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SUMMARY

A simplified hollow stiffened hybrid laminated plate model has been developed for the marine structures. The detailed
stress analysis through the thickness of the stiffened plate based on the higher order shear deformation theory has been
carried out under sinusoidal loading. The hybrid laminates are made by wrapping the GFRP laminates with CFRP at the
outermost layers of the stiffened panel. This hybridization technique can be an optimum solution from the point of view
of cost reduction as well as enhancement of strength properties. The layer-wise stresses for the stiffened plate have been
calculated in the present paper. A 3D polynomial curve fitting technique has been used to obtain higher accuracy and
consistency in the computation of stresses. The computer code has been developed using MATLAB considering the
plates as eight noded isoparametric plate bending element and the stiffener has been modeled as three noded
isoparametric beam element. The stiffened panel has also been analysed using the ANSYS14.0 software package
considering 2D model. The results obtained from the present formulation have been compared with those available in
the published literature to validate the present formulation. The stiffened panels made of GFRP, CFRP and GFRP-CFRP
hybrid laminates have been studied here. An extensive parametric study has been carried out with varying fibre content

in the laminates.

NOMENCLATURE

displacements along x, y and z
directions

u, v, w

0x, 0y, Cx,ly rotations of the normals to the mid-
plane about x- and y-axes and their
corresponding higher order terms in
Taylor’s series

Ei, Exn moduli of elasticity along and
transverse to fiber direction

G]z, G13, G23 I'lgldlty moduli

V12, V13 Poisson's ratios

[NT; in plane force resultant

[M]; bending moment resultant

[Qli transverse shear force resultant

[P];, [R]; higher order stress resultant

[D] rigidity matrix

{e} strain vector

(Q_u) k compliance matrix of the individual
laminae  with  different  material
properties

[B] strain-displacement matrix

[Ke] stiffness matrix of the plate element

Aon width of stiffener

hop depth of stiffener

[A] orientation matrix

[T] transformation matrix

[Dy] rigidity matrix of the stiffener element

{en} strain vector of the stiffener
element

[Bp] strain-displacement matrix of the
stiffener element

[Kp] stiffness matrix of the stiffener element
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1. INTRODUCTION

The stiffened structural configuration may be considered
as the backbone of most of the marine structures. Several
primary components like deck, hull, bottom and
superstructures are modeled as stiffened plates. Due to
the weight sensitivity of such structures, light weight
constituent material is also of prime concern. The marine
structures are subjected to wave loading of high
frequency dynamic nature as well as low frequency quasi
static nature. The quasi static wave induced load which is
sinusoidal in nature acting on the ship structures may
cause i) compression in plate and tension in stiffener ii)
tension in plate and compression in stiffener and iii) in
plane axial loading.

Several researchers have concentrated on the analysis
of stiffened plates. Bedair and Troitsky [1] have
presented the review of the analytical procedures for
the analysis of stiffened plates. Hovichitr et al. [2]
have presented an analytical formulation of
rectangular plate with eccentric stiffener deriving
fourth order differential equations. They have
considered variational principle with natural boundary
conditions. Fujikubo et al. [3] have developed a new
simplified model for collapse analysis of stiffened
plates. Their proposed stiffened plate model consists
of ISUM plate elements and beam-column elements.
The formulation of the plate element is performed by
introducing accurate shape functions to simulate the
buckling/plastic collapse behaviour of plate panels.
Combining plate and beam-column elements allows
for both local buckling of the plate panel and overall
buckling of the stiffener. Sadek and Tawfik [4] have
presented a refined higher-order displacement model
for the studying the behaviour of concentrically and
eccentrically stiffened laminated plates based on C°
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finite element discretization. The nine-noded
isoparametric plate element with seven degrees of
freedom at each node is used for the analysis. The
stiffener element is a three noded isoparametric beam
element with four degrees of freedom at each node.
They have considered only rectangular stiffener. Ray
and Satsangi [6] have developed a new generalized
approach for the laminated composite plates with
arbitrarily oriented stiffeners with various stiffener
cross sections viz. rectangular, T, box and hat shapes
using first order shear deformation theory. Barik and
Mukhopadhyay [7] have developed a new stiffened
plate model for arbitrary plates. A four noded stiffened
plate element has been developed an isoparametric
element for modelling arbitrary shaped plates. They
have used a higher order element considering only
usual degrees of freedom. Their study also includes
only open section stiffeners. Qing et al. [8] have
developed a mathematical model based on semi
analytical solution of the state vector theory for the
free vibration analysis of laminated stiffened plates
with rectangular stiffener by separate consideration of
plates and stiffeners. They have considered the first
order shear deformation theory.

