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1. Introduction

The use of composite materials is an extremely
interesting alternative to metallic materials in the construc-
tion of tanks. Indeed, these materials are characterized by
their lightness, rigidity, good fatigue strength, and corro-
sion resistance when their components are not metallic [1-
3]. Very fast increases in demands for composite materials
in various civil and military industrial applications con-
sider the advantages especially in the design of tanks. Thin
or thick walled tanks are widely used in several branches
of engineering, such as: the storage of compressed hydro-
gen, liquefied, and compressed natural gas [4, 5]. The
multi-layer tanks are ideal for the structure under static and
dynamic loading. The rolling up filament is an effective
method for the manufacture of multilayer composite tanks.
The obtained structures find broad applications when they
are subjected to internal/external pressure, flexure, torsion,
and axial loading [6]. This technique is also adopted for
the tanks with high pressure for the storage of oxygen and
fuel, etc.

Beneficial composite tank can be achieved by
adapted design, good rigidity of the tank and pre-stresses
optimisation. A multilayer tank, under high pressure must
resist to the maximum service pressure, as well as to the
fatigue loading cycles, which result from the cycle charges
discharge. Rupture of the first layer is considered as total
rupture of the tank in the design of unidirectional layer
tanks, moreover then the permeability problem acquires

[6-7]. However, when the tank is designed with different
layer orientations, rupture of the first layer is not necessar-
ily the total rupture of the tank [7]. In order to remediate
gases leakage problem, the filaments are coated on a metal
liner. This new model of storage is regarded as a hybrid
structure, where the liner provides the sealing and the cor-
rosion resistance while rolling up is charged to resist to the
high internal pressures as well as resist to the tension load-
ing. Hybrid approach ensures perfect participation between
the liner and the composite hull. Weight saving that can be
achieved with load-bearing metal liner reinforced with
composite over wrap, compared to all metal vessels, is
about 50% [7].

The study of the stress and strain reveals a signifi-
cant key in the design and the choice of the tanks. Several
researches have challenged to optimise the stacking se-
quence of the composite structure. The analytical proce-
dure has been used to determine the stress and the strain of
a cylindrical structure under various loading conditions

[6]. It challenges the determination of adequate stacking
sequence in order to improve the resistance of the Glass
Fibber Reinforced Polymer (GFRP) cylindrical composite
tanks [8]. Numerical model of the structure using
"Blocks" and SAP90 software has been used to determine
the stress and strain fields. Stress and strain of a laminate
composite tube has been determined using the classical
laminates theory and varying the fibre orientation angle
between 15° and 85° [9]. This shows that the angle of 55°
is optimum for a tube in filament rolling-up with a stress
ratio of circumferential/axial of 2:1, and in the case of a
tube under the pressure, without axial loading, the opti-
mum angle is of 75°. It can be concluded that the ratio of
circumferential/axial stress varies according to the type of
stacking sequence for the cylindrical containers with dif-
ferent orientation angles of the composite layers [10, 11].

The aim of this work consists of the analysis of
stress and strain of a multi-layer composite tube coated by
a metal liner. The objective is to determine the adequate
stacking sequence in order to improve the resistance of the
cylindrical composite tanks under external and internal
pressures. This study is undertaken on two types of stack-
ing sequences: the multilayer anti-symmetric (+¢,,) and
the quasi-isotropic laminate (+¢,/90,,).

2. Analysis procedure
2.1. Stress and strain analysis

The stress and strain analysis of a cylindrical
composite tube of internal and external radius 7, r, respec-
tively subjected to an axisymmetric internal pressure load-
ing po is processed. Cylindrical coordinates are useful in
analyzing surfaces that are symmetrical about an axis with
the z axis chosen as the axis of symmetry. The cylindrical
composite tube has been placed in the cylindrical
coordinate system for the analysis and modelling of the
behaviour, where the cylinder coordinates are defined: r
radial, @ circumferential, and z axial coordinates of the
cylinder (Fig. 1). Stresses and strains are independent of 8
due to the axisymetric loading. In addition, radial and axial
displacements depend only on z and r respectively. Thus,
the field of displacement is [10, 11]

