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Abstract: The aim of this paper is to estimate the influence of the dimensions of the torsion box (height
and width), of a 2400TEU feeder-class container ship, on local stress distribution and assessment of
local fatigue strength by using a numerical approach based on the fatigue limit-state and ultimate
limit-state in the midship region. In terms of the fatigue limit-state, the effect of the dimensions of
the torsion box is obtained by geometrical modifications, in the connection between the side shell
longitudinal stiffeners with the transverse web frame for nine structural details, referring to different
arrangements of strengthening elements (brackets and flat bars). The process of comparing the
different elements determines the most effective combination. This structural influence on the local
stress distribution is assessed, along the longitudinal plates between ordinary stiffeners bounding the
perimeter of the torsion box, by calculating the hull girder stresses, local buckling stresses and shear
stress distribution induced by vertical and horizontal shear forces, Saint Venant and warping torques,
and finally the shear stresses induced by a warping moment. Scantling criteria are obtained allowing
for a better design of this very important region in container ships.

Keywords: torsion box; container ship; fatigue; hull girder strength; shear stress

1. Introduction

Container ships are a fundamental link in the global transport logistics chain and
for this reason they have a direct impact on the phenomenon of the global economy.
This fact translates into the emergence of one of the vessels with the greatest presence
in the world’s seas and oceans, which has been associated with an incessant growth, in
terms of size, of these vessels as a consequence of the appearance of the socio-economic
phenomenon known as economies of scale. This increase in the size of container ships
means that ports must increase their facilities to be able to receive them, however, this
possibility cannot be carried out in all ports due to limitations in their design, so that in
order to receive container cargo, containers must be transported from larger cargo terminals
through what are known as feeder container ships, which are responsible for providing
service to secondary ports [1], and it is for this reason that this type of ship has been the
subject of study on many occasions [2,3].

Container ships have a typical structure (thin-walled girder and large hatch openings)
that allows them to be quicker in port stowage operations, but at the same time they are
more sensitive to the stresses derived from the combination of global bending and torsional
moments. Wang et al. [4] studied the failure mechanisms due to torsion of ships with
large hatches from the establishment of numerical models and experimental tests in the
collapse process of the structure, obtaining the main failure mode in the warping phe-
nomenon, which also has a direct influence on the ultimate torsional strength, decreasing it
significantly. Paik et al. [5] demonstrated the influence of torsion on the warping stresses
of a 4300TEU container ship and its implication for the existence of shear stresses and
their reduction in the magnitude of the ultimate bending moment, while Sun and Guedes
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Soares [6] designed two different models to reflect and compare the failure modes due
to torsional loads. The structural assessment of the ship’s strength is influenced by other
variables; Senjanovic et al. [7] investigated the influence and torsional stiffness of the engine
room by means of an energetic procedure, based on the modelling and simplification of the
main deck as a beam under the influence of shear stress.

lijima et al. [8] established a practical method of assessing the torsional strength of
container ship structures (between 1500 and 8000 TEU capacity) by numerical analysis,
obtaining the most damaging wave length at 120° with respect to the ship’s course. The
interaction of loads in obtaining the ultimate strength is a fundamental concept used by
Wang and Wang [9] in their research for application to a 10,000 TEU container ship from
compartment model to global hull girder.

Due to the global loads on the container ship, there is a local structure called upper
wing torsional box located on the port and starboard side at the height of the main deck. In
this area, the highest concentration of stresses are located at midship section, and for this
reason, several investigations have discussed the structural assessment near of this region.
Silva-Campillo et al. [10] studied the influence on the optimum weight of the torsion
box of combinations of different geometries derived from different cut-out geometries.
Villavicencio et al. [11] focused the study on the variations of warping stresses near of the
torsion box by comparing different formulations of the hydrodynamic torsion moment.

