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1. Introduction

ades or so.
In recent years the improved design, f;

sized warships, such as frigates SiPd yically 120-160 m long,
may be constructed in composite erials from 2020 [1].

The proliferation of the specialiZzeéd literature, mainly in the
form of journal/proceedings papers, and the activity in terms of
workshops devoted to this topic attest this interest [2-5]. A deci-
sive factor that has fueled this growing activity was generated by
high diversity and severity of demands and operating conditions
imposed on structural elements involved in the advanced technol-
ogy. In order to be able to survive and fulfill their mission in the
extreme environmental conditions in which they operate, new
materials and new structural paradigms are required [6].

To ensure safe design of a ship’s hull, traditionally, the longitu-
dinal strength of the ship hull with length exceeding 60 m must be
assessed during the design stage [7]. In [8], the evaluating of the
effect of torsional moment on the ultimate strength of container
ships in longitudinal bending is analyzed. The longitudinal failure
of ship hulls made of composite materials is usually easier due to
the relative low stiffness and relative thin structures. With the

* Corresponding author. Tel.: +40 722383282.
E-mail address: ionel.chirica@ugal.ro (1. Chirica).
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end that the size of ship hull made of composite materials is upon
ge scale, it is becoming necessary to study the longitudinal
strength of ship hull in composite materials.

Ship hull structure can be considered as thin-walled structures.
Plates and shells have one physical dimension, their thickness,
small in comparison with their other two [9]. In thin/thick walled
beams all three dimensions are of different order of magnitude. For
such structures the wall thickness is small compared with any
other characteristic dimension of the cross-section, whereas the
linear dimensions of the cross-section are small, compared with
the longitudinal dimension [10,11].

Ship hulls in composite materials can usually be regarded as
assemblies of a series of thin walled stiffened composite panels
[12]. Thus, knowing the strength of stiffened composite panels it
is possible to estimate the longitudinal strength of ship hulls in
composite materials.

Due to their wide applications in civil, aeronautical/aerospace
and naval engineering, and due to the increased use in their con-
struction of advanced composite material systems, a comprehen-
sive theory of thin/thick walled beams has to be developed: this
is one of the aims of this paper.

The aim of the work is to analyze the influence of the very large
open decks on the torsion behaviour of the ship hull made of com-
posite materials.

2. Macro-element model of thin-walled beam

The new methodology proposed to analyze the ship hull torsion
as thin-walled beam using macro-elements is treated. The outline
of the section is considered as polygonal one. The material is ortho-
tropic one. For a straight line portion of cross-section outline is
corresponding a longitudinal strip-plate (Fig. 1). Due to the torsion
of the thin-walled beam, in the strip-plate the stretching—compres-
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Nomenclature

A aria of the strip cross-section

E equivalent Young’s modulus of the kth strip

E; Young’s modulus in i direction of the experimental
model

Eix Young’s modulus of the ith layer of the kth strip

Fﬁx,(ykzk local Cartesian coordinate system for the kth strip of the
macro-element

ik thickness of the ith layer of the kth strip

G shear modulus of the kth strip

Gik equivalent shear modulus of the ith layer of the kth strip

Gjj shear modulus in ij plane of the experimental model

Hi(&) cubic interpolation function

hy breadth of the strip

Lik moment of inertia of the ith layer of the kth strip

I moment of inertia of the kth strip

It polar moment of inertia of the kth strip

I[;& sectorial moment of inertia of the cross-section

k bending stiffness matrix of the kth strip

ki torsion stiffness matrix of the kth strip

L macro-element length

Ly, By, Dy general dimensions of the experimental model
(length, breadth, depth)

M, applied torque

Mr torque

M, warping torque

M, Saint Venant torque

00XYZ global Cartesian coordinate system of the
macro-element

P;(¢) parabolic interpolation function

r position radius of the current point

s curvilinear coordinate

u longitudinal displacement of a current point of the
cross-section outline

uk longitudinal displacement of a corner point placed in
the kth strip

v transversal displacement of a current point of the cross-
section outline

Vxy shear strain

r median line of the cross-section outline

Ok thickness of the kth strip

® torsion angle (tyaat) of the cross-section

@' rate of twist

Wij ij of the experimental model
0] e current point

w oordinate of the current point
Ox

Tk

sion, bending and shearing occur. The strip-plate is treated as an

Euler-Bernoulli plate. The stiffness matrix of the macro-eleme

is obtained by assembling the stiffness matrices of the strips.
Two coordinate systems are used:

- Global system OpXYZ having axis OpX along the t
line of the cross-sections of the beam.