U,=U.(r)
U,=U,(r,z) (D)
UZ =UZ(Z)
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where U,, Uy, and U, are radial, circumferential, and axial As for the equilibrium equations in cylindrical
displacements respectively. coordinates, they take the following form [12]
(k) *) * k) _
oo, +l o, N or,, L9 % _yg (42)
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or r 06 0z r
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(k)

axial stress vectors of the kth layer respectively; 7_,",
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. 19,( ) are shear stress in the plane z-0, z-r, and 6-r
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Fig. 1 Stress state of in a multi-layer tube

of the k th layer respectively.
The axisymmetric loading of the multi-layer tube

The stress/strain relations of the & th layer of ani- ) . ’
allows to reduce equations (4) according to the following

sotropic materials can be given by

do;, do;, .
k) - (k) (k) context: 2 =0,—~ =0 [12]. In this case the second
o, ¢, C, C, 0 0 Cg . 00 0z
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where o, oy , and o; are axial, circumferential, and radial dr o
stress vectors respectively; %, 7., and 7, are shear strain . .
vectors in the plans z-6, z-r, 6-r respectively; k is the num- dr Z,( ) L F Z,( ) —0 (5¢)
ber of the respective layer; C},-Cy are rigidity coefficients dr r
of the respective layer, &, & , and &, are axial, circumferen-
tial, and radial strain vectors respectively; yg, 7. , and y. Strain/displacement relations can be also reduced
are the shear strain vector in the plan 6-r, z-r , and z-@ re-  as
spectively.
The strain/displacement relations for the £ th layer (k) (%) ()
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Zg(k) = 70—:9 + 8—92 (3b)  where y, has physical interpretation - twist of the pipe per
unit length.
w oUu® eu® These relations are based on the hypothesis that
Ve :6—;+6—; (3¢)  axial strains of all layers are equal to a constant &, i.e.
g, =&, and that rotation of the cylinder y,, is independ-
w_l1au®  afu,” gy SN of z [10].
Yor Py tr ol (3d) The two equations (5b) and (5c) can be solved
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where 4% and B") are integration constants of equations

r, 6-r respectively; U “, U,", UV are radial, circum-
(5b) and (5c¢).

ferential, and axial displacements of the k th layer respec-
tively.



2.2. Behaviour of the metal liner

Isotropic character of the thick metal (aluminium)
liner behaviour, permits to write the elastic tensor of rigid-
ity in the cylindrical reference coordinates of the tank in
the following form [12, 13]

¢, ¢, ¢, 0 0 0
¢, ¢, ¢, 0 0 O
‘s e o 0| 0 ®
66
0 0 0 0 C, ©0
[0 0 0 0 0 C4)

where C, is rigidity matrix of the metal liner; C,, - C, are
rigidity coefficients of the metal liner.

2.3. Behaviour of the multi-layer composite

The laminate is anisotropic and the characterisa-
tion of its behaviour in cylindrical coordinate system re-
quires to take into account orientation of the fibres (see
Fig. 2). Engineer constants of this type of material are: E,
longitudinal modulus of elasticity; £, and E. are transverse
modulus of elasticity according to y and v axis respec-
tively; G,,, G,,, and G,, shear modulus according to x, y,
and v axis respectively; v,, and v,, are Poisson's ratios in
the planes v-x and y-x respectively; y,, is shear strain in the
plane x-y [14].
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Fig. 2 Coordinate relation between cylindrical reference
and the reference mark of the fibre

The distribution of fibres for unidirectional com-
posite is similar in the directions y and z. Thus, the proper-

cos” @ sin’ @ 0

sin® @ cos’p 0
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0 0 0
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ties are equivalent in the plane y-v

E =E, (9a)

w = Oy (9b)

va = Vyx (90)
E

- (9d)

va =T <
" 2(14v,)

where x and y are the principal axes of the longitudinal and
transverse fibres respectively.

The filament winding mode permits a transverse
isotropy on the reinforcement layers. The components of
the matrix of rigidity are written as follows [14]

'c,, ¢, C, 0 0 0]
c, C, C, 0 0 0
c, C, C, 0 0 0
“=lo 0 o % o o 9
0 0 o0 0 C, O
0 0 0 0 0 Cg|

where C is rigidity matrix of the composite material; C|, -
C,, are rigidity coefficients of the composite material of

respective layers.

