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STRUCTURAL INTEGRITY OF AN AGED OIL TANKER
CONVERTED INTO THE PORT OIL STORAGE

Summary

A procedure for strength assessment of a ship structure partially grounded in mud is
developed. The paper deals with a practical engineering problem of evaluating the structural
integrity of a single bottom tanker which, after its regular service, was grounded in mud and
continued to be used as oil storage in order to increase the storage capacity of the port. A
mathematical model of the ship static equilibrium is formulated, consistently taking into
account the ship, the cargo and ballast weights, the supporting mud reaction, and the
surrounding water buoyancy. For simplicity, the global strength assessment is done using the
beam model, where the calculation of ship sectional properties is performed by the specialized
in-house software. Subsequently, the developed model is used as a basis for a detailed 3D
FEM analysis. The thickness measurements of the complete ship structure were performed in
order to directly account for the corrosion effect.
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1. Introduction

Demolition of aged ships is an important strategy for balancing the fleet capacity in the
shipping sector [1]. As discussed by Yin and Fan [1], it is influenced by the ship
obsolescence, technical developments, and environmental regulations on ship demolition, as
well as by the state of the shipping market in general and by operating costs. A similar
conclusion can also be drawn from the studies done by Stott [2] and Scheyen et al. [3].
Instead of submitting aged tankers to the usual recycling process, which is nowadays the
subject of different policies [4], their hulls can sometimes be used to increase storage
capacities in ports if this is economically justified [5]. However, one should take care about
the ship hull integrity because of human safety during operation and potential environmental
issues [6]. Generally speaking, a primary concern in the maritime sector is to enhance ship
safety and to reduce marine pollution related to ship incidents and accidents [7]. In this
process, the hull inspection is a very important task. Namely, it is well-known that corrosion
affects both the local and the global ship strength so that a number of models have been
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developed in order to improve the structural analysis, inspection, and maintenance procedures
as reported in [8,9,10,11]. Moreover, corrosion is one of the time-dependent detrimental
phenomena which can lead to catastrophic failures [11,12,13].

This paper is focused on the practical problem of strength assessment of a grounded,
aged, single-hull oil tanker, which is being used as the port oil storage. Namely, after its
regular service, the ship was converted in such a way that its cargo area module is used as a
stationary object with the aim of increasing the port storage capacities. The outline of a
theoretical model with some selected 3D FEM results was presented in the conference paper
[14]. The developed theoretical model is based on static equilibrium and geometric relations;
in the model, the mud mass density is adjusted in order to properly take into account the sea
bottom stiffness, i.e. the bottom reaction force. This is done because it was confirmed by
observations that the exact ship position is independent of the loading condition variation.
Therefore, it is reasonable to conclude that the mud reaction continuously changes depending
on the cargo filling levels.

Although the developed theoretical procedure originates from a practical problem, it can
be also useful for applications to similar problems such as, for instance, the salvage of ships in
shallow waters. Although every grounding or stranding event is unique [15,16], in many
cases, it is useful to know the exact value of contact force between the ship and the sea bottom
[17], which can be precisely determined by the presented procedure.

2. Theoretical model

A single hull tanker vertically immersed in mud and surrounded by the sea water is
presented in Fig. 1.

Sea water
Mud

Fig. 1 Schematic diagram of the ship position [14]

The weight of the grounded ship is equilibrated partly by the buoyancy of water and
partly by the sea bottom reaction. Hence, the total reaction R=F-B, as a difference between the
ship weight, F, and the buoyancy, B, is known, but its distribution along the ship is not. In the
proposed procedure it is assumed that the ship hull freely floats both in water and in mud, Fig.
2, [14].

The ship weight, F, has to be equilibrated by the buoyancy of the water and the mud,
respectively:

F:pwg'[Aw(x)dx+png‘Am (x)dx, (1)

which gives:
F:pwgl/w-i_pmng’ (2)

where p,, and p,, denote the density of the water and the mud, respectively. In addition, V,, and
Vu represent the volume of the ship immersed in the water and the mud, respectively, while
A,, and 4,, denote the cross-section area immersed in the water and the mud, respectively. The
gravity constant is denoted by g.