Several research works have already been reported on
stiffened plates. However the investigation on the
stress behaviour of hollow stiffened panel under
sinusoidal loading is not reported in the literature.
The study on the stress distribution in the stiffened
panel is indispensable for the marine structures. The
detailed stress analysis using higher order shear
deformation theory of hollow stiffened laminated
panel applicable to marine structures with closely
spaced stiffeners with box configuration has not been
reported till date. The detailed stress analysis (bending
and shear) through the thickness of laminate can be
obtained by considering higher order shear
deformation theory.

Furthermore, application of GFRP-CFRP hybrid
laminate to the stiffened plate panel developed in the
present investigation is not reported earlier.

The objective of the present paper is to predict the
stress distribution throughout the thickness of the
stiffened plate and improvement in the stress
behaviour due to hybridization. A hollow stiffened
panel with closely spaced multiple stiffeners has been
introduced in this purpose. The study has been carried
out under the sinusoidal load causing compression in
the plate and tension at the bottom of the stiffener.
The hollow stiffened plates made of glass-epoxy
(GFRP), carbon-epoxy (CFRP) and glass-carbon
hybrid laminates have been studied here. The
outermost layers of the stiffeners are made of carbon-
epoxy material and the inner layers of the plate and
the stiffener are with glass-epoxy material in case of
hybrid laminate. This hybridization technique is a
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better choice of lamination scheme to strengthen
GFRP laminates.

2. PRESENT FINITE ELEMENT
FORMULATION FOR STIFFENED
LAMINATED PANEL

The panel has been modeled as a plate stiffened with
closely placed hollow multiple box stiffeners as shown in
Figure 1.

Z
Li*
X

Figure 1: A Plate stiffened with closely spaced box
stiffeners

The plate has been modeled as an eight noded
isoparametric plate bending element with seven degrees
of freedom per node viz. three translations (u, v, w) and
two rotations (0, and 6,) and the corresponding higher
order terms in Taylor’s series ({x and ;). The higher
order shear deformation theory has been applied based
on C finite element model. The box sections have been
modeled as the three noded beam elements with same
number of degrees of freedom per node as in the plate
element. The middle surface of the plate element has
been considered as the reference plane and the rigidity of
the stiffeners have been transferred to the middle surface
of the plate.

2.1 FORMULATION OF PLATE ELEMENT

The stress resultants of the composite laminate are
defined as:

(F'=<(N, N, N M, M, M BB EOQOQRR, (D

and

{F}=[D]{e} (2)
The elements of the [D] matrix are defined as:
(4/,3,,q,q,5,f4):ff(§/)k(l,z,ziz",z‘,z")az L j=x 7 3)
and

(45.B7.D; )= knl J' (QTj)k 1,22,2dz i, j=x,y,s (4)

k-1
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The nodal displacements at any node ‘r’ of the plate
element can be expressed as:

(o) ={u, v, w 0, 0

¥ xr yr é’){l‘ é/yr } (5)
The displacements at any point within the plate element
can be expressed in terms of the nodal displacements as:

wvwa g &N vwaassl  ©

where [N,] is the shape function matrix. The element
stiffness matrix for the plate element is given by

11

[%.]=[][B] [D][B]|/|d<dn ()

