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Abstract

The aim of this paper is to demonstrate the mechanical behaviour of a fila-
ment-wound composite tube subjected to uniaxial tension by finite element
analysis. Uniaxial tensile test experiments have been carried out on standard
specimen and hose piece in order to verify finite element models and material
properties and also to assess failure mode of composite plies. Composite rein-
forcement plies are modeled as linear orthotropic, while elastomer liners are
described by hyperelastic material model. Results of finite element models and
experiments show good agreement in the initial phase of uniaxial tension,
which justifies utilized material models in the operating range. Results of fi-
nite element models show that transverse tension and shear load are domi-
nant under tension. It is determined that principal failure mode of reinforce-
ment plies is intra-ply yarn-matrix debonding caused by intensive shear of
rubber matrix.

Keywords
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1. Introduction

Composite tubes find extensive use in numerous different industrial fields; in
transportation, oil industry, aerospace and aeronautical applications [1]. The
most advantageous properties of polymeric-based tubes are high stiff-
ness-to-weight ratio and corrosion resistance. Among manufacturing processes
of composite tubes, filament winding is prominent because of high precision fi-
bre positioning, high fibre content, low void content and good automation capa-

bility [2]. The most common operational loads are: internal pressure, axial and
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biaxial tension and buckling due to bending [3]. For balancing the internal
forces, angles of O are generally adopted [4]. Optimal winding angles depend
on the expected loading cases [5]. When solely internal pressure is applied the
optimal winding angle is +75°, when loading is purely uniaxial winding angle
needs to be as low as possible—taking into account manufacturing considera-
tions, in case of combined internal pressure and axial loading—where ratio of
circumferential to axial stress is 2:1, £55° is adopted [6], [7]. The lattermost is
the most commonly encountered [8]. Rubber matrix gives the composite ma-
terial favourable deformability, high flexibility and toughness.

One efficient method of obtaining material properties of a composite part is
conducting uniaxial tensile test on a standard test specimen cut from a hose (in
accordance with standard ASTM D638) or on a hose piece itself. Material prop-
erties in the operating range are to be determined from the initial section of the
force-displacement curve characterized by constant slope. The following nonli-
near section holds significance for investigating the failure procedure. [9].

Bai et al. [10] manifested that in the initial phase of the uniaxial tension of a
tensile specimen, microcracks appeared in the zone free of fibres, classified as
mode I microcracks perpendicular to the loading direction. Microcracks are
principally originated from porosity which can be either intra-ply or inter-ply in
nature (intra-ply porosity is located inside the plies, inter-ply porosity is located
in the interface layer between plies). Then, increasing tension brought about
transverse cracking, which resulted in the debonding of fibre and matrix within
plies.

Mechanical characterization of composite tubes is most frequently carried out
by finite element models. [11]

The most widely used means of determining material properties of composite
parts is usage of formulae of rules of mixture, which give estimation on elastic
constants based on material properties of the reinforcing yarn and the matrix. In
finite element models, plies are represented as laminates whose material proper-
ties are usually calculated with the use of the rules of mixtures. [12]

In this paper, material properties of a composite tube are elaborated with the
above-mentioned approach (Chapter 2) followed by the tensile test experiment
(Chapter 3) and the finite element simulation (Chapter 4) of the standard test
specimen cut from the tube. Furthermore, tensile test experiment (Chapter 5)
and finite element simulation (Chapter 6) of a hose piece are presented. After-
wards, comparison of results and conclusions end this article.

These analyses serve as a basis for verification of composite material proper-
ties and isotropic material properties as well, moreover, failure procedure of
standard test specimen has been investigated. Stress states and strain states of fi-
nite element models corroborate assumed failure mode of composite plies. Ex-
perimental data and simulation results of standard test specimen and hose piece
have been compared to one another, by which differences in mechanical beha-

viour of standard test specimen and hose piece have been demonstrated.
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2. Material Properties of Reinforcement Plies

