the ship's cross-section is not connected from bot-
tom to top, so itis not a longitudinal bulkhead. Next, sim-
ulations are carried out in Figures 3 and 4. In Figure 3,
the longitudinal bulkhead is placed in the center, while
the two longitudinal bulkheads on the left and right sides

are removed. In Figure 4, the longitudinal bulkhead is
only found on the left and right sides. The size of the
bulkhead varies depending on the length of the ship and
its thickness also depends on the height of the ship. The
rectangular shell-type Finite Element Model is imposed
on a cross-section ofa VLCC. Plate thickness and stiffener
detail are summarized in Tables 2 and 3.

Figure 2. Existing model of VLCC.

Figure 3. Model of VLCC with one bulkhead in the center line.
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Figure 4. Model of VLCC with two symmetrical bulkheads.

Table 2. Plate thickness.

No. Plate Thickness (mm) No. Plate Thickness (mm) No. Plate Thickness (mm)
1 14 37 18 73 24.5
2 14 38 18 74 24.5
3 14 39 18 75 24.5
4 14 40 18 76 24.5
5 14 41 18 77 24.5
6 20 42 18 78 24.5
7 20 43 18 79 24.5
8 20 44 18 80 24.5
9 20 45 18 81 18.5
10 20 46 18 82 18.5
11 20 47 18 83 18.5
12 20 48 18 84 18.5
13 23.5 49 18 85 12.5
14 23.5 50 18 86 12.5
15 22 51 18 87 12.5
16 22 52 18 88 12.5
17 22 53 18 89 12.5
18 22 54 18 90 12.5
19 22 55 18 91 12.5
20 22 56 18 92 14
21 22 57 24.5 93 14
22 22 58 24.5 94 14
23 22 59 24.5 95 14
24 22 60 24.5 96 15
25 22 61 24.5 97 15
26 22 62 24.5 98 15
27 22 63 24.5 99 15
28 22 64 24.5 100 16
29 22 65 24.5 101 16
30 22 66 24.5 102 16
31 22 67 24.5 103 18.5
32 22 68 24.5 104 18.5
33 22 69 24.5 105 18.5
34 22 70 24.5 106 22
35 22 71 24.5 107 24.5
36 18 72 24.5 108 24.5
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Table 3. Stiffener detail.

No. Web Height (mm) Web Thickness (mm) Flange Breadth (mm) Flange Thickness (mm) Type

1 250 12 67 18 Angle-Bar
2 250 12 67 18 Angle-Bar
3 250 12 67 18 Angle-Bar
4 300 12 - - Flat-Bar

5 700 12 - - Flat-Bar
6 250 12 67 18 Angle-Bar
7 250 12 67 18 Angle-Bar
8 250 12 67 18 Angle-Bar
9 250 12 67 18 Angle-Bar
10 250 12 67 18 Angle-Bar
11 675 13 200 25 Tee-Bar
12 675 13 200 25 Tee-Bar
13 675 13 200 25 Tee-Bar
14 675 13 200 25 Tee-Bar
15 675 13 200 25 Tee-Bar
16 675 13 200 25 Tee-Bar
17 675 13 200 25 Tee-Bar
18 675 13 200 25 Tee-Bar
19 675 13 200 25 Tee-Bar
21 675 13 200 25 Tee-Bar
22 675 13 200 25 Tee-Bar
23 675 13 200 25 Tee-Bar
24 675 13 200 25 Tee-Bar
25 675 13 200 25 Tee-Bar
26 675 13 200 25 Tee-Bar
27 675 13 200 25 Tee-Bar
28 675 13 200 25 Tee-Bar
29 675 13 200 25 Tee-Bar
30 675 13 200 25 Tee-Bar
31 572 12 150 22 Angle-Bar
32 572 12 150 22 Angle-Bar
33 572 12 150 22 Angle-Bar
35 522 11 150 22 Angle-Bar
36 522 11 150 22 Angle-Bar
37 518 11.5 150 18 Angle-Bar
38 518 11.5 150 18 Angle-Bar
39 518 11.5 150 18 Angle-Bar
40 518 11.5 150 18 Angle-Bar
41 468 11.5 125 18 Angle-Bar
42 468 11.5 125 18 Angle-Bar
43 468 11.5 125 18 Angle-Bar
44 468 11.5 125 18 Angle-Bar
45 400 12 100 18 Angle-Bar
46 400 12 100 18 Angle-Bar
47 350 12 100 17 Angle-Bar
48 350 12 100 17 Angle-Bar
49 350 12 100 17 Angle-Bar
50 350 12 100 17 Angle-Bar
51 350 12 100 17 Angle-Bar
52 350 28 - - Flat-Bar
53 350 28 - - Flat-Bar
54 350 28 - - Flat-Bar
55 350 28 - - Flat-Bar
56 350 28 - - Flat-Bar
58 350 28 - - Flat-Bar
59 350 28 - - Flat-Bar
60 350 28 - - Flat-Bar
61 350 28 - - Flat-Bar
62 350 28 - - Flat-Bar
63 350 28 - - Flat-Bar
64 350 28 - - Flat-Bar
65 350 28 - - Flat-Bar
66 350 28 - - Flat-Bar
67 350 28 - - Flat-Bar
68 350 28 - - Flat-Bar
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Table 3. Cont.