From Eq. (2), one can calculate the mud density necessary to maintain the static equilibrium:
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F-p.gV,
pm = T WO W . (3)
gv,

In the case of unit immersion of a ship, additional buoyancy represents the sea bottom (mud)
stiffness, and yields:

k=p,gB, . “4)

where B,, is the cross-section breadth at the borderline between the mud and the water, Fig. 2.
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Fig. 2 Cross-section of a ship immersed in the water and the mud [14]

2.1 Determination of the mud pressure

The distribution of the mud reaction along the ship hull is shown in Fig. 3a. It can be
calculated by knowing the total weight of the ship and the cargo, F, and the longitudinal
position of the centre of gravity (CG), xcg, which are regularly available from the loading
manual.
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Fig. 3 Mud reaction (a) and the mud pressure distribution (b) along the ship

According to Fig. 3a, the following expressions are obtained from the force and moment
equilibrium:

/ 2F
%"‘%[1"'_2]:_: (5)
/, /,
/ 1 4
q1+q2+2q21_§(ll+512):l_2FxCG’ (6)
1 1

which leads to:
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+q, [ 1422 1+=2 | |=—=FXx,, . 7
q, %{ 11( 311)} 112 G (7)
After substituting (5) into (7), one can write:
qzl_z 1+zl_2 :2_F X6 | (8)
A 31 A A
Based on the above derivation, ¢, and g, can be expressed as:
2F [ 9 ¥*ce _ j
[ [
. 1 2F q, (1+§—2J. 9)
1

9, = > 9 =—F"-
3

For the pressure calculation, the width of the mud waterline, Bwimup, is relevant, Fig. 3a.
According to Fig. 3b, one can write for the first, the second, and generally for the i-th tank
area:

q;
p=—0— ==L p =L (10)

BWLMUD B WLMUD B i
2.2 An outline of the 1D FEM procedure

For the 1D FEM analysis, an in-house code has been developed based on the
Timoshenko beam theory [18]; the analysis is performed by the finite element method
[19,20]. The two-node finite element equation reads, [19,20]:

(g, —{0, = [K oy +[K] {5}, (1D

where {F} denotes the nodal force vector, and {J} represents the vector of nodal
displacements. The ordinary stiffness matrix for bending and shear from [19] is used, while
the restoring matrix reads:

[x1=

156+35288+ 2016058 (22+4628+25208°)1  54+15123+100808"  —(13+3788+25208° )1

420( 1+12/3)

(4+84B+5045° )7 (13+3788+25208°)1  —(3+848+5045° )1’ , (12)
156 + 35283 + 20160 8> —(22+462ﬁ+2520ﬂ2)1’
Sym. (4+84B+5045° )1

where k represents the mud stiffness and B = EI/ GAI”.
The buoyancy vector yields:

3(7-120) 3(3+408)

Y 3(1+10B)!1 bl 2(1+158)1
{E}b—m 3(3-408) +m 3(7+1208) (13)

2(1+15p)! =3(1+108)1
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where b; and b, represent the buoyancy values at the beginning and the end of FE,
respectively. Similarly, for the weight vector with uniform weight distribution, one can write:

30(1-88)

gl 5(1+12)1
{F"}"_60(1+12ﬂ) 30(1+88) (1

-5(1+12p)1

After acquiring the global stiffness, restoring matrices, and loading vectors, the hull
deflection is obtained:

~ N N -

B} =& 1[&]) (), {7, (15)
Finally, after determining the displacement vector {5' } , the nodal shear forces and bending
moments can be obtained by returning to the finite element equation, Eq. (11).

3. Ship data, description of calculation setup and FEM models

3.1 Ship data

The considered ship was built in 1956, with the tank layout shown in Fig. 4 and the
following main particulars:

Length between perpendiculars: Lpp=149.07 m,
Breadth: B=25.72m,
Depth to the main deck: H=14.1 m.

The central cargo tanks 4C-9C are intended to be used as the oil storage. The side tanks 1L,
1D, 4L, and 4D are to be empty, whereas the tanks 2L, 2D, 3L, 3D, 5L, 5D, 6L, and 6D
contain permanent ballast, which together with the lightship mass, ensure a permanent contact
between the ship structure and the bottom, [14].

6L 5L 4L 3L 2L qf e
10c | 9c 8C 7C 6C 5C 4c ac 2c 1c
6D 5D 4D 3D 2D R

FRE0 FR75 FR91 FR107 FR123 FR139 FR155 FR171 FR187 FR203 FR219

Fig. 4 Ship arrangement with the disposition of tanks
(C — central tanks, L — port side tanks, D — starboard tanks)

Thickness measurement of the entire structure of the ship has been performed in order
to accurately take into account the corrosion effect, i.e. to reliably simulate a realistic ship
condition. For illustration, the arrangement of measurement points for the side tank plating is
shown in Fig. 5. The ship is made of steel; for the purpose of calculation, the values of
Young's modulus, material density, and Poisson's ratio are set at 2.1x10'" N/m?, 7850 kg/m’,
and 0.3, respectively.

