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ABSTRACT 
In this paper a new methodology (numerical and experimental) proposed to 

analyze the ship hull torsion is treated. The torsion analysis is performed on a scale 
model (1:50) of a container ship, made of composite material. The outline of the 
section is considered as a polygonal one. The material is orthotropic. For a straight 
line portion of cross section outline is corresponding a longitudinal strip plate. Due 
to the torsion of the thin walled beam, in the strip plate, the stretching-compression, 
bending and shearing occur. The strip plate is treated as an Euler-Bernoulli plate. 
The stiffness matrix of the macro-element is obtained by assembling the stiffness 
matrices of the strips. The results obtained from numerical and from experimental 
analysis are presented.   
  
KEYWORDS: Torsion, ship hull, thin-walled beam, composites. 

 
 

1. INTRODUCTION 
 

Ship hull with large deck opening has a very 
poor torsional stiffness. Due to its particular construc-
tion, 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 dimensions. In thin walled beams all 
three dimensions are of different order of magnitude. 
For such structures, the wall thickness is small 
compared to any other characteristic dimension of the 
cross-section, whereas the linear dimensions of the 
cross-section are small compared with the 
longitudinal dimension. Due to their wide 
applications in civil, aeronautical/aerospace and naval 
engineering, and due to the increased use in their 
construction of advanced composite material systems, 
a comprehensive theory of thin 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 composite materials. One should in 

principle be able to derive the theory for beams, 
shells and plates, and massive bodies by using the 
equations of 3-D continuum theory, and taking 
advantage of the factors which serve to distinguish 
each type of structure. In this acceptance, the 
theory of plates and shells constitutes a two-
dimensional approxi-mation of the three-
dimensional elasticity theory, while solid cross 
section and thin/thick walled beams are both one-, 
two- and three- dimensional approximations of 
three-dimensional continuum theory and constitute 
an enormous challenge for someone who is not 
familiar with the capabilities that the 
implementation of the tailoring technology can 
provide. In spite of this commonality, the theory of 
thin walled beams is basically different from that of 
solid cross-section beams. The new ship structures 
have to provide higher performances, unattainable 
by the classical structures built of traditional 
materials. The advent of advanced composite 
materials, of smart materials and functionally 
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graded materials has constituted the strongest stimuli 
for such developments. 

Moreover, their incorporation is likely to 
expand the use and capabilities of thin-walled beam 
structures. The new and stringent requirements 
imposed on ship structures will be best met by such 
new types of material structures. 

However, incorporation of these new material 
structures in the various areas of advanced technology 
and the solution of many challenging problems 
involving their static/dynamic response, stability and 
control, requires a good understanding of the various 
aspects of their modeling and computational 
methodologies. While the directionality property of 
composite materials provides new degrees of freedom 
to the designer, enabling him to achieve greater 
structural efficiency, it constitutes an enormous 
challenge for someone who is not familiar with the 
capabilities that the implementation of the tailoring 
technology can provide. 
  

2. THIN WALLED BEAM MODEL 
 

In the paper, the new methodology proposed to 
analyse 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 an orthotropic one. For a straight line portion of 
cross section outline is corresponding a longitudinal 
strip plate. Due to the torsion of the thin walled beam, 
in the strip plate the stretching-compression, bending 
and shearing occur. The strip plate is treated as an 
Euler-Bernoulli plate. The stiffness matrix of the 
macro-element is obtained by assembling the stiffness 
matrices of the strips. 

Two coordinate systems are used:  
- global system OoXYZ having axis OoX along 

the torsion centers line of the cross sections of the 
beam; 

- local system attached to each plane k 
(

kkk
o

k zyxF ) having the axis k
o

k xF  parallel with OX. 
 

2.1. Cross Section Type Open 
 

The hypotheses of the Vlasov theory are used:  
- the material is linear-elastic, homogeneous, 

orthotropic generally, having the coordinate system 
kkk

o
k zyxF  as the main orthotropic axis;  

- the shear stresses occurring in the beam cross 
section are parallel with the median line Γ. 

During the beam deformation, the median line Γ 
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 

)()(~),( ssrsxv ϕ=                         (1) 

The displacement u along the axis OoX of the 
point F is considered as constant on the wall 
thickness. The displacement u is considered to be 
in the form: 

)()(),( sssxu ϕω ′−=                         (2) 

 

 
 

Fig. 1. Strip deformation. 
 

The torsion of the thin-walled beam generates 
the torsion of the strips and the loading of the strips 
in their plane. 

Using the equations (1) and (2) for a strip k, it 
may be written: 
                            )()(~),( ssrsxv k ϕ=          (3) 
                        )()(),( syyxu kkk ϕω ′−=              (4) 
 

 
Fig. 2. Cross section of the macro-element. 
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Fig. 3. Finite strip element. 
 

For the displacement u, due to the tension-
compression loading of the strip k the approach 
function is a parabolic one, having the form 
            k

j
k
ij

k
ik uPuPuPu )()()()( 321 ξξξξ ++=        (5) 

 
2.2. Cross Section Type Close 

 
For the case of closed section, we assume that u 

is proportional to the generalized sectorial co-ordinate 
ω  evaluated to O and O*. Different from classical 
theory or Benscoter theory, we assume that u is 
proportional to the rate of twist: 

                        ( ) ( ) ( )ˆ,u x s s xω ϕ′= −   
 

 
Fig. 4. Poligonal closed cross section. 