No. Web Height (mm) Web Thickness (mm) Flange Breadth (mm) Flange Thickness (mm) Type

69 350 28 - - Flat-Bar
71 350 28 - - Flat-Bar
72 350 28 - - Flat-Bar
73 350 12 100 17 Angle-Bar
74 350 12 100 17 Angle-Bar
75 350 12 100 17 Angle-Bar
76 350 12 100 17 Angle-Bar
77 350 12 100 17 Angle-Bar
78 350 12 100 17 Angle-Bar
79 716 12.5 150 16 Angle-Bar
80 400 12 125 18 Angle-Bar
81 400 12 125 18 Angle-Bar
82 450 11.5 125 18 Angle-Bar
83 450 11.5 125 18 Angle-Bar
84 450 11.5 125 18 Angle-Bar
85 450 11.5 125 18 Angle-Bar
86 500 11.5 150 18 Angle-Bar
87 500 11.5 150 18 Angle-Bar
88 500 11.5 150 18 Angle-Bar
89 500 11.5 150 18 Angle-Bar
90 500 11.5 150 18 Angle-Bar
91 522 11 150 22 Angle-Bar
92 572 12 150 22 Angle-Bar
93 572 12 150 22 Angle-Bar
95 350 12 100 17 Angle-Bar

The Multiple Point Constraint (MPC) method is ap-
plied using the neutral axis position as the reference point.
The neutral position, area, inertia, and section modulus
are 8,838 mm, 1,267,200 mm?, 6.43 x 1018 mm*, 7.4 x
10'® mm3, respectively. The ultimate strength analysis
of a VLCC uses the Finite Element Method in ANSYS. The
cross-section is subjected to a rotational force while ensur-
ing it remains plane throughout the progressive collapse
analysis. One side of the cross-section is restrained, and
the other side is subjected to the rotational force. The
load and boundary conditions are illustrated in Figure 5.

AllDOF

The element type is a shell element, and the mesh size
used in the model is 300 mm. The model material used
is elastic-plastic with isotropic hardening. The conver-
gence criteria, such as force, displacement, and energy, are
also checked for the analysis running. Nonlinear analysis
was performed with material nonlinearity to capture steel
yielding and strain hardening, and geometric nonlinear-
ity NLGEOM = ON to account for large displacement and
post-buckling behavior. The Riks arc-length method was
used with displacement control to trace the post-ultimate
strength path.

Rigid Link
(U1, U2, U3, URL,
UR2. UR3)

Applied Moment

(Constrained all DOF: U1, U2, U3, URL, UR2,

UR3)

Figure 5. Load and Boundary Conditions.