The concept of hydroelasticity, particularly in the permanent and transient springing
and whipping phenomena, acquires a notable importance due to its influence on the fatigue
phenomenon, which is increased in the torsion box area due to its high level of stresses.
Han et al. [12] presented a design methodology for predicting wave-induced vibrations
(springing and whipping) and their contribution to fatigue damage estimation applied to
a 16,000 TEU container ship. Barhoumi and Storhaug [13] determined the contribution
of the whipping effect on fatigue phenomenon in hogging and sagging conditions via in
situ measurements of on-board stresses. Storhaug [14] also revealed the importance of
whipping in fatigue assessment by means of experimental tests and numerical simulations
on container ships with capacities ranging from 2800 to 8600 TEU. Kim and Choung [15]
presented a methodology that considers multiple sea states, developing a procedure to
estimate the vertical wave bending moment increased by the whipping effect by means of
a hydroelastic fluid-structure interaction model in the time domain.

The influence of springing and whipping phenomena in fatigue determination is well
known; Huilong et al. [16] investigated this event for two container ships of different capac-
ities and under different loading conditions in the process of fatigue damage assessment
under loads influenced by springing and by the joint action of whipping and springing,
this assessment is 18.75% higher in the case of the joint combination. Other authors have
worked on this issue in terms of obtaining the contribution of permanent and transient
phenomena to fatigue damage; Mao et al. [17] estimated that whipping contributes about
30% of fatigue damage from the establishment of a 2800 TEU container ship operating in
the Atlantic Ocean.

According to Hansen and Winterstein [18], more than 40% of the fatigue cracks found
in ship structures are in the side shell plating and, more specifically, at the intersection of
the primary and secondary elements. This structural detail has been a topic of study in
container ships on many occasions, Li et al. [19] proposed a procedure for fatigue assess-
ment of side-shell structures under the influence of wave non-linearity and service speed.
Ringsberg et al. [20] carried out the difference of analysis in linear and non-linear regime
in the determination of results, where the analysis is performed for two significant wave
heights. Fricke et al. [21] investigated the hot spot locations at the intersection of primary
and secondary elements by means of different structural configurations, particularly in the
arrangement between a bulb type profile and a flat bar welded to it. Fricke and Paetzold [22]
investigated the influence of different loading conditions on the structural detail by includ-
ing different models. Silva Campillo et al. [23] propose a two-stage design methodology
to aid designers in satisfying the structural requirements and contribute with to a better
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understanding of the transverse webs of a torsional box structure. Jagite et al. [24] presents
a series of dynamic collapse analyses for a 16,000 TEU container ship subjected to various
loading scenarios representative of the wave-induced stresses, and finally, Yang et al. [25]
simulate vertical bending vibration, horizontal bending vibration and torsional vibration
in model tests in a wave basin, for the vibration characteristics of a combined backbone
model which were analysed by the three-dimensional finite element method.

The novelties of this research are related to the determination of the joint interaction
of the torsion box dimensions (height and width) on local stress distribution, along the
longitudinal plates that compose the perimeter of the torsion box, and fatigue strength
assessment of the structural details, located in the side shell on a 2400 TEU container
ship. This structural interaction is quantified in order to establish recommendations and
design criteria. This paper is structured as follows. Section 2 gives a presentation of the
mathematical basis, and the case study container ship that has been used in the numerical
approach is presented in Section 3. The numerical simulation procedure is described in more
detail in Section 4. In Section 5, the results derived from the previous section are obtained
(fatigue check, global hull girder stresses, buckling strength, and shear and warping stress
distribution). Finally, the conclusions from the study are presented in Section 6.

