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Fiber reinforced composites are increasingly being
introduced into a variety of structures in aeronautical,
mechanical and marine engineering applications where
high ratios of stiffness and strength to weight are of
paramount importance. Filament-wound, fiber-rein-
forced polymer-matrix composite laminate tubes have
been used for a wide range of new engineering applica-
tions, owing to their high specific stiffness, strength and
superior corrosion resistance. A systematic study, based
on analysis and experiments, has been conducted to in-
vestigate the mechanisms and failure mechanics of fila-
ment-wound composite laminate tubes under internal
pressure [1]. Filament wound composite tubes made of
GRP have many potential advantages over pipes made
of conventional materials, such as their resistance to
corrosion, high strength, light weight and good thermal
insulation properties. Continuous filaments are an eco-
nomical and excellent form of fiber reinforcement and
can be oriented to match the direction of stress loaded in
astructure.

Rousseau et al. [2] performed parametric studies
about the influence of winding patterns on the damage
behavior of filament wound structures. Beakou et al. [3]
used the classical laminated theory in order to anayze
the influence of variable scattering on the optimum win-
ding angle of cylindrical composites. Kabir [4] perfor-
med afinite element analysis of composite pressure ves-
sels having a load sharing metallic liner with a 3-D la-
minated shell element of the commercial FEM code,
NISA-II. There has been a growing interest in the appli-
cation of filament wound fiber-reinforced cylindrical
composite structures in the manufacturing of filament-
-wound composite tubes,. Composites offer many ad-
vantages over metals due to their considerably higher
strength-to-weight ratio. Advantages of composite mate-
rials and their applications can be found in references
[5-8].
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STRENGTH ANALYSIS OF FILAMENT-WOUND
COMPOSITE TUBES*

The subject of this work is focused on strength analysis of filament-wound composite
tubes made of E glass/polyester under internal pressure. The primary attention of this
investigation is to develop a reliable computation procedure for stress, displacement
and initial failure analysis of layered composite tubes. For that purpose we have com-
bined the finite element method (FEM) with corresponding initial failure criterions. In
addition, finite element analyses using commercial code, MSC/NASTRAN, were per-
formed to predict the behavior of filament wound structures. Computation results are
compared with experiments. Good agreement between computation and experimental
results are obtained.

Owing to their anisotropic nature, fiber reinforced
composite material properties can be tailored by varying
the laminate fiber orientations. This is beneficia as the
stiffness or strength of a structure can be maximized.
Alternatively, the weight or cost can be minimized.
Thin-walled filament-wound E-glass fiber-reinforced
polyester tubes were tested under internal pressure to
determine their residual burst strength. The finite ele-
ment method, based on Mindlin plate and shell theory,
is used in this application in conjunction with initial
failure criterions in order to obtain the failure load of
layered composite tube under internal pressure.

The main objective of this work is a comparison of
calculation-acquired pressure values, which causes the
initial failure of tube models, and experimentally ob-
tained values for hydraulic burst pressure of filament-
-wound composite tubes, i.e. the verification of com-
putation procedure for initial failure analysis of com-
posite tube.

FAILURE ANALYSISAND INITIAL
FAILURE CRITERIA

To determine initia failure of layered composite
structures under internal pressure, various initial failure
criterions can be used. In this work, three initial failure
criterions are considered: a) maximum strain criterion,
b) maximum stress criterion and ¢) Tsai-Wu criterion.
Strength analysis of fiber reinforced composite struc-
tures until the initial failure is significantly more com-
plex than the calculation of structures of isotropic mate-
rials. In strength theory, for isotropic materials, the load
function is equalized with a single parameter (for ex-
ample, tensile strength of the material). In strength theo-
ries for anisotropic materials, the load function owns
more than one strength parameter. Theories of failure of
the composite structures are load functions and appro-
priate properties of material strength. The complexity of
failure analysis for composite structures originates from
the fact that material consists of thin orthotropic layers
(lamina), and each layer consists of reinforcing agent
(fibers) and impregnation agent (resin).

In most theories of failure for composite multi-
-layered materials, or laminate, squared load functions
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are used. Goldenblant and Kopnov have suggested that
the strength function F can be expressed as a tensor-
polynomial approximation [9]:

F = (Fy0y)” + (Fija0ij0)” + (Fijkimij O Orm) — 1 (1)

where F;, Fiju, Fijum are strength tensors of 2, 4 and 6"
progression, ¢, 5 and y are materials constants, and g,
Cijk» Gijurm are load tensors of 2, 4, and 6 progression.