24



Sustainable Marine Structures | Volume 08 | Issue 03 | September 2026

2.3. Analytical Method

It is commonly acknowledged in practice that the
simple beam theory is one method for analyzing the
progressive collapse behavior of a ship hull girder sub-

25] also utilized

jected to longitudinal bending. Muis Alie!
this approach to confirm that a ship's bending behavior
closely follows beam theory. The cross-section of the
ship serves as a representation of the bending strength
of the main hull structure, emphasizing the significance
of hull girder cross-section calculation in ship design.
This calculation considers structural elements that ex-
tend along the longitudinal direction. These parts, in-
cluding the associated plating, are classified as stiffen-
ers and plates. Thin-walled beam theory is the founda-
tion of the Beam-Element formulation. The coordinate
system is formed by the z-axis running down perpendic-
ular to the length of the beam and the x- and y-axes ly-
ing inside the beam's cross-section. The centroid of the
cross-section serves as the coordinate system's origin,
and the mid-thickness line is where the s-coordinate is
measured. The displacements U, V, and W in the x, y,
and z directions at the coordinate (x, y, z) may be written
in Equations (1)-(3) as follows, assuming that the cross-

section remains plane during deformation.

U(x’:% Z) = US(Z) - (y - ys) 0(2) (1)
Viz,y,2) = vs(2) + (z — 2,) 0(2) (2
W(m,y,z) :’U}(Z) _xus(z)_yvs(z)+ (3)

wns (@, 9)0 (2)
us and vy stand for the displacements in the x- and y-
axis directions, respectively, at the shear center. While w
shows the displacement along the z-axis at the gravity cen-
ter. The symbol, represents the rotation angle about the
shear center 6. The x, andy; are the x and y coordinates
of the shear center. w,,s; shows the warping function con-
cerning the center of the shear. Differentiation concerning
the z-coordinate is indicated by a prime ("). Equations (1)
and (2) yield stresses derived from displacements, which
may be represented in Equations (4) and (5).

’ " "

Ex=W —xus—yv;l—kwns@ (4)
oy
Vsz = Vaz Js Vy=z s .
B 8Wns_(_ )@4_(_ )@ 0 )
| 0s Yl)gs T T g

€, describes the strain in the z-axis direction. ~,,
shows shear strain in the s-z plane. The relationship be-

tween stress and strain can be expressed as Equation

(6).
oz _ din dig| [ €2
Tsz d21 d22 Vsz

The axial stress is given by o,, while the shear

(6)

stress in the s-z plane is represented by 7, the term dj;
describes the stress-strain relationship. The stiffness of
segmented components, including both plates and stiff-
ened plates, is represented by d;;. In this study, the ship's
cross-section is modeled as a thin-walled beam, which is
affected by yielding and buckling. The finite element ap-
proach uses a beam element between nodes ij, which is
further split along the z-direction. The symbol for this el-
ement's length is /. The nodal displacement at the shear
center is represented by the vector {us}, which includes
translation along the x-axis and its derivative concerning
z (shown by '). Node i is indicated here by the subscript i.
Likewise, the displacements at additional nodes can be
shown as in Equations (7)-(11).

{us}T = [usi ) ulszw Usj, u;j } 7
{Us}T = [Usi ) U;iv Usj, U;j } 8
{04 = [6:, 60, 0,6, 9)
{w}" = [w; , w; ] (10)

@ = [{us} , {o} . {0}, {w}] @D

The displacement vector of nodes in the y-direction
atthe shear center is represented as {v; }, The torsion an-
gle relative to the shear center and the rate of torsion are
expressed as {0}, the axial displacement at the center of
gravity is represented as {w}. In the same way, the nodal

forces are specified as Equations (12)-(16).

T
(R} = [Fois Myi  Foy My | (12)

(R} = [Py Mai , Fyy M | (13)
{Fp}" = |:Ti7 B, T Bj} (14)
{Fu}" = [F.i, Fuy) (15)

(FY' = (R AR} AF) {F}] (6
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The shear forces and bending moments are de- The axial and shear stresses can be represented by
noted by {F,}and {F,}, the torsional and bi-moment substituting Equation (17) into Equations (4) and (5),
around the axis at the shear center are denoted by {Fp}, yielding Equation (18):
and {F, } represents the axial force. As interpolated lin-