- Local system attached to each plane k (FOx;y,
F)x, parallel with OX.

The torsion behaviour of the thin-wa
the section type. So, the methodol
treating in different way and di
the type of cross-section: open a

this paper is
s, depending on

2.1. Thin-walled theory for open section

For the cross-section type open one, the hypothesis of the
Vlasov theory [13], are used:

- The material is linear—elastic, homogeneous, orthotropic gener-
ally, having the coordinate system Fix;y,z. as the main ortho-
tropic axis.

Longitudinal strip plate/ﬂ,«"xk

Macro element

TO,R)

Fig. 1. Macro element of thin-walled beam.

r stresses occurring in the beam cross-section are par-
a ith the median line I'.
ring the beam deformation the median line I" does not
remain plane. The projection of the median line on the
cross-section plane remains the same as its initial shape
(non-deformed outline hypothesis). For small displacements,
the displacement v of the current point F placed on the median
line has the equation

v(x,5) = 1(S)P(X) (1)

- The displacement u along the axis OgX of the point F is consid-
ered as constant on the wall thickness. The displacement u is
considered to be in the form

e undeformed strip

<« rigid body displacement
i the median plane
Gy | Oy
=—*4 X0
(:VK}' ).l;; a-y,k ax

torsioned strip

Fig. 2. Strip deformation.
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Vk(X, S) = 1ep(X) (4)

We(X, Yie) = =Y @' (X) )

For the displacement u, due to the tension-compression loading
of the strip k (see Fig. 4) the approach function is a parabolic one,
having the form

(&) = Py(E)uf + Py(E)u + P (&)ul ©6)

2.2. Closed section

For the case of closed section (Fig. 5), we assume that u is pro-
portional to the generalized sectorial coordinate o evaluated to O
and 0. Different from classical theory or Benscoter theory, we as-
sume that u is proportional to the rate of twist

&
: - u(x,s) =~ ()¢ () ()
-
_/ The generalized sectgrial coordinate is defined as
-*I:IT D=w-d @)
i where
v 0 = (s)ds — the double of the area surrounded by I
T
Fig. 3. Cross-section of the macro-element (open section). S ds § ds n hk
Lo =L aa
u(x,s) = —w(s)@'(x) where n is the number of strip-plates.
. . . The torsion loading of the beam generates an in-plane loading
The sectorial coordinate is defined as of the strip-plate. For each strip-plate, one obtains
o(s) = / r(s)ds 3 W =neR) ®)
r
The torsion of the thin-walled b atclfle torsion of the WK%Y =~ @) (10)
strips and the loading of the stz ei e (Figs. 2 and 3). These equations define the displacement field for each stripe-
Using the Eqgs. (1) and (2) it may be written plate. The continuity of the displacement u along the joining edges

between two stripe-plates is embedded in above relation. The lin-
ear variation of w, the generalized sectorial coordinate along the

¢ Y axis yi (in the reference system Fix,yz, associated to stripe-plate
k) may be expressed as
v, 4 " ” V4V, x, ® = @y + (O — )N (11)
r:‘r Ji—r ----- — E?%—ﬁ—»
":pz‘ 3 g}a ] ‘?}_;" ] "?}j i
o=12 of x_yi1
< L 5|
i J
¥ A
R
A H F?
o - - 3
v
F '
%l |€5k

Fig. 4. Finite strip element. Fig. 5. Polygonal closed cross-section.
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where —1/2 < 1 = y/hi < 1/2. The coordinates @,@,(kﬁ characterize
the points, Fy, Fy, Fi». The dependent relation bétweéh them is