The relations defined below are not general and
applied in the case of rotation about z direction of the ini-
tial base. The change of base, which interested us, in this
case takes place between the initial base Q;(x, v, z) and the

base of cylindrical coordinate Q;(r, 6, z), which can be ex
pressed as

(11a)

where o', and ¢&'; are stress and strain vectors expressed
in the base of Qj(r, 0, z); o, and ¢, are stress and strain

vectors expressed in the base of Q; (x,,2); T, and T, are

matrixes of the base change of the stress and the strain
respectively [14]. Since vectorial form of the stresses and
strains, the matrices of basic changes are expressed, where
¢, 1s the winding angle about z .

T  and T, are expressed respectively as follows
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0 0 0 (11b)
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Rigidity matrix of the composite is written in the
following form [14]

¢, €, ¢; 0 0 G
C, Cp, Cy5 O 0 Cy
C = c, C, C; 0 0 Gy (12)
0 0 o ¢, Cs5 O
0 0 0 ¢ Cys O
1Cie Cx Cy 0 0 Cg |

2.4. Problem position
Substituting equation (2) in to equation (5a) and

using equation (6), the following differential equation is
obtained

dZUEk) l dUr(k) ~ C22(k)/C33(k)

U,(k) —
dr? rodr 7’ !
Clz(k) _Cn(k) &y Czs(k) _2C36(k)
B 0 * w7 (13)
G r G

For an anisotropic material

C22(k)/C33(k) >O’ C22(k)/C33(k) #1

That is to say ,B(k) = \lsz(k) / C33(k) ; solution of the equa-

tion (13) takes the form:
if p% =1, then
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r
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if g% =1

r

U® = pWpr g0ty g gy g By 02 (14b)
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here D® and J* are integration constants.
2.5. Boundary conditions

Boundary conditions on one hand are imposed by
geometry conditions of the structure, since one supposes

the continuity and volume conservation and the conditions
of loading on the other hand. It is supposed that there are
no slips in the interfaces and that there are continuity of
stresses and displacements. These boundary conditions
allow determining the integration constants.

The number of unknown factors, or integration
constant of the system, to be solved is 2(N+1) for N layers

of the tube composite/liner; where Dv - Jw, 7o, and &,
for k e[l, N].

The radii R,.m(k) and R,," are introduced for

each layer & and it is noted that

R (1)=r0 and R

int

(N)=r, (16)

ext

The condition of continuity of radial displacements results
in the relation

vie[l,N-1], UY(R, (k))=U""(R,, (k)17
The condition of continuity of radial stress results in

“ (R, (k))=0,"" (R, (k))
(18)

Vke[l, N-1]

-11, Gr
O-V(l) (RO ) = _pO
O-)'(N) (Rext (N)) = 0

The equilibrium condition of axial force due internal pres-
sure with end loading effect

N Tk
27[2 Iaz(k)(r)rdr:ﬂr02p0+F (19)
k=l
where F is the applied axial load.
Torque balance is
N Tk
22 [ vy (r)rPdr=M (20)

where M is the applied torque.

The hypothesis of this study neglects torque and axial
loads, where F'= 0 and M = 0. Thus one has 2(N+1) equa-
tions to identify the whole integration constants.

3. Algorithm of the procedure

Analytical procedure of elastic behaviour resolu-
tion of a multi-layer tube reinforced by a metal liner under



pressure is solved using MATLAB software. This analysis
of a comparative study enters both types of laminate: the
quasi-isotropic  [+¢,/90,,], and anti-symmetric [£¢,,],
where n=1. The two types of laminates are coated on a
metal liner. The first type of stacking sequences [+¢,/90,,]
is marked as: Seql, Seq2, and Seq3. The second type
[£¢,,] is marked as: Seq4, Seq5, and Seq6. Table 1 pre-
sents the stacking sequences of the different studied lami-
nates, where the order of stacking angle of each laminate is
taken from interior to external. The tube is characterised
by an internal radius of 50 mm, 0.5 mm thickness of the
liner and as well as each layer of the composite. The prop-
erties of two materials are presented in Table 2.