early for the axial displacement w(z) within the element €2 ) |[B1] —x[Bs] —y[Bs] wns[Bs] (d)
and cubic polynomials for the horizontal and vertical de- Ves 1o 0 0 g(s) [Bs]
flections us(z), vs(z) and torsion angle 6(z). The follow-
ing form may represent the displacement functions as where
a function of the nodal displacements using the coordi- 9
) d d
nates and nodal displacements. [B:1] = T [AL] , [B2] = pE [Ac]
=[A . —[A d Owns ox
us(2) = [Ac(2)[{us} ; vs(2) = [Ac(2)] {vs} [Bs] = T [Ac] , g(s) = 5~ (y —ys) £+ (18)
z s
0(z) = [Ac(2)] {0} 5 w(2) = [AL(2)] {w} Ay
(T —as) 5=
where 0s
[Ac(2)] = [1 z 22 23} The incremental version of the stiffness equation is
1 0 0 0 obtained by applying the principle of virtual work with
— 0 0 the stress and strain increments, which yields Equation
0 .
e 1 B 1
2 & F % {AF} = [K]{Ad} (19)
AL (2)] {1 } 1 0 17 where [K] provides the stiffness formula in Equation
L\Z)| = z
St 1 (20).
diy [Bi]  —wdyy [Bao] —ydy, [Bia]  wnsdy [Bia)
K / —Z‘du Bgl] $2d11 [BQ] xydll [BQ] —Twpsdiy [BQ] (20)
—ydqq [B21]  wydyq [Bo] y*d, [Be] —ywnsdyy [Bo]
wdiy [Ba1]  —zwnsdyy [Ba) —~ywnsdyy [Ba]  wiydy, [Ba] + g*dao [Bs]

According to Equation (6), the stress-strain rela- mon to be considered. The components of the hull girder
tionship at any location for an elastic cross-section with loads are vertical bending, horizontal bending, shear,
constant material characteristics is d;; = F, dos = G, and torsional moment, as illustrated in Figures 6 and 7
di12 = d21 = 0 where E and G denote the Young's modu- by Hughes and Paik[26l,
lus and shear modulus, respectively. _

3. Results and Discussions Y

3.1. Hull Girder Loads .

The various loads acting on the ship structure are
static and dynamic. The static loads could be the weight

of the ship and the dynamic loads produced by waves,

currents, and wind. For the design and analysis of ship P "",1;; T o .
4 Myt Aax
structure, static and dynamic loads are the most com- Figure 6. Load components on the ship hull girder.
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Figure 7. Hogging and sagging load components.

The total vertical bending moment M; can be ob-
tained by the summation of the still water bending mo-
ment Mgy and wave-induced bending moment My as
written in Equation (21). Under pure vertical bending,
the following condition must be satisfied where the ax-
ial stress over the area of the ship cross-section is equal

to zero, as described in Equation (22).

My = Msw + Mw

/O’dA:O

From here, the stress that occurs in the deck part,

(21)

(22)

bottom part, and bending moments, including its defor-
mation, can be obtained since the neutral axis position

has been determined in advance.

3.2. Ultimate Strength

In the present study, the ultimate strength of VLCC
is determined using numerical methods. The ultimate
strength of VLCC is obtained in terms of the moment-
rotation curve or moment-curvature relationship for the
moment-rotation relationships for three models, namely
existing, one center bulkhead, and two side bulkheads.
The three models are shown in Figures 8-10, respec-
tively. The ultimate strength of a ship hull girder un-
der hogging and sagging conditions could be read from
the moment-curvature or moment-rotation relationship,
as demonstrated in studies by Ma et al.[!], Quispe et
al.’], and Zhao et al.[?’]. Figures 8-10 compare the ulti-
mate strength of three VLCC models using the numerical
and beam element approaches. The solid line represents
the moment-rotation relationships obtained through the
numerical method, while the dashed line indicates the

strength calculated using the beam element approach.

The numerical method generally yields a higher ultimate
strength than the beam element approach, likely due
to the localized stress distribution within the elements.
The bending stiffness of the three models varies due to
bulkheads positioned at the center and on both sides of
the VLCC cross-section.

Figure 8. Comparison of the moment-rotation of the existing
condition.

Figure 9. Comparison of the moment-rotation of one center
bulkhead.