—1-1
2.2 FORMULATION OF STIFFENER ELEMENT

The stiffener cross section has been considered as a box
section with equal top and bottom width as shown in
Figure 3. The nodes of the stiffener element need not
merge with the nodes of the plate element. The stiffener
element has been developed by considering an arbitrarily
oriented box shaped stiffener as shown in Figure 2. The
stiffener is modeled as three noded beam element in
which modulus-weighted centroid is assumed to be at the
centre line of the section.

y
1 o 3

1,2,3....8 plate nodes
12,3 stiffener nodes

Figure 2: Nodes and axis system of plate and stiffener
elements

The coordinates of the beam element can be expressed

3
asix =Y Nyx, (8)
i-1

where, N,'s are the shape functions of the stiffener
element can be written as:

N, =—=¢(1-¢)/2
N,=(1-&%/2 ©
N, =4(1+8)/2
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The nodal displacements at any node ‘i’ of the three
noded beam element can be expressed as:

{é‘hi V}T :{u:‘ vt ow!' 0,0 6, 4 g, '} (10)

The displacements at any point of the stiffener element
can be expressed in terms of the nodal displacements as:

u' ui'
v vi'
w' 3 wi'
gx =;[Nl][]3] gxi (11)
49y' - Hy,-'
é/x' é’xi’
é/y' é’yi'

The displacements at any point of the stiffener element in
terms of the displacements of the plate with respect to
plate axis system are given by:

u =ucosa+vsina

v = —usina +vcosa = 0
0, =0, cosa+0 sina

0, =-0, sina+6, cosa
¢, =¢, cosa+(, sina

¢, ==¢,sina+¢, cosa

where, a is the angle between x axis of the plate and x’
axis of the stiffener as shown in Figure 2.

The Eqn. (12) can be re-written as:
3

S0, =[AIX 6, (13)

i=1 i=1

where,
[A]
[A]= [ALL (14)
[A]L
and
[A] = c s 0 0 0 O O (15)
' -s ¢ 0 0 0 0 O
00 1 00 0 O
00 0 ¢ s 0 O
00 0 —s ¢ 0 O
00 0 0 0 ¢ s
L0 0 0 0 0 —s c|
where, ¢ = cosa and s = sina .
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The displacement field at any point within the stiffener
placed along x' direction is given by:

Uv u'—z'ﬁx'—z'zl//x'—za
Vv — _ngyv_z'Zl//yv_ZB yv (16)
w! wv+yv9yv+yv§yv

where u' and w' are the displacements and 0, and 0, the
rotations of the normal to the undeformed midplane of
the plate parallel to the local axis system of the stiffener.

The strain components at any point within the stiffener is
given by:

U 00 s 04

o ox' o o ox'

L _Jeu o] Ja 9'69' 506", 0
{ss } 5 ("o (ay =" (6y =)
el au awe ow L%

' ox (ffﬂ') 3z%¢, +y‘( ’)
(17)

The strain components developed in the stiffener element
with respect to the reference axis system of the stiffener
element are

[ \T
a9 & By s 9%
{eh}—{ax. ) (M&C.)}

(18)

The strain-displacement relationship of the stiffener
element is given by

5/, i (19)

i=l1

where,
a—N,i 0 0 0 0 0 0
ox
0O 0 O —a—N,[ 0 0 0
Oox
0O 0 O 0 0 —6—N,i 0
[Bh ]i = ox
0 0 % —Ni 0 0 0
ox
0O 0 O 0 0 3N O
0O 0 O 0 % 0 %
L ox ox

(20)

The nodes of the stiffener element exist within the plate
element. The nodal displacements of the stiffener
element in terms of the nodal displacements of the plate
element can be expressed as:
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3

S48}, ANTI3 ) en

i=1
The matrix form of the transformation [77] is written as:

[[Ni]
[Nir]
3 3 [Nir]
[T1=2>= [Nir]
i=lr=l [Ni]
[Nir]

[Nir] |

(22)
where, N;, is the shape function at the ' node of the plate
element corresponding to the i node of the stiffener

element.