Table 1
Stacking sequences of the tube under pressure
Sequence types Angle of wrap
Seql Liner/[+ 30/(90),]
Seq2 Liner/[£ 45/(90),]
Seq3 Liner/[+ 60/(90),]
Seq4 Liner/[+ 30],
Seqs Liner/[+ 45],
Seqb Liner/[+ 60],
Table 2
Elastic characteristics
Properties Carbon/epoxy Liner alu-
(T300/934) minium
E.,GPa 141.6 69.5
E,, GPa 10.7 69.5
G, GPa 3.88 26.7
Vi 0.268 0.3
Vyy 0.495 -

Internal wall of the composite tube is subjected to internal
pressure of 10 MPa. All results are represented as a func-
tion of non-dimensional ratio R, which is expressed as

r—=r

R= 1)

7

a

)

where 7, is the external radius of the multi-layer tube.

4. Results and discussions
4.1. Stresses

The distribution of the stresses o,, gy, 0, and 7.9
along thickness is important in order to locate the critical
zones. The obtained results show the presence of compres-
sion stresses on the internal wall and tension stress on the
external wall of the composite tube.

4.1.1. Axial stress

The variation of axial stress g, for the two types of
stacking sequences versus non-dimensional ratio R is
shown in Fig. 3. Both types of sequences present a discon-
tinuous variation of o, along thickness and the change of
the fibres orientation from one layer to another influences
the stress behaviour. The obtained results of stress o, show
a large difference for the two types of stacking sequence.
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The first type sequence [+¢,/90,,]. The variation
of axial stress o, from the internal wall to the external one
is obtained on three stages for the laminates Seql to Seq3
(Fig. 3): these three stages are limited from the ratio R, the
first from 0 and 0.4, the second from 0.4 to 0.8, and the
third from 0.8 to 1.0. No noticeable difference is in the
first as well as in the third stage and the values of the stress
o, in these stages reaches 545 and 90 MPa respectively.
The second stage is characterized by big difference of o,
values. Indeed, the stress o, decreses to reach 420 MPa for
the laminate Seq3, however it increases to reach 930 and
710 MPa for the Seql and Seq2 respectively. Moreover,
the second stage is characterised by the maximum stress
for Seql and Seq3 by the minimum stress.

1000 Seql

800

600

Axial Stress, MPa

_______________________________________________________________

Fig. 3 Axial distribution of stress g, versus ratio R

The second type sequence [+¢,,]. For the lami-
nates Seqg4, SeqS, and Seq6 axial stress o, versus ratio R is
characterised by the stages and it is significantly lower
comparatively to the first type of laminates. In the first
stage (R from 0 to 0.4) the laminate Seq4 has the lowest o,
fallowed by Seq5 and finally Seq6 having the values 207,
295 and 414 MPa respectively. However, the phenomena
adverse in the stage 3 (R from 0.6 to 0.8) and the values of
o, for the Seq4, Seq5, and Seq6 are 440, 360 and 220 MPa
respectively. There is no noticeable difference of o, in the
stage 2 (R from 0.4 to 0.6) and stage 3 (R from 0.6 to 0.8).

4.1.2. Circumferential stress

The distribution of circumferential stress o, for the
two types of stacking sequences versus non-dimensional
ratio R is shown in Fig. 4. This distribution is in three
stages for the first type of the staking and four stages in the
second one. Moreover, the same remark of the discontinu-
ous variation in Fig. 3 is recorded for this stress. The val-
ues of the stress g, for the first type of stacking are much
lower than for the second type in the internal wall (R=0).

The first type sequence [+¢,/90,,]. The variations
of g, are characterised by an increase from the internal
wall to the external one and occur in three stages. The
laminate Seql is characterised by the largest g, followed
by Seq?2 and finally Seq3 in the first stage (R from 0 to 0.4)
as well as in the third one (R from 0.8 to 1) reaching the
maximum. However, in the second stage the phenomena
are in adverse with the laminate Seq3 which has the largest




stress values followed by Seq2 and finally Seql. In addi-
tion, the minimal stress (8 MPa) is recorded for the lami-
nate Seq3 in the first stage and the maximal one (405 Mpa)
for the Seql in the third stage.

The second type sequence [+¢,,]. The laminate
Seq4 has the maximum stress o, (240 MPa) in the internal
wall, e.g. in the first stage (R from 0 to 0.4) and decreases
in the second and the third but increase slightly in the forth
stage. However, the laminates Seq5 and Seq6 have the
minimum stresses o, (300 and 270 MPa respectively) and
increase to reach the maximum in the second stage. More-
over, the minimum stress of 60 MPa is obtained for the
laminate Seq6 in the first stage and the maximum of 300
MPa in the second stage (R from 0.40 0.6) of the same
laminate.