2. Mathematical Background
2.1. Global Design Loads

A simplified procedure based on the Bureau Veritas classification society formulae is
used to determine the global and local loads, following the principles of Fricke et al. [26].
Hull girder loads (still water, wave and dynamic) are forces and moments, which result as
effects of local loads acting on the ship. The design vertical still water bending moment
amidships in hogging (Msw 1) and sagging condition (Msy s), according to the vessel main
particulars, where L is scantling length, B is breadth, Cp is the block coefficient, and T is the
scantling draught, are [27],

Msw, y = 1.687-L?B(Cp +0.7)107 — (1.831.6-L*BCp10~3) 1)
Msw,s = 1.687-L2B(Cp +0.7)1072 + (—1.061-L?B(Cg + 0.7)10~3)

The second term in the above formulae is the vertical wave bending moment (VWBM)
component. The horizontal wave bending moment (Myy) amidships is,

My = 3.108-L2TCp ()
The vertical wave shear force (Quy) at midship section is,
Qwy = 203.49-L-B(Cp 4 0.7)10~2 (3)

The values of wave torsional moment amidships is to be calculated under two loading
conditions (ship direction forming an angle of 60° or 120° with the prevailing sea direction)
based on the following consideration; The torsional moment Mr is divided in two com-
ponents: St. Venant torsional moment (Mr;) and warping torsional moment (Mr,). The
differential equation that describes this non-uniform torsion is given by,

dae a0

Mr =M Mr, =GJt— —E — 4
T Tt + Mrw Jrgs ](w)dx?, 4
where x is the length coordinate, 8 is the twist angle, G is the shear modulus, J; is the
torsional modulus of the section, E is the Young modulus and J(w) is the sectorial moment
of inertia (or warping constant) of the section. The solution of the previous differential equa-
tion, from the establishment of the corresponding boundary conditions and the integration

constants (A;), provides the twist angle 6,

0= Ag+ A% + Ay cosh(Bx) + Assinh(Bx) + 0, ®)
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Gt
EJ(w)
bending moment (M) of the hull girder transverse section, in hogging and sagging

condition, is defined as the maximum value of the curve of bending moment capacity
versus the curvature of the transverse section considered and it’s represented by the
following expression [23],

. The ultimate

where [ is the half-length, 6, is the particular solution, and g =

My
1.051

2.2. Hull Girder Stresses

The normal stresses (01) induce by bending and warping moments are a linear com-
bination of the contribution of the normal stresses corresponding to still water bending
moment, vertical and horizontal wave bending moment, and absolute value of the normal
warping stress (0,) induced by the warping bi-moment [28],

M 0.4M M
o = SW + WV + WH |y| .10—3 + 0 (7)
Z Z I,

where y is the y-coordinate of the calculation point, Z denotes the section modulus, and I,
is the moment of inertia. The normal warping stress is defined by the following expression,

0 = Y M) ®)

J(w)
where w is the sectorial coordinate and M(w) is the bi-moment applied on the structure.
The shear stresses are the result of a linear coupling of the contribution of the shear stresses
corresponding to hull girder shear stress induced by still water vertical shear force, vertical
and horizontal wave shear force, and torque. Shear stress due to St. Venant torque gy is

given by,
ae
] G
SV 2Apt

where Aj denotes the area bounded by the cross section and ¢ denotes the thickness of the
considered segment. Shear stress due to warping torque is given by,

)

_ MT,w-S(w)

(@)t 10)

Tw

where S(w) is the sectorial static moment.

2.3. Plate Buckling

The governing equation of in-plane stressed thin rectangular isotropic plate is [27],

dw 20w tw  12(1-12) 0w
3 T TaA T e\ N3z (11)
oxt ' dx%dy* 9y Eh ox

where v denotes the Poisson’s ratio, Ny is the in-plane loading, / denotes the plate thickness,
and w is the vertical deflection in the z-direction of any point (x,y) and it can be assumed

for a simply supported plate as,

w= Z Z Ay sin mec sin% (12)
m=1n=1
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where m and n are number of half waves in the x and y-direction, respectively, and a and b
are the plate dimensions in x and y-direction. From the boundary conditions, the following
non-trivial solution is established,