Determination of material properties of reinforcement plies has been accom-
plished by the method illustrated in Figure 1. Firstly, photographs have been
taken at the cross-section of the hose, in which yarns are respresented by their
angular sections (end section). By using KLONK image measurement software
[13], average area of yarns has been calculated in their end sections. Average
area of yarns in the end section has been utilized for the determination of fibre
volume fraction. Then, average cross-sectional area of yarns has been calculated
with the help of the orientation angle and average area of yarns in the end sec-
tion. Afterwards, modulus of elasticity of fibre has been evaluated based on the
load-strain curves of a reinforcement yarn and the average cross-sectional area
of a reinforcement yarn. Two parameter Mooney-Rivlin material model has
been fitted to stress-strain curves of rubber liners, therefore modulus of elasticity
of matrix, being made of rubber, has been calculated. Finally, composite elastic
constants have been derived based on modulus of elasticity of fibre, modulus of
elasticity of matrix and fibre volume fraction.

Material properties of reinforcement plies can be determined in view of their
geometric parameters and the tensile properties of the fibre and the matrix. As
regards the geometric parameters, average area of yarns and fibre volume frac-

tion are fundamental.

Photograph of Load-strain curves of a Stress-strain
cross-section reinforcement yarn curves of
of the hose rubber liners
y V}
Measurement of area Obtainment of
of yarns in the end Mooney-Rivlin
section (A.) parameters of
/ N rubber liners
. . (CIO; CO]) D)
Calculation of Calculation of
fibre volume average
fraction (Vy) cross-sectional
area of a
reinforcement
yarn (Ac)
Calculation of Calculation of
modulus of modulus of
elasticity of elasticity of
the fibre (Eg) matrix (E,)

Deriving composite elastic constants (E;, Ey, E3, V12, Vi3, Va3, G12, G13, G23)

Figure 1. Flow diagram of determination of material properties of reinforcement plies.
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Computation of area has been carried out by KLONK image measurement
software [13].

In Figure 2, captured perpendicular to the axis of the hose (end section of
yarns), yarns are surrounded by measurement splines. Average area of the yarns
determined with the help of the software is 0.61 mm®. Outlines of the yarns
might be regarded as ellipses with good approximation.

In Figure 2, yarns are represented by their angular cut surfaces because the
included angle of the yarns and the axis of the hose is w = 55°. This angular cut
is not representative when estimating elastic constants; therefore the cross-sec-
tional area needs to be evaluated in this case (Figure 3). In the angular section of
the yarn, the included angle of the ellipse and the normal to the cross-sectional

plane is w, hence

outer rubber liner inner rubber liner
\ ; 7

7

u/uw{ulwu.n‘n
14

| AL
13 / 15

16 \\ AT

Figure 2. Cross-section of the hose with measured yarns, a segment enlarged and
the calibration length (1 mm between 14 cm and 14.1 cm of the ruler).

|
: |
|

Figure 3. Angular section (end section) of a yarn at the cross-section of the hose.
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r=a-sinw whiler=>h (1

where rstands for the radius of the circular cross-section

ais the semi-major axis of the elliptical end section

bis the semi-minor axis of the elliptical end section

wis the orientation angle

Therefore, area of the yarn in its cross-section equals:

A=A sino 2)
where A, stands for the area of cross-section of yarn-perpendicular to its axis A4,
stands for the area of the angular end section of yarn-taken at the cross section
of the hose.

Figure 4 shows orientation of the reinforcement plies related to the axis of the
hose. The orientation angle is congruent with the included angle of the angular
section of the yarn (end section) and the normal to the cross-sectional plane of
the yarn.

2.1. Fibre Volume Fraction

Volume fraction has been calculated as the proportion of the end sectional area
of yarns on the cross-section of the hose (A4,.) and the cross-sectional area of the
hose (A4,). The aggregate average end sectional area of yarns is (regarding 269
yarns):

A, =163.15mm’

Cross-sectional area of the hose has been calculated based on the outer (39.2
mm) and inner diameters (32.8 mm). Area of cross-section of the hose is
A,. =361.91mm?. Therefore fibre volume fraction equals:

v A
A,

C

=45% (3)

2.2. Material Properties of Yarn
For obtaining material properties of the yarn, tensile test curves, provided by the

manufacturer, are crucial (Figure 5). In this figure, two force-strain points were

x1(1) /

»
x, 2\ %,(2) (

@D
@d
|
|
|
|

Figure 4. Winding angles (orientation angles) of the composite tube.
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Figure 5. Load-strain curves of a single reinforcement yarn (provided by the manufac-
turer).

selected (estimated approximate inflexion points, A and B), between which a line
can be fitted for gaining characteristic stresses and therefore modulus of elastici-
ty of yarn.