W = (g +0p)/2
For the longitudinal displacement one obtains

UX,Ye) = — [0 + (O — D)@' (x) (12)

Using the hypothesis, the strain generated in the stripe-plate k
are

_ 6uk

= 5 = [0+ (@ — D) () (13)
o ou, Oy o ,

Ve = oy T x A’ (X) (14)

where

Ay = o/ (S8)

Normal stresses oy appear in each strip-plate k due to the warp-
ing, having the equation

ok(X.yi) = ~E0y) 9" (X) (15)

In each cross-section, these stresses perform a system of distrib-
uted forces in self-equilibrium.

The tangential stresses 7, associates with the deformations 7y
may be determined with the equation
7x) = Gy = 22 Loy (16

S Ok

The flow of these stresses, T,Jy, is constant for each section o
thin-walled beam.

The differential equation of the twist angle ¢ obtaj he
Ritz method is

El,@" — Glr¢p' = —Mr(X)

where &
I(;, = Zld’k;ld’k = hkék[d)i + (Cbk/ — 2
k=1

is sectorial moment of inertia, It
ment of inertia; My is the transmitt

The differential equation reveals t
mitted torque:

~
—

omponents of the trans-

M, = GlIr¢’ - Saint Venant torque
M, = —El; " - warping torque

The component M, of the transmitted torque is the part associ-
ated with the strain y, and stress 7, (Saint Venant torsion). The
component M, is the part of the transmitted torque associate with
the shear forces by strip-plates bending generated can by obtained
only from equilibrium condition.

For the displacements ¢ (¢) and v, (x) polynomial functions
(third order) are chosen:

©(&) = Hi(&)@; + LH3 (&)@} + H2(&) @; + LHa(&) @; (18)

k(&) = Hy (&) V¥ + LH3(&)0f + Ha (&) vF + LHa()0F (19)

For bending and torsion, the well known stiffness matrices of
the beam are used

12 6L -12 6L
v El 41> —6L 2I°
k=1 12 6L (20)
symm. 41?
6/5 L/10 —6/5 L/10
1k _ Gl 21%/15 —L/10 —-I*/10 ”
* L 6/5 —L/10 (1)
symm. 212/15

In the methodology, the classical thin-walled beam theory for
isotropic materials was used. Taking into account the materials
characteristics, the orthotropy of the material was considered.

The equivalent stiffness coefficients for the tension-compres-
sion, bending and shearing loading of the strip k are determined.

(EA), =2 (Z Ei.,kgi,k> hy
i1

ns
(EDy, =2 Eud;
i1

T i ns
ST 8ix
N, M

=
.
R

Zik

o

Fig. 6. Thickness of the plate (lay-out).

Fig. 7. Torsion rig for experiments.
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Fig. 8. Deformed FEM model: general view.

Fig. 9. Deformed FEM model: upper view with torsion coupled with
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-
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————=x[m]
of the relative torsion angle along the ship model.
ns ) (having the same length of 0.2 m) is 228. The outline of the cross-
(Glr), =38 Z(Gikzi,kgi‘k) hy (22) section of the model was approached with a polygonal line. The
=1 bilge (curved area of the ship model) was meshed with three lon-
s gitudinal strip elements.
E, = 2 Z Eigi The results obtained with the code TORS were compared with
Ok &= b the ones obtained with COSMOS/M FE soft package. A 3D model
with 4-node SHELL4L composite elements of COSMOS/M was used.
24 (&
Gy = rEl Z(Gi,kzzkgi,k)
k \i=1 = TORS
Eq. (22) is determined according to Fig. 6. @ strain gauge

Finally, the results obtained with the proposed methodology for
a prismatic hull beam are compared with the ones obtained with
analytical solutions.