2 2 2,2

afm n Ny m“mte|
A [” (az+bz> _Daz] =0 (1%
Obtaining: Ny = ’”iiD with D = % plate stiffness, k = (2 + %)2 buckling factor,

and a = § aspect ratio. Finally, the Euler buckling stress (cg or Sig.Buck) is:
kmE (h)?
== (= 14

vE 12(1—v2)(b> 14

In a similar way, Euler shear buckling stress (tg or Tau.Buck) is:

km2E (h\? . [ k=535+4 a>1
TE_lZ(l—vz)(b) w1th{ k:%—l—ﬁ for aﬁl} (15)

The buckling process does not always occur in its entirety in the elastic regime but
sometimes it has to be corrected for plasticity in the elastic buckling stress under the
Johnson-Ostenfeld approach [28],

UE cE < p,o;
Ocr = o\ for Y (16)
“« { U'y< - ﬁ) oE > pyoy

where o, denotes the critical (elastic/plastic) buckling stress, oy denotes the yield stress,
and p; is a coefficient that takes into account the sensitivity to plasticity which is around
0.5-0.6.

2.4. Fatigue Damage Assessment

Fatigue damage ratio is determined in the case of a single S-N curve segment by the
following expression [23]:

N ae N\ m
D=7 <1n(NR)”C> -r((f + 1) (17)

where A and m are S-N curve parameters, Ac is the stress range, Ny is the total number of
load cycles, N; is the number of cycles for the expected design life, I' is the gamma function,
and ¢ is the Weibull shape parameter [29], which as a first approximation may be taken as

¢=11-035 ( Lgolém), where L is the ship length in meters.

3. Case Study
3.1. Description

The general overview of the 2400 TEU container ship is shown in Figure 1:
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Figure 1. General overview of the 2400 TEU container ship.

Table 1. Main particulars.

Description Unit Value
Scantling length (L) m 196.4
Breadth moulded (B) m 32.2
Block coefficient (Cp) - 0.68
Max. Service speed (V) kn 15
Depth at strength deck (D) m 19
Scantling draught (T) m 12.8
Transverse structure spacing (S) m 3.15
Table 2 presents the midship section cross-sectional properties.
Table 2. Midship cross-sectional properties.
Description Unit Value
Gross area of cross section m? 3.92
Effective area of cross section m? 3.89
Moment of inertia (y axis) m* 225.72
Moment of inertia (z axis) m* 657.51
Neutral axis (above base line) m 8.78
Section modulus at deck m3 22.1
Section modulus at bottom m3 25.69

Figure 2 shows the midship section, with the torsion box detail, formed by two types
of high-strength steel (206 GPa Young modulus and 0.3 Poisson’s ratio): 315 MPa yield
strength steel (AH32) and 355 MPa yield strength steel (AH36), as shown in Table 3.

Table 3. Material properties.

Young Modulus

Description Yield Strength (MPa) (GPa)

Poisson’s Ratio

AH32 315
AH36 355 206 0.3
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Figure 2. Midship section and torsion box detail (dimensions in mm).

Figure 2 also depicts each of the regions that constitute the torsion box (side shell,
strength deck, double hull, and second deck) and the nodes (1 to 4) along the longitudinal
plates between ordinary stiffeners bounding its perimeter.

The analysis procedure consists of establishing the degree of influence of the geometric
variables defining the dimensions of the torsion box on each of the structural elements
(plates and structural details). The possible combinations of the torsion box geometry
are calculated through seven different values of the torsion box width (y) and height (z)
variables corresponding to their initial value (v = 14.225 m, zg = 14.82 m), and six variations
by £1, 2, and 3% with respect to their initial value (Tables 4 and 5).

Table 4. Torsion box height values (dimensions in m).

z%” — 14.67 zif) —14.97
2" = 1452 27 =151
24T = 1437 27 = 1526
Table 5. Torsion box width values (dimensions in m).
y%“ —14.08 yi_) — 1437
yt =13.94 y = 1451
y{t =13.79 w7 = 1465

The dimensions defined in Tables 3 and 4 refer to the baseline and centreline, respec-
tively, according to Figure 2. The process of modifying the dimensions of the torsion box,
particularized in the height variable, is established by altering nodes 1 and 4 at the same
time, while the width variable is arranged by changing nodes 3 and 4, and those corre-
sponding to the rest of the double hull side to be parallel to the side shell. The calculation
procedure keeps the main particulars of the container ship constant in all combinations,
and the results on the perimeter of the torsion box are obtained in a counter clockwise path
following the numbering of nodes 14, along arbitrary control points between nodes.