Figure 10. Comparison of the moment-rotation of two side

bulkheads.
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A hull girder sagging or hogging is mechanically sim-
ilar to a massive I-beam. The side shell and longitudi-
nal bulkheads serve as the web, and the deck and bottom
plates serve as the top and bottom flanges. Hull girder
collapse usually starts with the deck buckling under com-
pression during sagging if there are no longitudinal bulk-
heads. As a result, the deck as a whole dented downward
like a single, broad panel. The collapse mode shifts to
a "progressive collapse” panel per panel when longitudi-
nal bulkheads are present. The highest bending moment
capacity that the ship's cross-section can sustain before
global failure happens is the longitudinal hull girder's ul-
timate strength. The longitudinal bulkhead of contempo-
rary tankers, bulk carriers, and LNG carriers not only acts
as a cargo separator but also makes a substantial contri-
bution to the longitudinal bending strength and stiffness.
Longitudinal bulkheads also increase torsional stiffness.
Warping stress, which causes deck cracking at opening cor-
ners is reduced. Even when the ship is subjected to pure
bending, the torsional effects cannot be ignored because
longitudinal bulkheads also function as “closed sections”
that block shear flow. Longitudinal bulkheads are not only
the number that influences the longitudinal strength of the
ship, but the position of the bulkheads is also critical. Fur-
thermore, the factors that modify the effect of bulkheads
and their contribution to ship strength include: bulkhead-
to-deck thickness ratio, bulkhead-deck-bottom connectiv-
ity, the presence of large openings, lateral loads, and mate-
rial grade.

Table 4 shows the ultimate strength results for
both methods under hogging and sagging conditions.
The difference in ultimate strength between the numer-

ical method and beam element on VLCC for the existing

one bulkhead in the middle and two bulkheads on the
left and right sides under hogging conditions is 6.7%,
8.8%, and 9.8%, respectively. Meanwhile, in sagging con-
ditions, the difference in ultimate strength between the
numerical method and beam elements on existing VLCC
vessels, one bulkhead in the middle and two bulkheads
on the sides, is 11%, 15.9%, and 2.6%. The percentage
result of the ultimate strength obtained by the numer-
ical method and by using beam elements indicates that
the additional bulkhead influences the ultimate strength.
The VLCC tanker analyzed in this study is a single-hull
tanker. In this case, the inner bottom plates on the bot-
tom, port and starboard sides of the ship are not in-
stalled. Therefore, bulkheads are crucial to the ship's ul-
timate longitudinal strength. In the present model, the
bulkheads are symmetrically located on the left and right
sides, with a stiffener plate at the center (centerline) of
the ship's cross-section. This stiffener plate contributes
to the ship's longitudinal strength. In the second sim-
ulation model, the bulkheads are only installed in the
center, so that under bending conditions, only the bulk-
head in the center supports the longitudinal strength of
the structure, while the port and starboard sides do not.
Meanwhile, in the third simulation model, the bulkheads
are symmetrically located on the left and right sides, but
there is no panel in the center as in the existing (present)
model. Therefore, under bending conditions, only the
left and right sides support the longitudinal strength,
while the center section does not. The ultimate strength
in the existing condition is higher than that of two bulk-
heads and one bulkhead. This is because the existing
condition has elements on the centerline of the VLCC's

cross-section.

Table 4. Ultimate Bending Moment.

Condition Method Ultimate Hogging Moment x 10'2 Ultimate Sagging Moment x 1012
(Nmm) (Nmm)
Existin Numerical 1.35 -1.00
g Beam Element 126 -0.89
Numerical 0.93 -0.88
One center bulkhead Beam Element 1.02 -0.74
. Numerical 0.92 -0.89
Two side bulkheads Beam Element 0.83 -0.867

Regarding the comparison of single-hull and
double-hull VLCC vessels, the double-hull configuration