The stiffness matrix of the three noded beam element is
calculated as:

[&,]=[[7T [AT [8.] [2][B,][A][T]ax (23)
o, [K,]= j (7] [A] [, J[A][T]ax' (24)
So, [K, |=[8,]'[D,][B,] (25)

23 RIGIDITY MATRIX OF STIFFENER
ELEMENT

In the present investigation, box shaped stiffeners are

considered. The stress resultants of the stiffener of any
general shape are given by:

(F) ={N, M, B, O R, T} (26)

section 1

oh

=
Z UO1D3s
€ U01I3s

section 1

section 2&3

Figure 3: The box stiffener with two vertical and one
horizontal section
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For a box shaped stiffener, the stress resultants are given by:

N, =N, +N; +N;

M, =M} +Mj + M;

B =P +P+P

Oy =01 +0i +0;

R, =R} +R; +R}

T, =T} +T} + T} 27
Where, Ny, is the force resultant, M; is the moment
resultant, Q, is the shear force resultant and P}, and Ry, are

the higher order stress resultant of the stiffener element.
T, is the stress resultant related to torsional rigidity.

Where

Alb//z '

Q(———

$08 (28)
7' by /2 = ax )dydz

Vil Vi 'y

e [ (-0

v (29)
3% '+ V%+% &'
e
ﬂg &2 % dydﬂ“Qi(%—@')
i i (30)

) 00, o
—3z°¢, '+y'(§+§)}aﬁf'd2'

zpy ' by /2
k+l h 60'
mi= | [0 Q-2 02

' GD
dy'd
Lo ox Ox xr )W

o o 20, é, Yea'hy
M;,: Q“(irfzyi )Zdyd27 Q {( )
}.[;[ X Ox ox J'[ ;!:
oo 00,
3%+ a‘,+a‘,
X ox (32)
o' é’ Vs
J‘J'Q”(i_ % )z dy' dz+J.J‘Q”{( _9»*')
i K
, og,
(33)
et by /2 '
]_Hh al_ '%_ ,3% B g
b= -[ ,b'/[ ZQX‘X.(ax' a7t ez
(34)
o o, o @
J. J:Qm (7_ “ox 2337;')2'3 iz »J; /IJ:QM{(E_Q )
327+ y'(TxJ + %)}zgdy dz
(35)
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Yiar'hy ' Yia'hy
ij (—— ' Qi ‘04 Lryznay dz+jIQ” 6.
Yk Ox 'y
L/ TR YRy
* ox  ox
(36)
T o i@ o3 e O O g
= | [ 0t -00 320 ey e Ty e
(37)
:—HQN(&— P Sy HQSS{(——M
2p v 00 08
-3z é’x+y(6x + P )ydy'dz
(38)
e 00, 50 e
0 - HQ\S(a— i L HQH -0,
Iy
. 06, o¢,
3220+ y'(OaT} + %)}dy'dz'
(39)
ij{(——e')scw %
(40)
2 _ el 5 ‘gx' NI el ow '
R; —HIQXS( e [ oGy -0
. g,
=322, '+ y‘(a—x‘ + %)}z'2 dy'dz'
(41)
HQU(—— s jJQSS{(—,—@')
og,

-32%¢ '+ y'(a—x’ + gf’)}z'2 dy'dz'

(42)

2.3 (a) Torsional rigidity of the box stiffener

The box stiffener induces a considerable amount of
torsional rigidity due to its closed attachment with the
plate. The box stiffener is considered as a hollow section
to compute the torsional rigidity accurately. The torsional
rigidity is calculated in the following manner,

Jy = (J, of the section with outer profile of the box
stiffener - J;, of the inner profile of the box stiffener)

3. FORMULATION OF ELEMENT LOAD
VECTOR

The sinusoidal load is considered as acting perpendicular
to the plane of the plate over the surface. The load
induces compression on the plate surface and tension at
the stiffener bottom.
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4. COMPUTATION OF STRESS

The linear static analysis has been carried out under
sinusoidal loading. The stress analysis through the
thickness of the laminate has been carried out for the
stiffened plate model considering higher order shear
deformation theory. The stresses have been computed at
the gauss points of the elements. The nodal stresses have
been computed by the 3D polynomial curve fitting
technique [8, 9] to obtain accuracy and consistency in the
stress value.