J. Mar. Sci. Eng. 2022, 10,1172

8 of 18

3.2. Structural Details

Different configurations of the structural intersection referring to the four longi-web
(longitudinal stiffener with transverse web frame) connections located on the side shell
(L1, L2, L3, and L4) are studied as a function of the arrangement of stiffening elements
(brackets and flat bars), located at the midpoint of the distance defining the spacing of
primary transverse elements. The procedure is established by the following nomenclature
and description of the structural details under study: Det1 is defined by one flat bar on
one side, Det2 is characterized by a separate flat bar on one side, Det3 is defined by a
separate flat bar and a standard bracket, Det4 is characterized by a separate flat bar and a
well-rounded bracket with soft toes on each side, Det6 is defined by a flat bar and standard
bracket on the same side, Det§ is characterized by a flat bar and a well-rounded bracket
with soft toes on the same side, Det10 is determined by a flat bar and a standard bracket on
one side and a standard bracket on the other side, and Det12 is defined by a flat bar and a
standard bracket on one side and a well-rounded bracket with soft toes on the other side.
The scantling of the bracket is proportional to the scantling of the flat bar. Figure 3 shows
the side view of two different structure details.

‘Web frame Flat bar

Bracket

Longitudinal ‘ Side shell
stiffener

(a (b)
Figure 3. Schematic detail description: (a) Det3 (b) Det6.

4. Methodology

A two-stage numerical analysis is carried out; the first stage focuses on obtaining the
degree of influence on the fatigue strength assessment of different structural details using
a finite element technique and ANSYS® Workbench 2021 software following the same
principles of Li et al. [19]. Hot spot stress has been adopted following the same procedure
by Kim et al. [31]. The determination of these stresses due to fatigue loading is obtained
through a 3D unstructured tetrahedral fine mesh stress analysis beyond 3D coarse mesh
structural analysis based on the recommendations of Niemi [32], and obtaining a valid
correlation between the numerical and experimental domains by comparing the results
of this paper with the research of Fricke and Paetzold [22]. Figure 4 depicts the meshing
pattern used in the case of the Detail No. 3 (Det3).

Figure 4. Meshing pattern Det3.
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The load condition corresponds to the typical arrangement of static and dynamic loads
resulting from the contribution of global and local loads (static and wave pressure) that
induce shear forces and bending moments in the side shell longitudinal stiffeners as single
beams (between each web frame). The boundary conditions respond to fixed supports at
the ends of the plate that refers to the side shell. The connection between the elements is
produced by welding, which is simulated in the program by assuming a single element.
The load condition corresponding to the external static and wave pressure contribution
concerning the side shell longitudinals is produced in the inclined ship condition, which
occurs when the ship encounters waves which produce ship motions in the X-Y and Y-Z
planes (Figure 1); there is a relative motion of the sea waterline anti-symmetric on the ship
sides which induces the hull girder loads mentioned in the previous section. On the other
hand, the same previous case particularized on the main deck longitudinal stiffeners occurs
in upright ship condition when the ship encounters waves which produce ship motions in
the X-Z plane (Figure 1). The values for each of the described load conditions are shown
in Figure 5.

34.97kN/m? 35.01kN/m?

—— 37.05KN/m?
46.1KN/m?
~ 52.49kN/m?

56.58kN/m?

67.05kN/m?

76.62kN/m?

Figure 5. Maximum wave pressure values.