R TR m— | |
Seq2: = : :
Seq3 . :
400 Seqlo—o
SeqS ab=—d
,,,,,,,,,,,,,,,,,,,,,,,,,,,, .

Seq6 Maennane

(%3]
[
(=

Hoop Stress, MPa
(=]

Fig. 4 Circumferential stress distribution versus ratio R

Fig. 5 shows the linear variation of stress ratio
og/o, versus ratio R through the thickness of the compos-
ite/liner tube for the two types of stacking sequence.

The stress ratio o,/0, has constant values versus R,
and has significant values for the laminates of Seq4, Seq 5,
and Seq6 [+¢,,] types compared to these obtained for
the

0.6 ! ! ! !

Ratio of Hoop-to-Axial Stress

ol | | | |
; :

Fig. 5 Variation of the stress ratio g4/0, along the non-
dimensional R of the composite/linear tube

laminates of Seql, Seq2 and Seq3 [£¢,/90,,] types. More-
over, the laminate Seql has the lowest values of stress
ratio oy/0, (0.11) and the laminate Seq5 has the biggest one
(0.51).

4.1.3. Radial stress

The behaviour of radial stress o, through the tube
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thickness of entire composite [15] is totally different com-
pared to the results obtained for liner/composite tube.
Fig. 6 shows the distribution of radial stress o, through the
thickness of composite/liner tubes. The behaviour of radial
stress through the thickness indicates the presence of
maximal compression of -10 MPa in the internal wall and
minimal (equal to zero) in the external wall for all the stud-
ied laminates. In addition, this distribution of stresses from
the internal wall to the external one has a linear behaviour
with an increase of the slope. The curves of radial stress o,
for the laminates of the first type [£¢,/90,,] (Seql, Seq2,
and Seq3) are below than the laminates of the second type
[£¢,,] (Seq4, Seq5 and Seq6), e.g. the stress o, is more
important for the laminates of the first type than for the
second ones. Indeed the Seq4 has the lowest stress o, and
the Seql has the highest one.

Radial Stress, MPa

Fig. 6 Distribution of radial stress through the thickness
4.1.4. Shear stress

Discontinuous variation for the two types of stack-
ing sequence of the shear stress 7,y versus the ratio R is
shown in Fig. 7. The variation of 7,y from the internal wall
to the external one is obtained on the four stages limiting
from the ratio R, the first from 0 to 0.4, the second from
0.4 to 0.6, the third from 0.6 to 0.8, and the last one from
0.8 to 1.

The first type sequence [£¢,/90,,]. The stress 7.4 is
zero (nearly zero -0.4 MPa) in the first stage and it reaches
maximum in the second stage decreases minimum in the
third one and finally becomes equal to zero in the last
stage. It should be noticed that the maximum and the
minimum of the stress 7,y has the same values but one posi-
tive with indicating the presence of tension and the other
negative indicating compression case. In addition the
laminate Seql has the lowest values of the stress 7., fa-
lowed by Seq2 and finally Seq3 having the values of 265,
345 and 365 MPa respectively.

The second type [+¢,,]. The same behaviour of
the first type is recorded there. The stage one is character-
ised by positive lowest values of the stress 7,y where the
laminate Seq6 has the largest one and the laminate Seq4
has the smallest one (zero). The stress reaches the maxi-
mum in the second stage and, as well as in the first stage,
the laminate Seq6 has the largest values of the stress fol-
lowed by Seq5 and finally Seq4 having the values of 400,
315 and 240 MPa. In the third stage the stress .o decreases
and becomes negative reaching the minimum. The last
stage is the same as the second one. In addition the lami-
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nate Seq4 has the lowest values of the stress 74 in the
thickness for all the stages.