5. FINITE ELEMENT FORMULATION
USING ANSYS

The SHELL281 element available in the ANSYS 14
software package has been used for 2D model
considering the first order shear deformation theory to
model the hollow panel.

5.1 MODELING AND ANALYSIS OF HOLLOW
STIFFEND PLATES

The stiffened panel has been developed by considering one
plate at top and another plate at bottom with six vertical
blade stiffeners placed between two plates as shown in
Figure 4. Two edges parallel to X axis of the plate is simply
supported (one end pinned and other end roller supported)
and other two edges are free. The modeling of the hollow
stiffened plates using ANSYS is shown in Figure 4.

(a) Top and bottom plate of the panel

(c) The stiffened laminated panel

Figure 4: Modeling of stiffened panel using ANSYS 14.0
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6. RESULTS AND DISCUSSIONS

6.1 SIMPLY SUPPORTED CROSS PLY SQUARE
LAMINATED PLATE UNDER SINUSOIDAL
LOAD

A simply supported square symmetric cross ply
[0°/90°/90°/0°] laminated plate subjected to a sinusoidal
load P=q sin(mx/a) sin(mx/b) has been studied here.
Length to thickness ratio of the laminate is a/h=10. The
material properties of each GFRP lamina are: E,/E,=25;
G12=G13=0.5E2; G23=0.2E2; V12=0.25. Thai et al. (10)
have solved the same problem wusing node-based
smoothing discrete shear gap method with higher order
shear deformation plate theory. They have used four
noded rectangular element. The stresses obtained from
the present finite element formulation have been
compared with those available in the published literature
to validate the same. The normalized stresses for the
symmetric cross ply square plate is defined as:

_ h? _ n?
Ox = g2 0x and g, = pprie!

The normalized stresses through the thickness of the
laminated plates are compared and presented in Figure 5.
The variation of stresses through the thickness of the
plate obtained from the present higher order shear
deformation theory and those obtained from Thai et al.
[10] tally very well.

(b) The incomplete panel model with 3stiffeners
AN

(d) Mesh division of the stiffened plate
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6.2 HOLLOW STIFFENED GFRP LAMINATED
PLATE UNDER SINUSOIDAL LOAD

A hollow stiffened laminated plate panel of
dimension 500mm x 500mm and made of E-
Glass/Epoxy cross-ply laminates of thickness 50 mm
has been considered for this analysis. The width of
the hollow stiffener is 100mm and depth is 125mm.
The plate and the stiffener laminates consist of four
layers of equal thickness. The studies have been
carried out for various fibre contents. The material
properties of the GFRP ply are considered as: E,=41
GPa; E,=12 GPa; G;=5.5 GPa; G»=3.5 GPa;
v1=0.28; v,3=0.4. The material properties of the
CFRP ply are considered as: E;=138 GPa; E)= 11
GPa; G,=5.5 GPa; G»3=3.93 GPa; v,=0.278;
v,3=0.4. A single sinusoidal load is applied across
the stiffener. The boundary conditions for the
stiffened panel has been taken as two shorter edges
simply supported (one end pinned and roller support
on another end) and other two edges are free. The
maximum deflections for GFRP, CFRP and hybrid
(carbon and glass fibres) laminates are computed by
the present formulation and the results are compared
with those obtained in ANSYS. The deflections
obtained from present higher order shear
deformation theory have been compared with those
obtained from ANSYS (FSDT) to predict the effect
of HSDT in the formulation. The maximum
deflections for all types of laminates are presented in
Table 1 and Table 2.