The second stage establishes the relationship of influence of the dimensions of the
torsion box specified in each of the plates (elementary plate panel, EPP), which is the
unstiffened part of the rectangular plating between ordinary stiffeners and/or primary
supporting members that constitute the perimeter of the torsion box. The determination
of shear, warping, and buckling stresses obtained through the software of the classifica-
tion society Bureau Veritas Mars2000® [33] following the same procedure developed by
Im et al. [34] by means of a submodel consisting of three cargo holds with a length within
0.4 L amidships (Figure 6) under the same boundary conditions as Tanny et al. [35]. Ship
behavior is always in hogging condition and the total contribution due to still water bend-
ing moment (SWBM) and vertical wave bending moment (VWBM) described in Section 2,
is shown in Figure 6.
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Figure 6. (a) 3D cargo hold torsion model, (b) bending moment distribution (hogging condition).

The mesh convergence process, in the analysis procedure of the structural details in
terms of fatigue damage (Figure 4b), is obtained by successive increase in the solution
number until the change between two values (von Mises stress, o) is closer than the
smaller of the finite element accuracy criteria used by Patil and Jeyakarthikeyan [36]. Table 6
depicts the convergence process of the mesh as a function of the elements and nodes used,
selecting the combination of 7065 nodes and 3586 elements that provides a valid solution
(with a change of 0.65% at a lower computational cost) and an average element size of
78.102 mm.

Table 6. Mesh convergence process.

oym (MPa) Change (%) Nodes Elements
1 76.4 - 820 398
2 99.7 23.37 2704 1342
3 121.3 17.81 7065 3586
4 122.1 0.65 9246 6049

The correct obtaining of results is completed through the process of comparison with
the corresponding results of Fricke et al. [21] and Fricke and Paetzold [22].

5. Results and Discussion
5.1. Fatigue Check

252 models are studied for different combinations of side shell longitudinals, structural
detail type and torsion box dimensions (width and height). Figure 7 shows the difference
in fatigue strength, in terms of damage, for each of the combinations between structural
details and longitudinals in the initial condition of torsion box width and height values.

A common trend is observed in the fatigue behavior in each of the longitudinals re-
gardless of the value of the variables that define the torsion box, obtaining an improvement
in longitudinal No. 2 of 94.37%, 61.73%, and 71.58% with respect to longitudinal No. 1,
No. 3 and No. 4 of mean value for each of the nine structural details tested, being the
Det12 the most effective, in terms of fatigue life. Figure 8 shows the evolution of the fatigue
damage value in the longitudinal No. 1 (L1) under the modification of the height and
width variables.
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Figure 7. Comparative fatigue damage in combinations between side shell longitudinals (L1 to L4)
and structural details in the initial condition (yg = 14.225 m and zp = 14.82 m).

—a— L1Detl 0.21 —@— L1Det1
i '\.\. —&— L1Det2 019 + //. —&— L1Det2
| X\k\x —4&— L1Det3 017 + //4 —a— L1Det3
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n 5015 " ® L1Det4
i ° o | —x—Lldet6 Fo13 | % LiDet6
L < /
. —e— L1Det7 Qoit 4| o Dy
| L1Det8 0.09 -~ L1Det8
A
L 4 L1Det10 0.07 L1Det10
L1Det12 0.05
e s 5 » n a4 L1Det12

Second deck above base line, z (m)

Longitudinal bulkhead from center line, y (m)
(@) (b)

Figure 8. Evolution in the fatigue damage for longitudinal No. 1 (LI) of the different structural
details. (a) Modification in the second deck height from base line, (b) modification in the longitudinal
bulkhead distance from centerline.

There is an improvement in fatigue life as the height of the second deck increases and
the torsion box height is reduced, for all structural details and longitudinals calculated.
Regarding the width variable, a decrease in fatigue life is noted as the double hull decreases
in value. Table 6 represents the variation in fatigue life (increase or decrease), in percentage
terms. There is a greater influence on the determination of fatigue life with modifications
of the width variable compared to the height variable, in contrast to structural detail No.
12 where the influence of the height variable predominates for values close to initial values.
When the dimensions of the torsion box change from their initial values, the most adequate
structural detail is not constant.