In actual practice of tensile testing, stress-strain curves can be used as a basis
for acquiring modulus of elasticity of the fibre. By fitting a line to the load-strain
curves and calculating stress values at these points, modulus of elasticity can be
obtained by a simplified approach. With the help of the cross-sectional area of yarn
(A =0.496 mm?) and force and strain values of point A and B (F, =78.57 N,
Fs =2214N and ¢,=0.0654, &, =0.163), the calculated stress values are:
o, =158.1MPa, o, =446 MPa ; the modulus of elasticity of the fibre is:

E, =289 _ 2961 MPa (4)
&g ~&p
og =446 MPa is considered as the tensile strength of the yarn and &; =0.16

as the elongation at break.

2.3. Material Properties of Rubber Liners

Material properties of rubber liners have been determined based on the curve
fitted [14] to the uniaxial stress-strain curves provided by the manufacturer. The
mechanical model of the rubber liners is 2 parameter Mooney-Rivlin hyperelas-
tic model (Figure 6).

Mooney-Rivlin-parameters of rubber liners are:

C,, =-0.4982 MPa, C, =1523 MPa

D = 0 [1/MPa], so rubber liners are assumed to be incompressible in the FE
model.
Equivalent shear modulus, Poisson’s ratio and modulus of elasticity of rubber

liners are:

G, =2-(Cy +C,, ) =2.05 MPa (5)
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Figure 6. Two parameter Mooney-Rivlin model fitted to uniaxial test data provided by
manufacturer.

v, =05
E =2-(1+v,)-G, =6.15MPa (6)

r

2.4. Deriving Composite Elastic Constants

In the most general case, stress and strain states of composites can be described
by an anisotropic material model. However, this requires 21 independent elastic
constants the measurement of which is often too hard to achieve. Therefore, in
most cases, the highest order of symmetry possible is taken into consideration.
Firstly, composite parts are generally considered to be described as orthotropic
having three mutually perpendicular planes of symmetry; filament-wound
composite hoses, with their fibres aligned uniaxially, are usually regarded as
transversely isotropic because the plane perpendicular to the fibre direction is a
plane of isotropy (E, =E;, G, =G;, v, =0;;). Transversely isotropic mate-
rials have five independent elastic constants (£, £, G,,, G5, v;,) [15].

Modulus of elasticity of the matrix is E, = E, =6.15MPa, its Poisson’s ratio
is supposed to be v, =v, =0.5. Poisson’s ratio of the fibre is assumed to be
v; =0.2. Fibre volume fractionis V; =45%.

Matrix volume fraction and shear modulus of fibre are respectively as follows:

V,=1-V, =1-0.45=0.55 (7)

Ef
G, =— ' _=1234MPa (8)
b2 (1)

Modulus of elasticity of one ply in direction 1 is:
E,=E, -V, +E, -V, =1338 MPa 9)

Applying the formulae presented in [15] and [16], the modulus of elasticity in

directions 2 and 3 and shear moduli are:
_ Em
1- WV, -(1-E, /E/)

G,
R

Since G;;, =Gy, apparently G, =G,,.

E, =E, =19 MPa (10)

-6 MPa (11)
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Poisson’s ratios of one ply are [12]:

U, =0 =V, -0 +V, v, =037 (12)

Contraction in plane 23 is principally governed by the mechanical behaviour

of rubber, so

Uy = ;22 -1=0.498 (13)

23

3. Tensile Experiment on Standard Test Specimen
Cut from the Hose

Test specimen used for uniaxial tension test has been cut from the hose in
thickness direction in accordance with standard ASTM D638. The specimen,
having a length of 75 mm, has been tested to complete failure. The experiment
began with a pre-load of 1 N with a pre-load speed of 2 mm/min. The test was
executed on a Zwick Z250 tensile testing machine with a tensile speed of 2
mm/min. The measuring limit of the load cell was 10 kN.