TRANSACTIONS OF FAMENA XLIII-1 (2019) 69



N. Vladimir, I. Senjanovi¢, D.S. Cho, Structural Integrity of an Aged Oil Tanker
N. Alujevi¢, J.L. Mantari Laureano Converted Into the Port Oil Storage

SIDE TANK No.1 - SIDE & BOTTOM SHELL PLATING
Typical View - Port & Stbd
Fr. 187

Fr. 203 Fr. 219
T T —— DECK
N 21 a1 A R P y o,
{ | i {
T T : ] T
1 1
3 1 1w ™ 2z 1 s v =
| ] 3 1 | b 16 1 1 i 1}
] 1 i 1 i S
T T o S
H I & + © Ho.1 Stringer
! ! ! 1 [ 1 1
- n - e [ | 1 ] | ¥
i 1 I A LA T I T o I L B 1
] I r 1 1 1 1 1 I I 1
t H ——+ pe—t— ettt :
] 1 1 1
3 I 35 % ar an {” L] a B 2 4
1 i eS| .
: I I T 0.2 Stringer
~+ F - S +
1 I ] I 1
s 7 @ P P | bl
f al 1 I 24|
i i i = 53 o
1 i [ i 1 ]
i i TR R 8 1 1
[T = 3 1%y 3 ] £ -, Ne.3 Stringer

1

Fig. 5 Arrangement of measurement points for a side tank

3.2 Calculation setup

For both the global and the local strength assessment, two sets of different
representative loading conditions are defined. For the global strength assessment, the ship is
considered as a beam, and it is reasonable to assume that critical loading conditions are those
representing a beam subjected to concentrated forces. In this sense, the loading conditions
LCI and LC2, Fig. 6a and 6b, are defined. Since the aims of the global and the local strength
assessments are different, separate loading conditions should be considered in the 3D FEM
analysis. In the local strength assessment, it is reasonable to assume that critical loading
conditions are those causing maximum stresses in the transverse bulkheads, as shown in Fig.
6¢ and 6d.
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Fig. 6 Schematic diagram of load cases

3.3 1D FEM model

Stiffness parameters of the ship hull cross-section are determined using the strip
element method [21]; the software used here is the in-house software STIFF [22], Fig. 7.
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MODEL MAME: Midship section
Geometry & material property: Thicness - h [mm]

Il

[rmm]

Fig. 7 Averaged thickness of plating at the midship section — STIFF software

The developed in-house code is used to determine global deflections of the ship
structure supported by the mud and surrounded by the sea water. The beam model consists of
20 finite elements, where each tank is modelled with 2 finite elements. Longitudinal weight
distributions for LC1 and LC2 are given in Fig. 8 and 9, respectively, where FE nodes along
the ship are also marked.
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Fig. 8 Longitudinal weight distribution for LC1 Fig. 9 Longitudinal weight distribution for LC2

3.4 3D FEM model

A fine mesh 3D FEM model is generated in order to perform a detailed strength
assessment. The axonometric view on the FEM model is shown in Fig. 10. The complete
FEM model was updated with ultrasonic gauging inspection data, as shown in the case of a
typical cargo tank structure together with the side (ballast) tank structure, Fig. 11a, and the
transverse bulkhead, Fig. 11b. Besides ordinary frames, the analysed ship structure is
characterized by both semi-web frames, Fig. 12.
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a) Tank 5C and corresponding side tanks b) Transverse bulkhead at FR139

Fig. 11 Typical cargo and ballast tank structure and transverse bulkhead with indicated plate thickness (mm)

a) Semi-web frame b) Web frame

Fig. 12 Typical web frames

4. Results

The FEM results obtained by the 1D FEM model are summarized in Fig. 13, where
deflections along the ship are shown. For both LC1 and LC2, static deformations are almost
negligible, confirming that the longitudinal strength is not an issue for a ship continuously
supported by the mud. Some significant global deformations and consequently higher stresses
can be expected only if the whole ship is moved from the existing equilibrium position, which
cannot be achieved only by changing the amount of cargo.
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Fig. 13 Ship vertical deflections for LC1 and LC2

The 3D FEM static analysis is performed by the NASTRAN software [23] and the von
Mises stresses are obtained for LC3 and LC4 in all structural elements, Table 1. The obtained
stresses are compared with the maximum allowable stress which reads 230 N/mm? [24]. Next,
an overview of the results is given, where stress distributions are shown for characteristic
structural members within the cargo area. Stress units in all figures are N/m”. Besides the von
Mises stresses in the transverse bulkheads, Fig. 14a, shear stresses are also checked, Fig. 14b.
A typical von Mises stress distribution in a cargo tank area is shown in Fig. 15. Fig. 16 shows
the stress distribution in a typical ballast tank structure, while Fig. 17 shows characteristic
structural elements with the highest stress levels for LC4 (transverse bulkhead at FR91).
Finally, Figure 18 shows the von Mises stresses in the starboard outer shell of a ship.
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a) von Mises stresses b) Shear stresses