For determination of the initial failure, different
criteria are used, and the two most significant failure
criteria for laminate are resin failure criteria and fiber
failure criteria. It is considered that the resin failure is
the most complex in laminate failure. The most com-
monly used initial failure criteria for fiber reinforced
composite materials are based on tensor-polynomial
formulation.

For the case of o = = y= 1, the tensor-polyno-
mial approximation includes the formation of a polyno-
mial as a scalar function of the load components, which
can be written in the most basic form as:

FiO'i + F”O',O] + FijkoTO]O-k +..= 1,..., i, j, k= 1,2,...,6 (2)

where g, g, oi are load tensor components, and F;, F;,
Fij« are components for tensors of strength failure of uni-
directional material, which were 2, 4, and 6™ progres-
sion.

Minimal progression of the tensor-polynomial fun-
ction, Eq. (2), depends on material anisotropy. It has
been detected that for materials which own an ortho-
tropic symmetry the tensor-polynomia function can be
reduced into the second progression. For computational
convenience each criterion was defined in truncated
tensor polynomial format, i.e. in the form:

FiO'i + F”O',O] = 1,...,i, j, k= 1,2,...,6 (3)

Normal and shear components of strength tensors
of the second progression (F;;) as well as all components
of tensors differences of strength of the first progression
(F), in most failure theories of anisotropic materials, are
defined in the following method:

Fi= X=X Ry = (XX) ™, <3 4
Fi=Yo =Y iR =Yy ™, i3 (5)

where X; is tensile strength in the direction of fibers, X;
is compression strength in the direction of fibers, Y, is
tensile strength transversal to the direction of fibers, and
Y. is compression strength transversal to the direction of
fibers. The coefficients F; and Fj; in Eq. (3) are func-
tions of the unidirectional lamina strengths and are pre-
sented below for each of initia failure criteria

Maximum strain criterion

From several criteria for the resin failure, the crite-
ria of greatest deformation was chosen and applied. By
using the appropriate relations, the general term for the
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initial failure for criteria of the greatest deformation has
the following values for components F; and Fj;:

Fi=(X =X —on(Y =Y (6)
Fo=—onEE (X =X + (Y =YD @)

Fi = (XX)™ + on(XT =X =Y +
+ UZTL(YIYC)_l

2 2oy v ©)
Fo = —0n BB (XX ™ +
BB (T = XT) (YT = YD) + (YY)
Fio = —onELEr ' (XX) ™ —
12(1+ VP EE)XT = XD =Y - (10)

on (Yo

where vy is Poisson’'s coefficient at tension and com-
pression, E, is the elastic modulus in the direction of
fibers under tension and compression, and Er isthe elas-
tic modulus transversal to the fibers under tension and
compression.

Maximum stress criterion

Fi= (X=X (11)
Fo= Y =Yt (12
Fii = (XX)™ (13
Fio = 1204 =X (Y - YD) (14)
Fo= (YY) ™ (15)

Tsai-Wu criterion

Using relation (3), the Tsai-Wu criterion for lamina
with orthotropic properties can be expressed in the
following form:

Fo,+F,0, +F,0,+F,07 + F,07 + F,,07 + (16)
Fy0: + 2F,0,0, =1

Fi=(Xt=X
Fo= Yo=Y

Fi1 = (XXe -
Fio=-1 Z(ththYc)

where o; and o, are normal stress components and
O, =Ty, 0, =T,,0, =T, are shear stress components.
The strength analysis of the model of filament-wound
tubes, which is based on of strength theory of layered
composite materials with orthotropic properties, was
conducted by using the finite element method (FEM)
[10,11] and software package MSC/NASTRAN. This
software package, beside the analysis of load conditions
for certain layers, enables determination of loading le-
vel; in this case, the internal hydraulic pressure when
the initial failure of any layer occurs. The composite
tube is modeled using finite elements of multi-layered
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shells for determination of load conditions of layered
composite materials with orthotropic properties and fai-
lure criteria based on the greatest deformation for the
initial failure, and every finite element consists of the
calculated number of layers of the appropriate tube. The
loading levels, i.e., pressure levels inside the tube mo-
dels for which the initial failure occurs inside the indi-
vidual layers are calculated from the working load, which
is obtained from FEM analysis, failure strength of the
materials and abovementioned initial failure criteria