Firstly, fractures appeared in reinforcement plies, which led to yarn-matrix
debonding. This may be attributed to yarns aligning themselves to the direction
of load generating shear inside plies (Figure 7). As the tension progressed, gaps

appeared between the two rubber liners.

Figure 7. Tensile test specimen at a displacement of 19 mm.
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4. Finite Element Analysis of the Uniaxial Tension
Test on Test Specimen

Finite element analysis of tensile test on standard test specimen consists of two
separate sections, the first being the representation of fastening the specimen,
while the second part simulates uniaxial tension.

4.1. Geometric Model

Inner diameter of the specimen is 28 mm, outer diameter is 44 mm, and thick-
ness of the rubber liners equals 2.4 mm. There are 4 reinforcement plies consist-
ing of natural yarns and rubber matrix. The material coordinate systems of the
plies are cylindrical, the layup is [+55/-55/+55/-55] [°] with respect to the axis
of the hose based on technical specification provided by the manufacturer
(Figure 8).

Geometry of the specimen can be observed in Figure 9 along with the dimen-

sions and the fibre orientation of ply 1 (its orientation angle is w = +55°).

AT
ETRRRAXAREIEETIR
o RN

outer rubber liner
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Figure 8. Cross-section of the hose.
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Figure 9. Dimensions of the test specimen, along with the fibre orientation of plyl
(+55°).
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4.2. Connections

There are bonded contacts between the reinforcement plies and the outer rubber
liner and the reinforcement plies and the inner rubber liner respectively because
rubber, being the material of the matrix and also material of inner and outer lin-
ers, is vulcanized around yarns. The contacts defined between the rubber liners
and the tensile jaws are frictional with a coefficient of friction u = 0.8 based on

[17], and formulation “Augmented Lagrange”.

4.3. Mesh

Finite element mesh (Figure 10) consists of approximately 14,800 nodes and
13,100 elements.

4.4. Loads, Boundary Conditions

The simulation consists of three time steps. In the first and the second one, test
specimen is installed between the tensile jaws, in the third time step, tension is
applied to the specimen.

In the first time step, the upper tensile jaw at the right end descends -2 mm in
Y direction, while the lower tensile jaw opposite of the former stands still
(Figure 11).

In the second time step, left end of the specimen is being fixed. The upper

tensile jaw sinks —2 mm in Y direction, while the lower tensile jaw is fixed.

0.000 15.000 30.000 (mi Z
7.500 22.500

Figure 10. Finite element mesh.

tensile jaws

Figure 11. Disposition of the finite element model.

DOI: 10.4236/mme.2017.74007

100 Modern Mechanical Engineering


https://doi.org/10.4236/mme.2017.74007

G. Szabod et al.

-0.0024271 Min

Meanwhile, the upper right tensile jaw holds its position —2 mm from its initial
horizontal position and the lower right tensile jaw is still fixed. In the third time
step, tensile jaws situated at the right end are subjected to a prescribed displace-
ment of 25 mm in positive X direction. In the meantime, tensile jaws situated at
the left end hold their position.

4.5. Material Properties

Material model of the reinforcement plies is linear orthotropic, the correspond-
ing material properties can be found in Chapter 2.4. The rubber liners sur-
rounding the reinforcement plies are described by a 2 parameter Mooney-Rivlin
model, its parameters defined in Chapter 2.3.

4.6. Results of the Simulation of Tensile Test on Tensile Specimen

Results of finite element analysis of uniaxial tension of tensile specimen at a dis-
placement of 25 mm are disclosed below.

Elongation in the global coordinate system at the end of the third time step is
significant in the whole cross-section, approximately & = 0.5 (Figure 12).

Stress and strain results, being true stress and true strain results, regarding ply
1 are hereinafter presented, afterwards, mean values are disclosed for each ply in
tables. Stress and strain results in ply 1 are to be considered based on the materi-
al orientation of Figure 9.

Figure 13 shows normal strain distribution in material direction 1 (fibre di-
rection) in fibre coordinate system for ply 1 at a prescribed displacement of 25
mm. The strain distribution tends to be uniform between the necks, while near
the necks, it represents the material orientation of the ply. Strain values are low
because of the high longitudinal modulus of elasticity, £, = 1338 MPa.