Table 1: Maximum deflection (in mm) of the laminated
stiffened panels subjected to sinusoidal load for
symmetric cross ply laminates

GFRP CFRP Hybrid
FSDT 0.0435 0.0098 0.0153
ANSYS 0.0482 0.0091 0.0168
HSDT 0.0593 0.0129 0.0201

Table 2: Maximum deflection (in mm) of the laminated
stiffened panel subjected to sinusoidal load for anti-
symmetric cross ply

GFRP CFRP Hybrid
FSDT 0.0725 0.0192 0.0358
ANSYS 0.0772 0.0200 0.0390
HSDT 0.0819 0.0221 0.0431

The results presented in Table 1 and Table 2 reflect
that the first order shear deformation theory
underestimates the deflection. The comparisons of
deflection for various laminates presented in Table 1
and Table 2 show that the hybridization technique by
replacing the outermost layers with carbon laminae
can reduce the displacement around 65% in case of
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symmetric cross ply and 49% in case of
antisymmetric cross ply laminates.

The normal and shear stresses in normalized term have
been computed for various lamination schemes and are
presented in Figure 6 and Figure 7. The study using
ANSYS has been carried out considering first order
shear deformation theory. No study is reported in the
published literature on the stress behaviour of
laminated stiffened plate using the higher order shear
deformation theory.

The normal and shear stress distributions in the
symmetric cross ply stiffened laminates across the
thickness of laminated plate have been presented in
Figure 6. It is observed from the Figure 6 that the
stress behaviour can also be improved significantly
by wrapping the GFRP laminate with CFRP laminae
at top and bottom surfaces of the stiffened plate
instead of using only CFRP which is too costly. The
stress distributions of the anti-symmetric cross ply
laminates presented in Figure 7 also show the same
trend of improvement in the stress behaviour with
hybrid laminates. The effect of hybridization on the
shear stress 1y, for antisymmetric cross ply stiffened
laminate is less significant. It is also found that
hybridization makes more significant change in the
normal stresses at the outer layers than the middle
layers of the laminates whereas the change in shear
stresses is more prominant at the middle part of
the laminate.

7. CONCLUSIONS

The hollow stiffened hybrid laminated panels for
the marine structures have been studied under the
sinusoidal loading. The parametric studies on the
stiffened laminated plates show that wrapping of
glass-epoxy laminates with carbon-epoxy lamina
improves the behaviour of the stiffened panel under
sinusoidal loading condition significantly. The cost
reduction of the high performance marine structure
can be achieved by using the efficient hybridization
technique developed in the present study instead of
using fully carbon fibres in a laminate. The present
study shows that use of carbon fabric may reduce
77% displacement with reference to glass fabric.
Whereas CFRP-GFRP hybrid laminate developed in
the present formulation can reduce the deflection by
65% in case of symmetric cross ply and 49% in
case of antisymmetric cross ply laminates. The cost
of hybrid laminate is only about 1.75 times more
than that of the glass fabric. Whereas carbon fibre
is much more costlier than glass fibres. Henceforth,
the hybridization technique used for the stiffened
panels is considerably cost effective and beneficial
from the point of view of strengthening effect.

A-109



Trans RINA, Vol 158, Part A2, Intl J Maritime Eng, Apr-Jun 2016

aut

aue

e

HSDT Thai et al.(2012)

1
04— -1 ——T-—1- -7
0-3***f**“r**ﬂ**ﬂ
02***#**“rffﬂ**ﬂ***\**
o1———+——4‘r——4——4———\

|

0.5

U/z SSeUsOI} PaSIfeULiON

_ ©
sy e
N
S
9
L EHY
53||°
o F
56|
aallo
II
0 i
i i Ho
[
|
|
i
| | | <
[ |
| ,ca,f@,
[ ] <
r- ST 1-% 79
[ |
[ ,ﬁ.
[ O
F- \+\+\+\¢\»ﬂ
[ |
[ |
[ |
| ! ! 1 <
] -8 o ¥ 0e
s ¢ ¢ ¢ 9 9

U/Z SSeUBOIU) PaSIfeLION

Y

stress in y-direction (sy)

Stress, o, (a/2,b/2)

Stress, oy (a/2,b/2)

(b) Normal

(a) Normal stress in x-direction (s,)