of VLCC ships increases the hull bearing moment of in-
ertia due to the relocation of the side structure mate-
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rial further from the neutral axis and the presence of
wing bulkheads. As a result, the bending stiffness (EI)
increases proportionally, reducing the hull bearing de-
flection at the same bending moment. This higher stiff-
ness also leads to a higher ultimate bending moment,
as the deck section buckles. However, the increase in
steel weight is relatively small, making the double hull
structurally more efficient in terms of EI/ton. Double-
hull VLCC vessels are 50% stiffer than single-hull ships
due to the geometry, such as the box and longitudinal
bulkheads. Deflections and stresses are reduced; on the
other hand, bending moments increase with a relatively
small weight. Longitudinal bulkheads increase bending
moment capacity. The mechanism is to increase cross-
sectional inertia, narrow the deck panels, and provide
additional shear webs. Bulkheads change the collapse
mode from "global deck buckling” to "progressive col-
lapse panel by panel.” Bulkhead effectiveness is highly
dependent on scantling and connectivity. The number
and position of longitudinal bulkheads also influence
the bending stiffness. The number and position of bulk-
heads directly affect the bending stiffness. The more
bulkheads and the greater their distance from the center-
line, the greater the bending stiffness. Furthermore, this
bending stiffness has a cascade effect: global deflection,
stresses in the deck and bottom, natural frequencies,
and asymmetric sensitivity. Longitudinal bulkheads con-
tribute to the bending stiffness of the hull beam through
the second moment of inertia (I). With the addition of
the number of bulkheads on the left side or right side
at a certain distance from the centerline, the moment
of inertia or inertia of the cross-section will be greater
compared to the configuration without bulkheads. As a
result, the bending stiffness (EI) increases proportion-
ally, resulting in a reduction in the deflection of the hull
beam under the same bending moment. Its effectiveness
is highly dependent on the location of the bulkheads due
to the variable distance to the power of two (d?) in the
parallel axis theorem.

From a CSR perspective, longitudinal bulkheads are
no longer "optional.” For ships longer than 200 m and
wider than 45 m, meeting bending moment capacity re-
quirements without longitudinal bulkheads is nearly im-

possible, unless the deck is thickened to an economi-

cally disadvantageous extreme. The critical area is no
longer just the deck, but the lower strake of the longi-
tudinal bulkhead. Thus, longitudinal bulkheads should
be viewed not merely as "cargo bulkheads,” but as the
primary structural element determining the ultimate
strength of the hull girder. Neglecting their contribution
in initial calculations will result in an understrength de-
sign. The results of this study support modern VLCC de-
sign practices and recommend that future bending mo-
ment capacity studies always model bulkheads with re-

alistic scantling and imperfection details.

4, Conclusions

This study employs numerical analysis to assess
the ultimate longitudinal strength of a VLCC ship hull
girder, considering the effect of the influence of the lo-
cation of the longitudinal bulkhead under both hogging
and sagging conditions. The results indicate that the ex-
isting model exhibits the highest ultimate strength, fol-
lowed by the configuration with two bulkheads on the
left and right sides, and lastly, the setup with a single
bulkhead in the middle of the ship's cross-section. The
number of longitudinal bulkheads affects the ship's lon-
gitudinal strength, but their location is equally impor-
tant. In this study, a single-hull VLCC tanker is examined.
The bulkheads in the current model are symmetrically
positioned on the left and right sides, with a stiffener
plate at the ship's cross-sectional centerline. The longi-
tudinal strength of the ship is enhanced by this stiffener
plate. The bulkheads in the second simulation model are
only positioned in the center, meaning that under bend-
ing conditions, only the bulkhead in the center supports
the structure's longitudinal strength; the bulkheads on
the left and right sides do not. The bulkheads are sym-
metrically positioned on the left and right sides of the
third simulation model, unlike the current model, there
isn't a panel in the middle. As a result, the center sec-
tion does not support the longitudinal strength under
bending conditions; only the left and right sides do. Com-
pared to two bulkheads and one bulkhead, the ultimate
This is

due to components on the centerline of the VLCC's cross-

strength under current conditions is greater.

section in the current state. The bending stiffness is
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also affected by the quantity and location of longitudi-
nal bulkheads. The bending stiffness increases with the
number of bulkheads and their distance from the center-
line. Through the second moment of inertia (I), longi-
tudinal bulkheads add to the hull beam's bending rigid-
ity. The moment of inertia or inertia of the cross-section
will be higher when bulkheads are added to the left or
right side at a specific distance from the centerline than
when bulkheads are not present. The findings highlight
that the location of the bulkhead significantly impacts
the ultimate strength of the ship's structure. Addition-
ally, the numerical method results align well with those
obtained using the beam element approach. The im-
portance of this study where bulkhead position simula-
tion is important because bulkheads directly determine
panel size and load paths. Simulations provide an idea
of where bulkheads should be placed to strengthen the
ship's structure. Furthermore, this study is also impor-
tant because it provides quantitative data for validating
the method, such as Smith's method, developing a ship
structure community benchmark, exploring complex in-
teraction effects, and ensuring the reproducibility of re-

search results in ship structural design.
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