As regards other components of strain in the plane of plyl, normal strain in
material direction 2 and shear strain in plane 12 have the same distribution as

presented in Figure 14.

ANSYS
R17.2
Academic

Y
(]
X
0,00 40.00 (mm) z
10.00 30.00
Figure 12. Elongation at a prescribed displacement of 25 mm (&) in the global coordinate system.
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0.00010604
-0.00036113
-0.0008283 Mi

ANSYS
R17.2
Academic

0.00 20.00 40.00 (mm)
10.00 30.00

Figure 13. Normal strain in material direction 1 (&) in fibre coordinate system, ply 1.

72

-0.64477 Min

ANSYS
R17.2
Academic

0.00 20.00 40.00 (mm)
[ a—— ES—
10.00 30.00

Figure 14. Shear strain in plane 12 (};,) in fibre coordinate system, ply 1.

The predominant strain component is shear strain (Figure 14), whose abso-
lute value is approximately the same for every ply, however sign of shear strains
is opposite in adjacent plies, which can be attributed to the balanced layup
(Table 1). The reason why the shear stress is so significant is that load is off-axis
regarding the material orientation in each ply. The significant shear stress results
in high shear strain considering fairly low shear moduli.

Average strains with the exception of longitudinal strains in the fibre coordi-
nate system are considerable; Table 1 indicates that global longitudinal strain is
transformed primarily to transverse normal strain and shear strain in the fibre
coordinate system.

Figure 15 shows distribution of longitudinal stresses in the global coordinate
system. Highest stress values can be recognized in reinforcement layers, while
nearly one third of the peak value is present in rubber liners, so reinforcement
plies are considered to be the load-bearing components.
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ANSYS
R17.2
Academic

0.00 20.00 40.00 (mm)
[ — —
10.00 30.00

Figure 15. Longitudinal stress (o) at a displacement of 25 mm in the global coordinate system.

Table 1. Average strains in reinforcement plies in the vertical midplane.

ply no. &[] & [-] & [-] Ve [-]
1 0.4665 0.001 0.2493 —0.6349
2 0.4663 0.0015 0.2385 0.6504
3 0.4663 0.0016 0.2386 —0.6504
4 0.4664 0.0009 0.2488 0.6359

Normal stress distribution in material direction 1 in fibre coordinate system is
identical to normal strain distribution in the same direction; normal stress val-
ues (Figure 16) are considerable. Shear stress (Figure 17) tends to be the pre-
dominant stress component along with transverse normal stress (o;) having the
same distribution.

Average stress values can be observed in Table 2. The maximum values can be
found in ply 2 and ply 3 for every stress component; however the stress variance
in the direction normal to each ply tends to be slight. Sign of shear strains is op-
posite in adjacent plies, because the layup is balanced, similarly as in case of

strains.

4.7. Reviewing the Results

At the end of tension, longitudinal stress in the reinforcement plies at a dis-
placement of 25 mm is approximately 8 MPa (Figure 18) in the global coordi-
nate system. Aggregate cross-sectional area of the reinforcement plies is 9 mm?
(width: 3.1 mm, height: 2.9 mm). The respective average longitudinal stress val-
ue for the rubber liners is 1.9 MPa. Total cross-sectional area of rubber liners
equals 11.8 mm® (width: 3.1 mm, height: 1.9 mm). Hence, the force exerted to
the cross section is 94.3 N. Reaction force queried at this load step is 93.57 N.
Figure 19 illustrates experimental data and simulation results of tensile test as
force-displacement curves. There is good agreement between finite element re-
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ANSYS
R17.2
Academic

0.00 20.00 40.00 (mm)
[ EEaaaa——— S
10.00 30.00

Figure 16. Normal stress in material direction 1 (¢;) in fibre coordinate system, ply 1.

ANSYS
R17.2
Academic

-3.6272
-4.0622 Min
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[ Saa— S|
10.00 30.00

Figure 17. Shear stress in plane 12 (t,,) in fibre coordinate system, ply 1.