0.5

©
[ a|l®
| | =3
G
[ [ T
o -
_ ¢ Flla
\\\\\ Du_m1
! ! [
[ a6
R
I ITI|-
| | ile
[ | ¥ 5
o I Hlg o
““““““ o
| T [ P
[NH | | | S
i [ | o
_ Jo @
TOT T =]
Lo L ®
T T-98
o %
[ N
-t -+ g
[ R B
[ R B
Fodt -+ -4 -%o
[ T T Y B B
[ T T Y B B
| | | I | I | I I 8
¥ @ 94 = o - o o ¥ g
s o s o ¢ % © 3 o

Stress, Tz (0,b/2)

SDT Thai et al.(2012)

0.5

U/z SS8UXdIY} PasIfeulioN

(d) Transverse shear stress (ty,)

Figure 5: The distribution of stresses through the thickness of plate under sinusoidal load

(c) Transverse shear stress (Ty,)

GFRP

=== CFRP ||

0.5

-0.5

0.5

Y/Z SSaUXDIY} PaSIeuloN

y

(b) Normal stress in y-

Stress, o,

Stress, o,

direction (sy)

-direction (s,)

stress in x

(a) Normal

0.5

0.45

0.4

025 0.3
Stress, Tz

.2

0.15

0.1

0.05

03 — —

-0.5

2 -0.015 -0.01 -0.005

-0.0:

U/z SS8uNdIy} PasIfeuLIoN

-0.5
-0.025

Stress, 7,

(d) Transverse shear stress (ty,)

Figure 6: The stress distribution through the thickness of plate for symmetric cross ply stiffened laminate

(c) Transverse shear stress (Ty,)

©2016: The Royal Institution of Naval Architects

A-110



Trans RINA, Vol 158, Part A2, Intl J Maritime Eng, Apr-Jun 2016

0.5

04F — — — —

I, B A

03 -—-—--l-—---d LS

02k ————————q-—-—7-—-——-t S —— -1

01 — - — -

=
o1 -—-—---—-—-_-dl____r__gFU___1____]
.

Normalised thickness z/h
o

02 - — - —

- __l_ e ___]

03k — — — —

’%' | | =smss Hybrid
04— — - S - - o3 - — — —+ — — — — = — | === CFRP |4
XA | | m— GFRP
0.5 R L ! I T
2 1.5 1 0.5 0 0.5 1
SII’ESS,O‘X
(a) Normal stress in x-direction (sy)
05 . ! ! ! :
I I I I ) ol
ik I T R NN N e |
04 muwem CFRP |~ | | o 3
gl L —0FRP| | | | L !
: 1 I 7:5_}"7\777""
| T | S | 4
£ 02 --- - - [ T
» | I I 5 | -
801 f-r—-—--Fr-—-Fr--at---F-—-F-F —
e 5
£ | | I Rl I o
S H i
£ o f— L _ Semmmemmad L ]
s I I I I 1 1
] | | | ! 4 L_q
2 [) PSR N . QL " M I
g 0 I I I " P
E A
Sod L NG
| " | prapns i R}
03— - - -~ -1~ e i 5
| | ] ., | \
e e i i o
| | | | ] Jre, e
05 ! ! ! ! | | -
0.035  -0.03 -0.025 002 -0015 -001 -0.005 0
Stress, 1.,

(c) Transverse shear stress (Ty,)

Normalised thickness z/h

Normalised thickness z/h

0.5

0.4

0.3

02 — ——

0.1

-0.1

-0.2

-0.3

-0.4

-0.5

T T T T
| | | | | | |
[ O I Y
| | | | | | |
| | | ! | | |
E e e R I A R R
| | o T | | |
a7 T I e
| | | | ey | | |
N R e
I I I I \Y I I
B B -
| | | | | | | K
| | ! | | | I _ 2
I I | | | | \,o“
5
| | | | | RS |
e A N B P, o
e I | |
Pre AL e R D
O | | | =s=ms Hybrid
- * — —+ - —F — —I— — - — - =~= CFRP
! ! ! ! — GFRP
1 1 1 T T

|
1 1
005 01 015 02 025 03 035 04 045 05

Stress, Tz

(d) Transverse shear stress (ty,)

Figure 7: The stress distribution through the thickness of plate for anti-symmetric cross ply stiffened laminate
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