Seql 3
400 5842
Seq3:
Seqd: o
£ Seqs: ==
= 200---{3—@1’16:%:--"-*---- -------------------------------------- 1
{s " ------------------ 1‘
= CAr----z.----m 777777777777777777777777
=
=
7
400 i i L I
0 0.2 0.4 0.6 0.8 1

R
Fig. 7 Distribution of the shear stress in the thickness ac-

cording to ratio R
4.2. Strains

Axial, radial, and circumferential variations of
strains in the thickness of composite/liner tube for the two
types of staking sequence are represented respectively in
Figs. 8, 9, and 10. It is noticed that positive strains indicate
the presence of a tension state and the negative ones show
the presence of a compression case.

Axial strain in the thickness is constant and the
laminates Seql Seq2 and Seq3 of the [+¢,/90,,] type have
the greatest values. They are closer comparatively to the
laminates Seq4, SeqS, and Seq6 [£¢,,] type. The laminate
Seq4 has the lowest axial stress and Seq2 has the greatest
one (Fig. 8).

The variation of radial strain in thickness is linear
and occurs in three stages (Fig. 9) for all studied laminates.
Radial strain is constant in the first stage (R from 0 to 0.2)
and decreases sharply and becomes negative in the second
stage (R from 0.2 to 0.4) and finally increases slightly
in

x10
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ESeq3ianadann SEGIannantt
0 1 1 1 1
0 0.2

0.4 0.6 0.8 1
R

Fig. 8 Axial strain variations in thickness

the last stage (R from 0.4 to 1). It should be noticed that
the laminates of [+¢,/90,,] type have the greater values of
radial strain in tension and in compression than [+¢,,].
Linear behaviour occurs in two stages for the
variations of circumferential strain in thickness (Fig. 10).
The decrease is very weak in the first stage (R from 0 to
0.2) for the circumferential strain and it becomes more
significant in the second stage (R from 0.2 to 1). The lami-

nate Seq4 has the greatest values of the circumferential
strain and Seq3 has the lowest one. In addition Seq2 and
Seq6 are really too close.

4 x 10
' ' Seql Seqh —0
PSE(2 m e SCS A ——h
e . G EE W ) S b
£ 0
=
=
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I AU RO,
6 i i i i
0 0.2 04 0.6 0.8 1
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Fig. 9 Radial strain variations in thickness
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0 0.2 04 0.6 0.8 1

Fig. 10 Circumferential strain variations in thickness

4.3. Displacements

Fig. 11 shows the variation of radial displace-
ments for the two laminate types of stacking sequence
studies. The analysis of these results is exactly similar to
the variations of the circumferential strain through the
thickness (Fig. 10).
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Fig. 11 Radial displacement variations in thickness

5. Conclusions

The study presents an elastic analytical modelling
of a multilayer composite cylindrical tank coated on an
aluminium liner for two types of stacking: multilayer anti-
symmetric [+¢,,] and quasi-isotropic laminate [+¢,/90,,].
An analysis of the distribution of stress, displacement, and



deformations are discussed there. The variation of all the
discussed parameters are represented through the thickness
of the composite tube and according to a non-dimensional
ratio R. The analysis of the obtained results makes it possi-
ble to release that:

- the laminate Seq3 liner/[+£60/(90),] for stacking
sequence [+¢,/90,,] has the best results, in terms of
stresses and displacements comparatively to the two other
laminates Seql and Seq2. The same remark is recorded for
Seqb6 liner/[(£60),] comparatively to Seq6 and Seq5 for the
staking sequence [£¢,,];

- the stress ratio oy/o, is constant and it varies
from a sequence to another according to the angle of orien-
tation of each layer. In this investigation the stress ratio
indicates that axial stresses are much more important than
circumferential ones;

- the metal liner produces a remarkable fall of
stresses and displacements, although it accounts for 1/5 of
the total thickness of the tank;

- the assumption of heating effects responsibility
is essential. This point will be the future object of the
works. A thermo mechanical comparative study enters
quasi-isotropic liner/[(£60)/(90),] and the anti-symmetrical
liner/[(£60),] will be established.

6. References

1. Bezazi, A., El Mahi, A., Berthelot, J.-M., Bezzazi, B.
Flexural fatigue behaviour of cross-ply laminates -An
experimental approach. -Strength of Materials, 2003,
v.35, No2, p.149-161.

2. Bezazi, A., El Mahi, A., Berthelot, J.-M., Bezzazi, B.
Analyse de I’endommagement des stratifiés en flexion
3-points. Influence de la séquence d’empilement.
XV™ Congrés Frangais de Mécanique, Nancy, 2001,
p.[1-6]

3. Liang, C.C., Chen, HW. and Wang, C.H. Optimum
design of dome contour for filament-wound composite
pressure vessels based on a shape factor. -Composite
Structure, 2002, v.58, p.469-482.