ANSYS
R17.2
Academic

3.8919
2.777
1.6637

-0.56448
-1.6786 Min

=l

Figure 18. Longitudinal stress (o) in the cross-section in the global coordinate system at a displacement of 25 mm.

0.000 4.500 9.000 (mm)
[ — ES—
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Figure 19. Force-displacement curves of standard test specimen.

Table 2. Average stresses in reinforcement plies in the vertical midplane.

ply no. o, [MPa] o, [MPa] o, [MPa] T,, [MPa]
1 7.88 2.95 4.67 —4.09
2 8.05 3.68 4.46 4.1
3 8.06 3.69 4.46 —4.1
4 7.86 291 4.66 4

sults and experimental data in the initial section of the force-displacement
curves regarding the operating range. However, after a displacement of 10 mm,
in the course of the failure procedure, substantial difference can be noticed be-
tween experimental and simulation results because failure mechanisms are not

taken into account in the FE model.

5. Tensile Test Experiment of Hose Piece

Tensile test of a hose piece having length of 110 mm was performed (Figure 20)
to a displacement of 25 mm. Cross-section of the hose piece is in accordance
with Figure 8. Uniaxial tension was realized with the help of two steel plugs
fixed into the hose by pipe clamps and by bonding them to the inner liner of the
hose.

Hose piece was pulled with a speed of 2 mm/min and a preload of 1 N. Tensile

tests were performed three times.
6. Finite Element Model of the Uniaxial Tension of
Hose Piece
6.1. Connections
There are bonded contacts between the reinforcement plies and the outer rubber

liner and the reinforcement plies and the inner rubber liner respectively. The

plugs are connected to the inner lateral surface of the hose by bonded contacts.
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Figure 20. Hose piece subjected to tensile load at a displacement of 25 mm.

6.2. Mesh

Mesh of the finite element hose piece model, being a three-dimensional full
model, consists of nearly 25,100 nodes and 21,000 elements (longitudinal section
illustrated in Figure 21). Reinforcement plies are represented by 4 adjacent lay-
ers of elements between 3 layers representing outer rubber liner and 3 layers

representing inner rubber liner.

6.3. Loads, Boundary Conditions

In the first time step, pressure of 1.5 MPa, which represents pipe clamps, is ap-
plied to sections of the outer side surface of the hose shown in Figure 22.

In the second time step, a prescribed displacement of 25 mm, being in line
with the prescribed boundary condition of the test, is applied to the right end of
the right plug. Meanwhile, the left end of the left plug is fixed.

6.4. Material Properties

Material properties of the reinforcement plies, presented in detail in Chapter 2.4,
and rubber liners, presented in detail in Chapter 2.3, are identical to material
properties of the test specimen.

Steel plugs utilized for transmitting tensile load to the hose piece are modeled
as rigid bodies in the present finite element model.

7. Results of FE Analysis and Experiment of
Tensile Test of Hose Piece

Figure 23 shows experimental data of uniaxial tension of hose piece with the

mean values along with simulation results.
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Figure 21. Longitudinal section of the meshed geometry.
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Figure 22. Pressure load representing pipe clamps, 1.5 MPa.
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Figure 23. Force-displacement curves of hose piece.

Simulation results and experimental data are in good agreement, difference
between simulation results and mean experimental data is less than 10% of mean
experimental data, moreover, simulation results are located between minimum

and maximum of experimental data at all data points (Figure 23).
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Deformation, strain and stress results at a displacement of 25 mm are dis-
played below.

Hose piece elongates as much as 0.33 (Figure 24) at a displacement of 25 mm,
which is considered significant. The deformed shape of Figure 24 is noticeably
similar to the deformed shape after tensile testing, shown in Figure 20.

Normal strain in material direction 1 in fibre coordinate system can be ob-
served in Figure 25. These strain values tend to be of low order of magnitude
due to high stiffness in material direction 1.

Shear strain in plane 12 shown in Figure 26 has a predominant role in the
structural behaviour of hose piece under tension because of the load being
off-axis to the fibre direction and shear moduli being relatively low. Normal
strain in material direction 2, having the same distribution as shear strain in
plane 12, is also considerably significant (Table 3) being the other strain com-
ponent into which global longitudinal strain is transformed. Strains are almost

equally distributed along reinforcement plies.