 
The generalized sectorial co-ordinate is defined 

as 
                                  ω̂ ω ω= − , 
where  

( ) ( ) 00
s s , = / ,

s
s r d s Sω ω ω= ∫

dssr∫
Γ

= )(0ω  - the double of the area surrounded by Γ 

( ) ( )0
1

s ,
s

ns k

k k

hd dss S
sδ δ δΓ

=

= = = ∑∫ ∫
 

where n is the number of strip-plates. 
The torsional loading of the beam generates a 

planar loading of the strip-plate. For each 
strip-plate, one obtains 

                   ( ) ( ) ,k kv x r xϕ=        (6) 

               ( ) ( )ˆ, ( )k k ku x y y xω ϕ′= −   
The equations 6 define the displacement field 

for each stripe-plate. The continuity of the 
displacement u along the jointing edges between 
two stripe-plates is embedded in the above relation. 
The linear variation of kω , the generalized sectorial 
co-ordinate along the axis yk (in the reference 
system Fkxkykzk  associated to stripe-plate k) may be 
expressed as 
   ( )ˆ ˆ ˆ ˆ= k k kω ω ω ω η′′ ′+ −            
where  
                    -1/2  ≤ η  = yk /hk  < 1/2,  

The coordinates "' ,, kkk ωωω  characterize 
the points, Fk, Fk’, Fk” ( 2/)( "' kkk ωωω += ).  

For the longitudinal displacement, one obtains  

        ( ) ( ) ( )ˆ ˆ ˆ,k k k k ku x y xω ω ω η ϕ′′ ′ ′= − + −⎡ ⎤⎣ ⎦                            
Using the hypothesis, the strain generated in 

the stripe-plate k is 
 

       

( ) ( )

( )

ˆ ˆ ˆ ,k
k k k k

k k
k k

k

u x
x

u v x
y x

ε ω ω ω η ϕ

γ ϕ

′′ ′
∂ ′′= = − + −⎡ ⎤⎣ ⎦∂

∂ ∂ ′= + = ∆
∂ ∂  

where              0 /( )k kSω δ∆ = . 
Normal stresses σk appear in each stripe-plate 

k due to the warping, having the equation 

           ( ) ( ) ( )ˆ,k k kx y E y xσ ω ϕ′′= −
                                  (7) 

In each cross-section, these stresses form a 
system of distributed forces in self-equilibrium. 

The tangential stresses τk associated with the 
deformations γ k have the equation 

                 
( ) ( )0 1

k k
k

Gx G x
S
ωτ γ ϕ

δ
′= =

               (8) 
The flux of these stresses, τkδk, is constant for 

each section of thin-walled beam. 
The differential equation of the twist angle ϕ 

obtained by the Ritz method is  

               ( )ˆ T TEI GI M xωϕ ϕ′′′ ′− = −                     (9) 
where 

( )22
ˆ ˆ ˆ1

ˆ ˆ ˆ, /12
n

k k k k kk kk
I I I hω ω ω δ ω ω ω′′ ′=

⎡ ⎤= = + −⎢ ⎥⎣ ⎦∑  is 

sectorial moment of inertia, 
( )2

0 / conventional polar moment of inertiaTI Sω= , MT  is 
the transmitted torque. 

The differential equation reveals two compo-
nents of the transmitted torque: 

( )
( )ˆ

Saint Venant torque ,

warping torque
TM GI

M EI
γ

ε ω

ϕ

ϕ

′=

′′′= −
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The component M γ  of the transmitted torque is 

the part associated with the strain kγ and stress kτ  
(Saint Venant torsion). The component M ε  is the 
part of the transmitted torque associated with the 
shear forces generated by strip-plates bending, can by 
obtained only from equilibrium condition. 

For the displacements ( )ϕ ξ  and ( )vk x  
polynomial functions (third order) are chosen: 

( ) ( ) ( ) ( ) ( )1 3 2 4i i j jH LH H LHϕ ξ ξ ϕ ξ ϕ ξ ϕ ξ ϕ′ ′= + + +                                                                             
(10) 

 

( ) ( ) ( ) ( ) ( )1 3 2 4v v vk k k k
k i i j jH LH H LHξ ξ ξ θ ξ ξ θ= + + + .                     

(11) 
For bending and torsion, the well known ma-

trices of the beam are used 
 

2 2

v 3

2

12 6 12 6
4 6 2

12 6
symm. 4

k k

L L
L L LEI

LL
L

−⎡ ⎤
⎢ ⎥−⎢ ⎥=
⎢ ⎥−
⎢ ⎥
⎣ ⎦

k
; 

 

2 2

2

6 / 5 /10 6 / 5 /10
2 /15 /10 /10

6 / 5 /10
symm. 2 /15

kTk

L L
GI L L L

LL
L

ϕ

−⎡ ⎤
⎢ ⎥− −⎢ ⎥=
⎢ ⎥−
⎢ ⎥
⎣ ⎦

k
.   (12) 

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-compression, bending and shearing loading of 
the strip k are determined. 