4. Verijenco, V.E., Adali, S., Tabakov, Y.P. Stress dis-
tribution in continuously heterogeneous thick lami-
nated pressure vessels. -Composite Structures, 2001,
v.54, p.371-377.

5. Vasiliev, VV., Krinakov, A.A., Razin, A.F. New gen-
eration of filament-wound composite pressure vessels
for commercial applications. -Composite Structure,
2003, v.62, p.449-459.

6. Wild, P.M. Analysis of filament-wound cylindrical
shells under combined centrifugal, pressure and axial
loading. -Composites, Part A, 1997, v.28 A, p.47-55.

7. Lifshitz, J.M., Dayan, H. Filament-wound pressure
vessel with thick metal liner. -Composite Structures,
1995, v.32, p.313-323.

8. Hocine, A., Bezazi, A., Benamar, A. Analysis of the
influence of stacking sequence on the mechanical be-
haviour of composite fuel tanks.-JINC14 -2005, Com-
piegne, Published by Benzaggah M.L. and Lamon J.,
p.641-649.

9. Rosenow, M.W.K. Wind angle effects in glass fiber-
reinforced polyster filament wound pipes. -Composites,
1984, v.15, p.144-52.

10. Xia, M., Takayanagi, H., Kemmochi, K. Analysis of
multi-layered filament -wound composite pipes under
internal pressure. -Composites Structures, 2001, v.53,
p-483-491.

11. Xia, M., Takayanagi, H., Kemmochi, K. Analysis of
filament-wound reinforced sandwich pipe under com-
bined internal pressure and thermomechanical loading.
Composite Structures, 2001, v.51, p.273-283.

12.Germain, P, Muller, P. Introduction a la mécanique
des milieux continus. -Paris, Milan, Barcelone: Mas-
son, 1995.-467p.

13. Timoshenko S., Woinowsky-Krieger S. Theory of
Plates and Shells.-New York: McGraw-Hill Book
Company, Inc., 1959.-580p.

14.Berthelot, J.-M. Composite Materials. Mechanical
Behavior and Structural Analysis.-New  York:
Springer, 1999.-676p.

15.Hocine, A., Boubakar, L., Bezazi, A., Benamar, A.
Analyse d’un réservoir multicouche de stockage
d’hydrogene.-Workshop sur ’hydrogéne WIH2’2005 -
CDER, Alger 2005, p.[1-8].

A. Hocine, A. Bezazi, L. Boubakar, A. Benamar,

A. Kondratas

DAUGIASLUOKSNIS VAMZDINIS KOMPOZITAS SU
IKLOTU: ELGSENOS, VEIKIANT SLEGIUI,
MODELIAVIMAS

Reziumé

Darbe pateikta daugiasluoksnio vamzdzio (t. y.
cilindrinio bako vidurinés dalies), armuoto metaliniu jklo-
tu, jtempimy ir deformacijy, veikiant vidiniam ir iSoriniam
slégiui, analizé. Tamprios struktiiros elgsenai analizuoti
buvo taikomas analitinis modeliavimo metodas. Darbo
tikslas buvo istirti atitinkama kompozito sluoksniy suda-
rymo eilisSkuma, kad biity galima padidinti bako atsparuma
didesniems slégiams. Buvo modeliuoti du kompozito
sluoksniy sudarymo ant ikloto eilisSkumo tipai: antisimetri-
nis ir kvaziizotropinis. I§tirti cilindrinio bako vidurinés
dalies aSiniai, apskritiminiai, radialiniai ir §lyties jtempiai
bei deformacijos tomis paciomis kryptimis ir jtempiy san-
tykis bako sienelés storio atzvilgiu. Be to, buvo tirtas pa-
rametry kitimas bako sienelés storio, iSreikSto santykine
radialine koordinate, atzvilgiu. Gauti rezultatai parodé, kad
anksCiau minéti parametrai kinta priklausomai nuo kompo-
zity sluoksniy sudarymo ant ikloto eiliSkumo ir nuo
sluoksniy pluosty orientacijos.