The first information obtained from the calculation
of hydraulic pressure that causes the initia failure of
tube model is the coefficient of initial failure (Failure
Index — F.1.). This coefficient represents the relation be-
tween the failure strength of composite material and the
working loads inside the tubes as a result of action of
the internal hydraulic pressure. In case such information
is unavailable, any other estimated value is taken into
account. After determining the coefficient of initial fai-
lure, the relation between the hydraulic pressure, which
is taken into account, and the abovementioned coeffi-
cient, are calculated and by this method the calculated
pressure of the initial tube failure is obtained. It prac-
tically represents the pressure that causes the initia
failure, ie. thefirst burst of any layer inside the tube.

If for avaue of hydraulic pressure that acts within
the tube one takes the value of the hydraulic pressure
that causes the burst of the tube, and if the calculation
for coefficient of initial failure gets a value of 1.0, the
calculation corresponds perfectly with the experiment.
If the calculated value for the coefficient of initial fai-
lure is different from 1.0, then it represents the differ-
rence between the calculation and experiment.

COMPARISSONS COMPUTATION WITH
EXPERIMENTAL RESULTS

Four types of filamentwound composite tubes were
analyzed to verify the computation procedure. The geo-
metries of these tubes are given in Table 1. The com-
putation procedure is based on combining FEM for the
stress analysis of composite tubes and initial failure cri-
teria. Detailed descriptions of producing these compo-
site tubes and experimental tests are described in refe-
rences [8,14]. 400 mm-long composite tube specimens
were cut from the tube by machining, and only a layer
of pure resin was removed from the outer surface, so
that the final layer of the glass fiber remained undama-
ged. Four groups of tube samples, as well as the wind-
ing structure (from the inside toward the outside), in-
ternal diameter, outer diameter and wall thickness are
presented in Table 1. Figure 1 shows a composite tube
from group A with glued two-axis strain gauges.

Initial failure analysis: comparisons predicted with
experimental results

The composite tube is tested under interna pres-
sure up to failure. Experimental values of failure loads
are given in Table 2. In this case failure load is defined
as hydraulic burst pressure. A detailed description of ex-
perimental testsis given in reference [8].

Material properties of composite tubes are:

—tensile strength in the direction of fibers:

X; = 694.7 MPa

— compression strength in the direction of fibers:

X =409.3 MPa

— tensile strength transversal to the direction of fi-
bers: Y; =9.72 MPa

Table 1. Group markings, structure, internal diameter, outer diameter and wall thickness of the tube samples[7]

Group markings Winding structure

Internal diameter, mm

Outer diameter, mm Wall thickens, mm

A [90%(+61%]s 64.20
B [90%(+45%)], 64.20
C [90,%/(+61°),]s 64.20
D [90,%/(+45%),]; 64.20

67.60 1.70
67.60 1.70
71.10 345
71.10 345

o TN T S
w5 i A

Figure 1. Composite tube from group A with glued two-axis strain gauges.
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Table 2. Experimental values for hydraulic burst pressure of tube samples[ 8]

Hydraulic burst pressure, MPa

Group markings

Single values (X;) Arithmetic mean values and standard deviations (X+o)
All 23.08 22.34+0.90
Al2 22.50
A/l3 23.49
Al4 21.56
A/l5 21.10
Al6 22.31
B/1 19.04 18.04 + 0.91
B/2 17.83
B/3 17.25
C/i1 50.23 4913+ 154
C/2 48.04
D/1 36.01 38.53+281
D/2 41.56
D/3 38.02

— compression strength transversal to the direction
of fibers: Y. = 11.05 MPa

— shear strength: X, 1 =11.06 MPa

— elastic modulus under tensile in the direction of
fibers: E ;= 10.95 GPa

— elastic modulus under compression, in the direc-
tion of fibers: E, . =1.171 MPa

— elastic modulus under tensile, transversal to the
direction of fibers: Er; = 3.51 GPa

— elastic modulus under compression, transversal to
the direction of fibers: Er; = 767.1 MPa

— shear elastic modulus: G, 1 = 6.55 MPa

— Poisson’s coefficient under tensile in the direc-
tion of fibers: v.; = 0.296

— Poisson’s coefficient under tensile, transversal to
the direction of fibers: v =0.13

— Poisson’s coefficient under compression, in the
direction of fibers: v . =0.312

— Poisson’s coefficient under compression, trans-
versal to the direction of fibers: vy, = 0.181.