Fig. 14 Stress levels in the transverse bulkhead at FR139, LC3; a) von Mises stresses, b) shear stresses
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Fig. 15 Von Mises stresses in the tank 6C, LC3
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Fig. 16 Von Mises stresses in the stringers and Fig. 17 Tanks 8C and 9C with transverse bulkheads at

internal walls of the tank 3L, LC3 FR75 and FR91, one half of the model, LC4
Table 1 Von Mises stresses in representative structural elements obtained by the 3D FEM analysis
o Maximum von Mises
Name Tank Pos1t10nha}long the stress (N/mm?)
shi

P LC3 LC4
Transverse bulkhead 10C FR60 65.2 82.4
Transverse bulkhead 9C, 10C FR75 35.6 189.0
Transverse bulkhead 8C, 9C FRO1 190.7 208.9
Transverse bulkhead 7C, 8C FR107 196.7 174.9
Transverse bulkhead 6C, 7C FR123 189.9 49.0
Transverse bulkhead 5C, 6C FR139 208.3 208.0
Transverse bulkhead 4C, 5C FR155 200.1 199.9
Transverse bulkhead 3C, 4C FR171 206.3 202.6
Bottom plating 10C FR60-FR75 123.9 184.8
Bottom plating 9C FR75-FR91 41.1 38.0
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o Maximum von Mises
Name Tank PosmorslhailIl)ong the stress (N/mm?)
LC3 LC4
Bottom plating 8C FR91-FR107 36.2 57.4
Bottom plating 7C FR107-FR123 52.9 50.1
Bottom plating 6C FR123-FR139 41.0 59.3
Bottom plating 5C FR139-FR155 64.1 76.3
Bottom plating 4C FR155-FR171 45.5 57.9
Bottom plating 3C FR171-FR187 53.8 62.0
Tank internal structure 10C FR60-FR75 97.5 138.4
Tank internal structure 9C FR75-FR91 158.2 121.2
Tank internal structure 8C FRI1-FR107 124.7 169.3
Tank internal structure 7C FR107-FR123 139.3 133.6
Tank internal structure 6C FR123-FR139 132.6 142.4
Tank internal structure 5C FR139-FR155 141.0 134.9
Tank internal structure 4C FR155-FR171 155.4 163.1
Tank internal structure 3C FR171-FR187 152.4 171.7
Longitudinal bulkhead, port side 10C FR60-FR75 42.0 64.4
Longitudinal bulkhead, port side 9C FR75-FR91 82.1 59.4
Longitudinal bulkhead, port side 8C FRI1-FR107 61.2 82.2
Longitudinal bulkhead, port side 7C FR107-FR123 65.4 67.8
Longitudinal bulkhead, port side 6C FR123-FR139 53.7 64.8
Longitudinal bulkhead, port side 5C FR139-FR155 66.2 78.7
Longitudinal bulkhead, port side 4C FR155-FR171 52.6 59.8
Longitudinal bulkhead, port side 3C FR171-FR187 77.0 83.6

5. Conclusion

A procedure for assessing both the global and the local strength of the ship structure
partially grounded in mud has been presented. It has been illustrated by a practical problem of
strength assessment of an aged single hull tanker. The mud buoyancy is imposed as a
hydrostatic pressure on the ship bottom. The analysis has been performed by 1D FEM and 3D
FEM models. The global strength assessment performed by the 1D FEM model indicates that
in this particular case there is practically no bending of the ship hull girder, meaning that the
global stresses can be neglected. This is because the ship is supported by the mud and it
remains the same in different loading conditions. The von Mises stresses and shear stresses
are taken as the representative stresses for the evaluation of structural integrity in the 3D FEM
analysis. Locations with the highest stress levels are identified for selected load cases. Despite
the selection of the most unfavourable loading conditions, represented by different successive
combinations of empty and full cargo tanks, the calculated stresses are below permissible
values for all structural members. As expected, the maximum stress levels are regularly
obtained in transverse bulkheads of the cargo (central) tanks.
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Fig. 18 Von Mises stresses in the starboard outer shell of the ship, LC4

The additional value of the paper is in the physically consistent theoretical model that
can be used for determining the reaction pressures of sunken ships in salvaging operations, as
well as for similar problems of sunken vessels.
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