ANSYS
R17.2
Academic

0.00 25.00 50.00 (mm)
L~ SSSaa—  ESS—
12.50 37.50

Figure 24. Elongation (&) at a prescribed displacement of 25 mm in the global coordinate system.
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Figure 25. Normal strain in material direction 1 (&) in fibre coordinate system, ply 1.
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Figure 26. Shear strain in plane 12 (;,) in fibre coordinate system, ply 1.

Table 3. Average strains in reinforcement plies in the vertical midplane.

|
Tt

PIY no. & [-] & [-] & [-] )4¥ [-]
1 0.3276 0.003 0.1694 -0.4531
2 0.3279 0.0024 0.1675 0.4571
3 0.3285 0.0006 0.1679 —0.4597
4 0.3287 0.0018 0.1658 0.4571

Figure 27 also proves that reinforcement plies are mainly responsible for the

load bearing capability of the hose due to high stress values present in them. Lo-

cal maximum stresses in the hose piece can be found near the contact to the

plugs.

Stress distribution is very much alike strain distribution in reinforcement

plies, so stresses are presented as average values in Table 4.

Figure 28 illustrates experimental data and simulation results for the hose

piece along with experimental data and simulation results for the standard test

specimen proportioned to the hose piece. The scaling factor utilized for this is as

follows.
P

SsC

where £_is the scaling factor

Pstands for the perimeter of the mid-diameter of hose piece

f, =—=28.27
W

wstands for the width of standard test specimen

(14)

Experimental data and simulation results for hose piece and standard test spe-

cimen are all in good agreement with one another to a displacement of 10 mm.

Afterwards, the difference between experimental data for the standard test spe-

cimen and experimental data for hose piece along with simulation results rises

gradually. This increase of difference in reaction forces may be attributed to the

difference in mechanical behaviour regarding standard test specimen and hose

piece which is presented in Chapter 8 in detail.
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Figure 27. Longitudinal stress (o) in the global coordinate system.
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Figure 28. Force-displacement curves of hose piece and standard test specimen.

Table 4. Average stresses in reinforcement plies in the vertical midplane.

ply no. o, [MPa] o, [MPa] o, [MPa] T,, [MPa]
1 6.63 5.44 2.94 -2.66
2 6.15 5.23 2.85 2.69
3 4.31 0.37 2.83 -2.7
4 3.63 2.58 2.84 2.73
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8. Conclusions

Simulation results and experimental data of standard test specimen are in good
agreement in the displacement interval of 0 - 10 mm. Relatively high shear
strain, y;, = 0.26 and significant normal strain & = 0.11 belongs to the end of this
displacement interval.

Tension exerted on the standard test specimen causes shear and transverse
tension in reinforcement plies because load is aligned off-axis to the yarns. Load
is distributed among yarns by the rubber matrix, having low modulus of elastic-
ity, being susceptive to shear. In the course of uniaxial tensile loading, yarns and
matrix debond gradually within the plies (Figure 7). This procedure, taking
place between displacements of 15 and 25 mm is nonlinear (Figure 19, Figure
28). Yarns in the standard test specimen are regarded as short yarns because the
thickness of the specimen is small, which makes failure procedure initiate at low
strain values.

However, in the case of the hose piece, reinforcement plies being intact and
continuous, in which yarns are much longer than in standard test specimen, are
less susceptible to intra-ply yarn-matrix debonding. Continuous plies make the
hose piece stiffer in radial direction (Figure 20, Figure 24), which raises resis-
tance against tension, thus generating higher forces at the same displacement
values (Figure 28). Tension causes less transverse normal stress and shear stress
in hose piece compared to the case of standard test specimen (Table 2 and Table
4 respectively).

With respect to the hose piece, the difference between simulation results and
experimental data regarding force-displacement values is less than 10% of the
experimental data (Figure 23). Finite element results of standard test specimen
and finite element results of hose piece are in good agreement in the initial phase
of uniaxial tension. Experimental results and FE simulation results, regarding
standard test specimen and hose piece, also show good agreement in this section

of uniaxial tension.
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