To determine stresses in layers of composite tubes
the finite element method (FEM) is used. Composite
tubes are modeled with 4-node laminated shells [13].
The finite element models of these tubes are given in
Figure 2. Modes of composite tube made from finite
elements are shown in Figure 1, and the distribution of
coefficient of initial fallure (Failure Index — F.l.) is

shown in the Figure 3. In this case maximum strain cri-
terion is used.

The anadlysis of load conditions, applying FEM,
was conducted by using certain values of hydraulic
pressure. For example, a 23.0 MPa hydraulic pressure
was used for the calculation of group A tube samples.
This pressure was chosen based on experimentally cal-
culated middle arithmetic value of the hydraulic burst
pressure of group A tube sample, which was 22.34 MPa.
The choice can be made completely randomly, but the
fact is that the experimental value of burst pressure was
already known. The calculated coefficient value of the
Failure Index (F.1.) for group A tubeswas:. F.I. = 0.876.

By combining the existing data for strength and the
coefficient of initial failure, according to the calculated
analysis, the caculated pressure of initia failure for group
A tubesis: 23.0/0.876 = 26.2 MPa. Present computation
results also reveal that the initial failure occurs in the
internal layer under an angle of 90°, at all four groups of
tubes (See Table 4).

Markings of the four groups of layered composite
tube, chosen hydraulic pressure, coefficient of initial
failure and computed internal hydraulic pressures up to
initial failureare givenin Table 3.

For A and C group composite tubes, which have
middle layers winded under an angle of 61°, computed
coefficients of initial failure (Failure Index) have values
lower than 1.0. This data shows that the stacking se-

Figure 2. Finite element model of layered composite tube.
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Figure 3. Computation Failure Index distributions using maximum strain criterion for composite tube B.

Table 3. Group markings of tubes, chosen hydraulic pressure, coefficient of initial failure and calculated hydraulic pressure of initial

failure
- Group markings
Characteristic
A B C D
Experimental values of internal failure pressures, MPa 23.0 18.0 49.0 38.0
Failure index (F.l.) using Maximal strain criterion 0.876 1.065 0.9303 1.1246
Computational values of internal initial failure pressures, MPa 26.2 17.15 52.67 33.78

guence, which has angles of winding mentioned above,
should be an amost ideal match of practically obtained
and computationally predicted burst pressures of tubes.
For the B and D group composite tubes, which have
middle layers winded under an angle of 45°, calculated
coefficients of initial failure have values higher than 1.0.

Computed hydraulic pressure of initial failure of
tube model of the group A was 26.2 MPa (Table 3),
while the experimentally determined hydraulic burst
pressure of the same group is and its value is 22.3 MPa
(Table 2 and the difference between them is about
15%). The results are similar regarding the tubes from
group C, i.e, a calculated hydraulic pressure of initia
failure for the tube model is 52.67 MPa (Table 3), and
the experimental hydraulic burst pressure of the tube
samples from the same group is 49.1 MPa (Table 2) and
the difference between them is about 7 %. Based on this
information, it can be concluded that there is a satis-
factory agreement of the calculated estimation of tube
model and experimentally determined values of hydra-
ulic burst pressure of these tube samples.

Calculated hydraulic pressure of initial failure for
tube model that belongs to the group B is 17.15 MPa

(Table 3), while the experimentally determined hydrau-
lic burst pressure is 18.0 MPa (Table 2), and the differ-
rence between them is about 5%. The results are similar
with the tubes from group D, because its calculated hy-
draulic pressure of initial failure for the model tubes is
33.78 MPa (Table 3), and the experimentally determi-
ned hydraulic burst pressure is 38.5 MPa (Table 2), the
difference between them is about 12%. However, it is
estimated that this deviation can be tolerated because
the calculation, in this case, determines the level of load
that produces the initial failure of one of the layers,
while experiments determine the effective burst, there-
fore the matching of calculated and experimentally de-
termined values for hydraulic burst pressure is accep-
table even with these tubes.

