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1 Introduction

1.1 Cordrubber omposites

The advent of composite materials has providedénespacandautomobileéndustieswith the
opportunity to achieve such favourable material propef#ieg. strength, stiffnessjith low dead load
that cannot be ohinedby using singlasotropicmaterial components (e.g. steel, ceramics, polymers)
as structural materia[4]. Several examples of composites used in ancient eras iradiotbe(or cob
and thecompositebow. Adobe which is a mixture of mud and strawas first used by the Egyptians
around 1500 BC as a building materfabmposite bow is a ranged weapon of thddie Ages, designed
and usegbrimarily by nomadic tribes (Huns, Hungarians, Mongols) of the Eurasian Steppeprises
of a wooden core, bones, sinew and animal gheeause of high aimingccuracyandhigh power; it
aided its userm gainng military superiority over thie opponents for centurieg]

Moreover, composite properties can also be tailéwethe actual application by selecting the
fibre orientation, layup, fite volume fraction, etc.

Composites are heterogeneous, npiftase materials, produced from two or more constituents,
which have remarkably different material properties. These constituents are merged sugtithethe
compositenas different material properties than the single components, which are separated from each
other by an interfaceThese two components are the reinforcement and the mRgirforcements
consist of fibrous materials in various forms: as shidste-reinforcement, continuous (long)
unidirectional fibre reinforcement, yarns (or rovings) or woven fabrics. Most frequently utilized
reinforcement materials are gldésre, carbonfibre, polymerfibres (e.g polyester)Matrix materials
are mostly thermosei{g&poxy resin or unsaturated polyester resor) in some cases thermoplastic
(polyethylene, polypropylen@r rubbes.

The reinforcement carries muohthe load, while the matrix keeps the reinforcement in a proper
position, protects the reinforcement from abrasion and has an important role in load distribution.
Engineering composite materialaclude asphalt, concrete, reinforced plastics, ceramic trxa
composites, metal matrix compositg3].

Cordrubber composites form a subgroup of composites, which need to meet the requirements of
relatively high load capatyi, high deformability and toughness, These materials are most frequently
used in pneumatic tires, pneumatic and hydraulic tabels as air brake tubes (Figure lahyl pressure
vessels.

Figurel.1. Railway brake tubes mounted on railway carriages



1.2 Research objectives

Composites are anisotropic materials (their material properties are different in different
directions) furthermore mechanical behaviour of cordbber composites is highly nonlineadause
of the rubber matrix. In engineering practice, composites are most frequently analyzed by the utilization
of numerical methods, namely Finite Elem@RE) methods, in which material models of composite
reinforcement layerss orthotropic, homogeneaulinear elasticThe resulting material properties are
weighted averages of the material properties of the components, the magnitude of the weights depend
on the fibre volume fractionComposites can be either modelled by shell or solid elem&hese
FE models are known as macromodels
Macromodels can yield acceptable stissstrain result®n a structural levednd can be useful for the
overall mechanical characterization of composites with feasible computational costs.

However, these macroscatedels approximattheinternal structural response inaccurately, therefore

for gaining pointwise deformation, strain and stress results; micromodels are used, in which only a
limited segment of the composite is representieelyarn and the matrix are melted separately with
realisticgeometry lowever the twisted nature of yarns is usually neglectedinicromodels, yarns are
regarded as transversely isotropic linear elastic, while the matrix is linear elastic, isdfiopienodels

are based on submeling or the displacemenbupling technique, by which displacements of the
macromodel are transferred to the micromodel as boundary conditions of the micromodel.

One goal of this research is the development of micromodelsnfakial tension otomposite tube
sample and test specimen, providing realistic results inside composite layers which can be further
utilized to better understand load transfer and failure mechanisms of composite structures.