5.2. Global Hull Girder Stresses

Figure 9 shows the evolution of the values of the normal hull girder stresses (o)
induced by torque and bending moments along the perimeter of the torsion box for each of
the possible geometrical combinations.
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Figure 9. Evolution of normal hull girder stresses along the perimeter of the torsion box.

Figure 10 depicts the evolution of the values of the shear hull girder stresses (71)
induced by shear forces and torque along the perimeter of the torsion box for each of the
possible geometrical combinations.
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Figure 10. Evolution of shear hull girder stresses along the perimeter of the torsion box.

The modification of the width variable does not affect the shear stress distribution and
the increase of the height variable, translated in terms of the lower displacement of the
second deck height, becomes a decrease in the value of the shear stress. A small difference
is observed in the process of variation when improved (lower value of shear stress) than
when worsened (higher value of shear stress). Table 7 compares the change (in percentage
terms) of normal and shear hull girder stresses for different values of the height variable.

Table 7. Modification (in %) in normal and shear hull girder stresses for different values of the torsion

box height.

Value o1 T1
+1% 1.65 2.31
+2% 3.33 4.52
+3% 5 6.64
—1% 0.79 0.73
—2% 3.33 5.43
—3% 4.81 6.5

The modification of both stresses has the same order of magnitude for all possible
values of the torsion box height, except for the first value of the height increase, which has a
greater influence on the determination of the shear stress with respect to the normal stress.
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5.3. Buckling Strength

Figure 11 shows the evolution of the value of the elastic buckling stress (normal and
shear) along each of the elementary plate panel (EPP), under the condition of simply
supported on all four sides, that compose the perimeter of the torsion box for changes in
the value of the width variable and an initial value of the height variable. Figure 12 depicts
the same result under modification of height variable.
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Figure 11. Evolution of elastic buckling stress, normal (Sig.Buck) and shear (Tau.Buck), along the
perimeter of the torsion box for the different values of the width variable.
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Figure 12. Evolution of elastic buckling stress, normal (Sig.Buck) and shear (Tau.Buck), along the
perimeter of the torsion box for the different values of the height variable.

The elastic buckling shear stress remains constant with the modification of the width
variable and it changes its value with the alteration of the height variable, while the
elastic buckling normal stress undergoes modifications in its value with displacements
of the width and height of the torsion box. In general, an increment in the value of the
width results in reduction in the normal stress, while an increment in the height results
in an increment in both the absolute values of shear stress and the normal stress. Table 8
shows the variation (in percentage terms) in the value of the elastic buckling stress against
modifications of the variables defining the geometry of the torsion box.
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Table 8. Modification (increment or reduction in %) in buckling normal stress value between different
values of height and width torsion box.

Value z y
+1% 1.81 2.67
+2% 3.65 5.25
+3% 5.51 7.78
—1% 1.95 0.33
—2% 3.64 6.22
—3% 5.26 7.46

A greater influence is observed in the results obtained in the case of changes in the
width variable, except for the first value of the decrease (1%).

5.4. Shear and Warping Stress Distribution

Shear stress distribution induced by a standard value of 10,000 kN vertical and hori-
zontal shear force, a standard value of 10,000 kN-m St. Venant torque and, the warping
normal stress distribution induced by a 10,000 kN-m? warping bi-moment is obtained
(Figure 13).

Figure 13. Shear stress distribution induced by (a) vertical shear force (b) horizontal shear force (c) St.
Venant torque (d) warping torque, and (e) warping normal stress induced by warping bi-moment.

The modification of values, shear and warping stress distribution, at the torsion
box perimeter is assessed for geometrical modifications that define the dimensions of it.
Figure 14 shows the shear and warping stress distribution for the initial case of the torsion
box width and height.
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Figure 14. Evolution of the shear and normal stresses along control points that define torsion box
perimeter in the initial condition (y = 14.225 m and z = 14.82 m).