3. Numerical analysis

For the present study, a soft (TORS) based on the theory pre-
sented above was done. The model was meshed with 12 macro-
elements (six macro-elements in the closed parts of the ship model
and six macro-elements in the open part). Each macro-element,
representing a piece of ship model, was modeled with 2D strip ele-
ments. The closed type macro-elements concern 16 strip elements.
The open type macro-elements were modeled with 12 strip ele-
ments (as it is shown in Fig. 1). The total number of strip elements

—— FEM analysis

0.005906

Fig. 11. Variation of the relative normal stress in the midship open section.
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On the beginning, a convergence analysis was performed. Final-
ly, the optimum dimension of the quadrilateral element side
(0.02 m) was determined and a number of 18,110 elements were
used in the mesh model.

In Figs. 8 and 9, the stress state on the deformed ship hull
numerical model, according to the numerical calculus with
COSMOS/M is shown. In Fig. 9 an upper view of the deformed mod-
el is presented, to show how torsion induces the horizontal bend-
ing, due to warping and variation of the shear center of the sections
along the ship model.

In the both modeling types (TORS and FEM COSMOS), the ship
hull model was loaded by a torque M, applied in the midship sec-
tion. Due to the fact, the real ship has much stiffened structure in
the both end, the model is considered as clamped at the ends.

4. Experimental analysis
4.1. Model geometry

The experimental test on the composite model of a container
ship hull was done. The model has the main characteristics: length
L, = 2.4 m, breadth B,,=0.4 m, depth D,, = 0.2 m. The material is
E-glass/polyester having the characteristics, determined by exper-
imental tests:

E.=46 GPa, E, =13 GPa, E, = 13 GPa.
Gxy =5 GPa, Gy, =5 GPa, G, = 4.6 GPa.
Hxy = 0.3, 1y, =0.42, uy,=0.3.

The thicknesses’ values of the hull shell are: 2 mm for side sh
and 3 mm for deck and bulkheads.

4.2. Experimental tests

In Fig. 7, the experimental rig for torsion of t el
is presented. As it is seen, the torque is obtaj couple of
two forces acting on a frame placed in th of the

ship model. The stress state in the shi
the strain gauges measurement. The
model cross-section is determine
placements of the points place
rotation of the rigid body (thin-wa

The displacements were obtai
equipment).

The stress state obtained with the FE analysis was compared
with the values of the stresses determined by measurements done
in the bulkheads sections.

with test rig (LVDT

5. Concluding remarks

The deformed ship hull numerical FEM model, according to the
numerical calculus with COSMOS/M (Fig. 8), and the coupled tor-
sion with lateral bending occurred due to the variation of the
cross-section shape of the model (Fig. 9) are shown.

In Fig. 7, the experimental rig used for torsion of the ship hull
model is presented.

The values obtained with new methodology of thin-walled
beam macro-element (TORS code), with FE analysis and according
to the strain gauges measurements are presented.

The variation of the relative normal stress in the midship open
section is presented in Fig. 11. In this figure, only results obtained
in FEM analysis and in experimental tests for the eight points are
presented. Due to the fact the variation of the normal stress is lin-
ear type, the variation of the ratio (g,/M,) was plotted with contin-
uum line. The values of the stresses obtained with strain gauges
were plotted in the figure. The hot spot stresses occurred in the
corners’ areas of the deck opening. Although the shot spot stress
analysis is not the object of this paper, it may remark value of
the stress concentration factor (4.5) in these hot spots, obtained
so from numerical analysis and from test measurements.

The variation of the relative torsion angle (¢x/My) along the ship
model obtained so FEM analysis, thin-walled beam model and
from experimental measurements is presented in Fig. 10. Due to
the closed section type in the ends, the torsion stiffness of the mod-
el in these areas is much Righer than in the middle part. So, as it is
seen in Fig. 10, the alue of the relative torsion angle
(px/My) in the mids two times more than the maxi-
area.

nd with experimental results.
model is capable of predicting accurate
ction as well as angle of twist shapes of various

cross-section.

odology presented is found to be appropriate and effi-
nalyzing flexural-torsional problem of a thin-walled lam-
composite beam with a special application in ship design
activity.
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