Deflections of tube: comparisons predicted with
experimental results

Computationa radia displacements are compared
here with experimental layered composite tubes under
internal pressure. Specimens were exposed to closed-end
internal pressure tests using the instrument design shown
in Figure 4.
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Comparisons of computation values of displace-
ments using 4-node layered shell finite elements with
experimental results are givenin Table 4.

Good agreement between computational radia dis-
placements with experimental results is obtained, Table
4. The difference between computational and experi-
mental results is within 10%.

the laminates that correspond to experimental results.
Good agreement between computational and experi-
mental results is obtained, meaning that the computation
procedure based on combining 4-node layered shell fi-
nite elements and initia failure criteria can be used in
practical initial failure analysis of composite tubes un-
der internal pressure.

Figure 4. Details of test apparatus.

Table 4. Comparisons computation radial displacements with experiments

Stacking Sequence

Experimental radial displacements, mm

Computed radial displacements, mm

[90%(+61%]s
[90%(+459)]s

1.783
2.78

CONCLUSIONS

This paper presents a computation procedure for
initial failure analysis of layered composite tubes under
internal pressure. The computation procedure is based
on combining the finite element method for stress ana-
lysis and initial failure criteria. The finite element ana-
lysis used in this work is based on refined higher order
shear deformation theory of the laminated plates [13].
This theory allows parabolic description of the trans-
verse shear stresses, and therefore the shear correction
factors of the usual shear deformation theory are not
required in the present theory. Computational results are
compared with experimental results [8,14]. Failure cri-
teria used with finite element analysis qualitatively pre-
dict the load level and the location of local failures in
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1ZVOD

ANALIZA CVRSTOCE KOMPOZITNE CEVI IZRADENE TEHNOLOGIJOM MOKROG NAMOTAVANJA

IvanaV. Vasovi¢
Ingtitut GoSa, Beograd
(Naucni rad)

Predmet rada je andliza ¢vrstoce kompozitne cevi izradene tehnolo-
gijom mokrog namotavanja od materijala poliesterska smola/stakleno via-
kno opterecene unutradnjim nadpritiskom. Primarna paznja ovog istrazi-
vanja je da se uspostavi pouzdana proracunska procedura za analize na-
ponskog stanja i koeficijenata inicijalnog loma cevi od viSeslojnih kom-
pozitnih materijala. Za tu svrhu koris¢en je metod konacnih elemenata
(MKE) u sprezi sa odgovaragju¢im kriterijumima loma. Za analizu napon-
skih stanja u viSeslojnoj kompozitnoj cevi sa ortotropnim karakteristikama
pojedinih slojeva pod dejstvom unutrasnjeg pritiska koriséen je softverski
paket MSC/NASTRAN. U okviru analize naponskih stanja primenom
MKE koriS¢eni su viSeslojni 4-¢vorni konacni elementi ljuski. Koristeni
kona¢ni elementi u ovoj andizi su razvijeni na bazi teorije smicanja, u
¢ijoj su formulaciji ukljuceni efekati transverzalnog smicanja kakvi su
adekvatni za modeliranje viseslojnih kompozitnih ljuski. Radi verifikacije
proratunske procedure za analizu naponskih stanja primenom MKE izvr-
Sena su poredenja sa eksperimentom. U okviru eksperimenta izvrsena su
merenja naponskog stanja koriste¢i merne trake. Merne trake su postav-
ljene na spoljnjoj povraini kompozitne cevi. Dobijeno je dobro slaganje re-
zultata proracuna cvrstoce sa eksperimentom. Dobro slaganje rezultata
proracuna ¢vrstoce, zasnovanih na koris¢enju MKE u sprezi sa odgovara
juéim kriterijumima loma, potvrduje valjanost razmatrane proracunske
procedure, tako da se ista moze Kkoristiti u praktiénim analizama ¢vrstoce
cevi od viSeslojnih kompozitnih materijala

Kljuéne reci: Kompozitne structure e
Kompozitne cevi e Inicijalni kriterijumi
loma e Metod konagnih elemenata

Key words: Composite structures o Fila-
ment-wound composite tubes e Initial fai-
lure criteria e Finite element method
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