The maximum stresses, in absolute value, mentioned above is the shear stress induced
by vertical shear force (up to 42.1% and 56.3% when compared with the shear stress induced
by horizontal shear force and that induced by St. Venant torque, respectively). For the
initial case, the maximum of each of the stresses is located at the lower part of the inner
hull side in contact with the second deck except for the warping stresses which is located at
the same place but on the side shell.

For the width and height modifications of the torsion box, the location of the shear
stresses induced by vertical, horizontal and St. Venant torque is at the lower part of the
side shell in contact with the second deck, and the warping torque is located at the inner
hull side in contact with the second deck, while the warping bi-moment is located at the
top of the inner hull side in contact with the main deck. In the shear stresses induced by
vertical and horizontal shear stress and St. Venant torque, there is a symmetry effect in the
values between the side shell and inner hull side locations with a minor difference (1.3%
and 4.1% in shear stress induced by vertical and horizontal shear forces, respectively) at
the side shell location.

Figure 15 shows the variation in the value of the shear stresses induced by the vertical
shear force and St. Venant torque, particularly at the lowest side shell location, in response
to changes in the value of the torsion box height, in terms of the second deck height.
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Figure 15. Shear stresses variation induced by vertical shear forces and St. Venant torque values of
the torsion box height.
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An increment of the torsion box height (by decreasing the second deck height) causes
an elevation of the shear stresses induced by the vertical shear force, horizontal shear force,
St. Venant torque, and warping torque. This phenomenon is of inverse character for the
warping normal stresses induced by the warping bi-moment. However, the behavior of St.
Venant torque has a specific characteristic and that is the downward trend for high values
of the height with the same downward behavior for low values of the height, but with
considerably lower values of the shear stresses for the latter case. A more notable change is
observed in the lowering than in the increasing of the width. Figure 16 depicts the behavior
of the shear and warping stresses under modifications of the torsion box width on the side
shell in contact with the second deck.

13.79m
10
14.65m 6 13.94m
4
5 e Vertical shear force
0 Horizontal shear force
O St. Venant torque
14.51m 14.08m Warping torque
e Warping moment
14.37m 14.225m

Figure 16. Shear stresses variation induced by vertical and horizontal shear force, St. Venant and
warping torque and warping normal stresses induced by a warping bi-moment for the different
values of the torsion box width.

The initial value acts as a turning point in all cases; in the shear stresses induced by
the vertical and horizontal shear forces and in the St. Venant torque, this value is lower for
any modification. For the case of the warping torque, any modification results in a decrease
in the shear stresses, while for the warping normal stresses induced by the warping bi-
moment has a rather constant behavior, producing a reduction in the shear stresses with
increases of the torsion box width.

6. Conclusions

In this investigation, structural design criteria have been obtained for a container ship,
and the degree of influence of the characteristics of the upper wing torsional box (height
and width) has been demonstrated on the global and local structural assessment from the
behavioural relationship between the geometrical variables, on-board stresses and fatigue
strength assessment of different structural details located in the side shell.

Two different structural behaviours are distinguished depending on the field of study;
in the ultimate fatigue state, it is of interest that the dimensions of the torsion box are as
small as possible. For the evaluation of local stress distribution, the behaviour is assumed
to be opposite, and larger dimensions are of interest. By means of different comparisons,
a greater degree of influence of the width variable compared to the height variable in the
reduction in local stresses has been demonstrated. Approximately, for a modification of
1%, the reduction in stresses in the height variable is 1.65%, while for the width variable it
is 2.31%.

However, the modification of the width variable is associated with a higher economic
cost in terms of ship construction since high values of the torsion box width (and therefore
of the inner hull) can affect the load capacity of the ship. The improvements derived from
the variation in the torsion box height are minor, but more feasible from a technical point of
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view as they do not affect the load capacity of the vessel and they have a minimal impact
on the ballast capacity. In future stages of the research, more geometrical variables will be
included and the concept will be generalised to any size of container ship.
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