A. Hocine, A. Bezazi, L. Boubakar, A. Benamar,

A. Kondratas

MULTILAYER TUBULAR COMPOSITE
REINFORCED BY A LINER: BEHAVIOUR UNDER
PRESSURE LOADING SIMULATION

Summary

This paper presents an analysis of stresses and



strains of a multi-layer composite tube (tubular part of the
cylindrical tank) reinforced by a metal liner under an inter-
nal and external pressure loadings. The analytical proce-
dure of simulation is used for the investigation of the elas-
tic behavior of the structure under pressure. The aim of
this study is to determine the adequate stacking sequence
in order to improve the resistance of the tank to support
higher pressures. In this simulation two types of coated on
a metal liner laminates stacking sequences are used: the
anti-symmetric stacking and the quasi-isotropic. The axial,
circumferential, and radial stresses and strains as well as
stress ratio and shear stress in relation to the thickness of
the tube walls were investigated. Moreover, the variations
of the mentioned parameters are investigated in relation to
the thickness of the composite tube expressed as non-
dimensional radial coordinate. The obtained results show
that the mentioned parameters vary depending on the
stacking sequence and according to the orientation angle of
each fibre layer.

A. Xommne, A. bezasy, JI. Boybakap, A. banamap, A. Koxiparac
MHOT'OCJIOVHBIN TPYBYATBI KOMIIO3UT
YCUJIEHHBIU BKJIAZIBIIIEM: MOJIEJIMPOBAHUE
IMOBEAEHUA I110/] HATPY3KOU TABJIEHUEM

Peszome

B pabore mpencTtaBiieH aHAW3 HANPsDKEHUH W
nedopManuii MHOTOCIOHHOTO TpyO4YaToro KOMITO3UTA
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(TpyOuaroii 4acTH HMJIMHIPUYECKOTO 0aKa), YCHICHHOTO
METAJUIMYCCKUM BKJIAJIBIIIEM ITOJT HATPY3KOH BHYTPCHHETO
Y BHEIIHETO JaBlicHus. [ aHanm3a ynpyroro moBeACHUS
CTPYKTYpPBI MOJ JABICHUEM HCIIOJIb30BaH aHATUTUYCCKHUIMA
METOJ] MOACIMPOBaHusA. 1[epi0 3TOro0 MCCICIOBaHHS 5B-
JISICTCS OTPEJICIICHUE COOTBETCTBYIOIICH IMOCIICIOBATEIb-
HOCTH HAHECCHUS CIIOCB KOMIIO3UTa, YTOOBI YBEIUYHUTH
crocoOHOCTh 0aka BBIICPKBIBATH OOJiee BHICOKHE JIaBIIe-
HUA. IIJ'IH MOACINPOBAHUA IMPUMEHCHBI Ba THUIIA HAHECC-
HUS CJIOEB HAa METAJNTMYECKHIM BKIIAJBIII: aHTHCHUMMET-
PUYHBIA W KBa3WHM3OTPONHEIA. VcciiemoBaHBl OCEBEIC,
OKpYXXHbIE WM paJuajbHble HaNpsDKeHus W aedopmairuu
TpyOUaTOl YacTH UMIMHAPUYECKOro Oaka, a TaKkKe Ha-
MPsDKEHHS CABHTa W COOTHOIICHHWE HANPSDKEHUH OTHOCH-
TEJILHO TOJNIIMHBI CTeHKH Oaka. Kpome Toro, uccieoBaHbl
M3MEHEHHS YIIOMSHYTBIX MapaMeTPOB OTHOCHTEIBLHO TOJI-
IMIMHbI CTCHKHW KOMIIO3UTA, Bpra)KeHHOﬁ KaK OTHOCHUTCIIb-
Has pajguaibHas KoopAuHaTta. [lodydeHHBIC pPe3yJIbTaThl
MOKAa3bIBAIOT, YTO YIOMSIHYThIC MAapaMeTPbl U3MEHSIOTCS B
3aBHCHMOCTH OT IIOCJICIOBATCIPHOCTH HAHECCHHs CIIOCB
Ha MCTAJUIMYCCKUU BKIJIAJBIII, a TAKXKE OT yIiila OpHUEHTa-
MY BOJIOKOH Ka)KJIOTO CJIOSI.
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