( ) , ,
1

2
ns

i k i k kk
i

EA E g h
=

⎛ ⎞
= ⎜ ⎟

⎝ ⎠
∑

 
 

( ) 3
, , , ,

1 1

12
6

ns ns

i k i k i k i k kk
i i

EI E I E g h
= =

⎛ ⎞= = ⎜ ⎟
⎝ ⎠

∑ ∑
 

 

( ) ( )2
, , ,

1
8

ns

T i k i k i k kk
i

GI G z g h
=

⎛ ⎞
= ⎜ ⎟

⎝ ⎠
∑

  
                          (13) 

, ,
1

2 ns

k i k i k
ik

E E g
δ =

= ∑
 

 

( )2
, , ,3

1

24 ns

k i k i k i k
ik

G G z g
δ =

⎛ ⎞
= ⎜ ⎟

⎝ ⎠
∑

 
The equations (13) are determined according to 

figure 5. 
Finally, the results obtained with the proposed 

methodology for a prismatic hull beam are compared 
with the ones obtained with analytical solutions. 

kz  
kN  

,i kN  

ky  

kC  

1 

,i kg  

,i kz  

kh  

ns  i  

kδ  

,i kM  

kM  

 
Fig. 5. Thickness of the plate (lay-out) 

 
3. NUMERICAL ANALYSIS 

 
For the present study, a soft based on the 

theory presented above was done. The results 
obtained with this code were compared with the 
ones obtained with COSMOS/M FE soft. A 3-D 
model with 4-node SHELL4L composite elements 
of COSMOS/M was used. The ship hull model was 
loaded by a torque Mx in the midship. Due to the 
fact, the real ship has much stiffened structure in 
the both end, the model is clamped at the ends. In 
figures 7 and 8, the stress state on the deformed 
ship hull numerical model, according to the 
numerical calculus with COSMOS/M is shown. 

 
4. EXPERIMENTAL ANALYSIS 

 
The experimental test on the composite model 

of a prismatic ship 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, determi-
ned by experimental tests: 

Ex=46 GPa, Ey=13 GPa, Ez=13 GPa,  
Gxy =5 GPa, Gxz = 5 GPa, Gyz = 4.6 GPa, 
µxy=0.3, µyz=0.42, µxz=0.3. 
The thicknesses’ values of the hull shell are 2 

mm for side shell and 3 mm for deck and bulk-
heads. 

In figure 11, the experimental rig for torsion 
of the ship hull model is presented. The stress state 
in the ship shell was determined by the strain 
gauges measurements. The results both for nume-
rical and experimental studies are presented in 
figure 10. 
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The torsion angle of the ship hull model cross 
section is determined by taking into account the 
displacements of the points placed on the outline (fig. 
6), according to the rotation of the rigid body (thin-
walled beam hypothesis). 

The displacements were obtained with test rig 
(LVDT equipment, as it is seen in figure 11). 

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

P

P'

R

δ

φx

z

y

Mx

rP

P

 
 

Fıg. 6. Calculus of experimental torsion angle. 

σx
1
2

3

4 5

6

7
8

0.01409

0.01409

−0.005906
−0.02885

−0.01409
Mx

strain gauge
FEM analysis

0.005906

Fig. 10. Variation of the relative normal stress in 
the midship open section. 

 

 
Fig. 11. Torsion rig for experiments. 

 
 

 
Fig. 7. Deformed FEM model. 

 

 
Fig. 8. Deformed FEM model: torsion coupled with horizontal bending. 
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Experiment
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Mx
-7

Thin-walled beam model

 
Fig. 9. Variation of the relative torsion angle along the ship model. 

 
5. CONCLUDING REMARKS 

 
In figures 7 and 8, the deformed ship hull nume-

rical model, according to the numerical calculus with 
COSMOS/M is shown. Due to the variation of the 
cross section shape of the model, a coupled torsion 
with lateral bending occurred (fig. 8).    

In figure 11, the experimental rig (strain gauge 
and LVDT equipment) used for torsion of the ship 
hull model is presented. 

The values obtained 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 figure 10. In the 
figure, only results obtained in FEM analysis and in 
experimental tests for the 10 measure points are 
presented. Due to the fact that the variation of the 
normal stress is linear, the variation of the ratio 
(σx/Mx) was plotted with continuum line. The values 
of the stresses obtained with strain gauges were 
plotted in figure 10. 

The variation of the relative torsion angle 
(φx/Mx) along the ship model obtained so from FEM 
analysis, thin-walled beam model and from 
experimental measurements is presented in figure 9. 

Due to the closed section type in the ends, the 
torsion stiffness of the model in these areas is much 
higher than in the middle part. Thus, as it is seen in 
figure 8, the maximum value of the relative torsion 
angle (φx/Mx) in the midship is almost 2 times more 
than the maximum torsion angle in the closed area. 

The new thin walled beam methodology 
proposed for torsion analysis of the ship hull may be 
considered as a good tool for a very quick torsion 
calculus. 
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