Composite railway brake tubes are often subjette@nificantbending during operation without
internal pressure, whiagtausa crosssectional instability that is a combinationBrfazierinstability and
local bifurcation.Crosssectional instability leads to significant flattening of the cresstion and the
complete loss of the loachrrying capacity of the tubé&nalysis of this phenomenon can yield useful
results for the design of brake tubes regarding strains, stresses and probablenfadesto make
manufacturing of the tube more economicakhktting their technical requiremen@urrent numerical
models handle this kind of buckling instability with difficulty
This PhD thesis also aims to provide a solution for the almosmetioned problenand describe the
complete buckling procegy the relevant numeiat results

S-curved railway tracksonsist ofa curve to the left or to the rigtitatis followed by a curve to
the opposite direction after a brief intermediate transitional straight sesi$orknown aseverse curve
On such curvegyositions ofrailway carriagesnd therefore positions of the suspension points of the
brake tubes differ much compared to operation amnordinary railway track leading to large
deformations in brake tubeét subzero temperature.e. -4 0 A €ordrubber composites behave
much stiffer, causing high stresses in the case of operatiamemerse curvé track Another purpose
of this research is to inspetite applicability of composite tubesdersuchextreme conditionffom
thepractical point of view.

My research began witlthe determination of material properties of the composite tube
(reinforcement layers and the rubber liners) based on characteristic curves provided by the manufacturer
and the estimated volume fraction forono temperatur¢Chager3.1) and at-4 0 AC ( Chapt er
Material properties have beeraldated by experiments and their respectileE macranodel
counterpartgwritten in italics) uniaxial tensile testcarried out on test specimgi@hapter4.1.1and
Chapter 5.1.) and tube sampld€hapter 4.1.2andChapter 5.1.2, athreepoint bending tefChapter
4.2 and Chapter5.2) anda standard bending test at room tempera{@eapter 4.3and Chapter 5.3;
uniaxial tensile testat-4 0 (Bhapter 4.5ndChapter 5.5. Then crosssectioninstability of the tube
has also been examined (Chapter 5.4) validated comgpressiorendingexperiment (Chapter 4.4).

The effect of extremeperating conditions (railway reversmirve, -4 0 A I&9 also been studied
(Chapters.6), the displacements of the suspension points of the tube have been defined based on a draw
and buffing gear test (Chapter 4.6pr the experimental validation of the FE analysis of extreme
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operating conditions, a deflection test&t0 AQhapter 4.7has been carried out for comparison with
a deflection simulatiofiChapter 5.6.3)Finally, micromodels ofest specimefiChapter 5.7and tube
sample (Chapter 5.8)have beenexamined.Experimental and numerical results atesaissed in
Chapter6.

2 Literature overview

2.1 Filamentwound cord rubber tubes

@D

Figure2.1. Winding angles (orientation angles) of the composite tube

One speciatategoryof composites ishe group ofcordrubber composites. Thesemposites
contain the followingcomponents
1 alow modulus rubber matrix with high extensibility and deformability
T a twisted reinforcement (6cordd), having I
relatively low bending stiffness
i anadhesivefinf al so known as 6di p6) wh[lJch bonds t

These components provide the composite with high stiffness in the reinforcgineetion and
flexibility in the directiors perpendicular to the cordBhereforecordrubber composites (i.e. tubes) are
highly deformable, haxg high loadcarrying capability and toughness (or fatigue strendih).
The highmodulus cords bear most of the loads applied to the tube, whereas rubber gives the material
high flexibility, good abrasion resistance and contains the medium (e.g. air).
Compogte cord-rubbertubesare extensively utilizeth awide variety ofindustrial fields; transportation,
oil industry, aerospace and aeronautical applicafidhsrhe most favorableproperties of polymeric
based tubes are higitrengthto weight, stiffnessto-weight ratio and corrosion resistance. The most
common operational loads are: internal pressure, axial and biaxial tension and buckling due to
bending[5]. For balancing the internal forceslayup containingdjacent plies with orientatioangles
of NU aresedppner al |y

Optimal winding angles depend on the expected loading cases. MWireypinternal pressure is
appliedt he opti mal winding angl e i swvinding 8ndle needhitelme | o0 a d |
as low as possiblgaking into account manufacturing considerati¢gsiace too low winding angles
significantly increase manufacturing timen case of combirkinternal pressure and axial loading,
where ratio of circumferent i @l Windogaagleofdll 55tAr eag |
the most commonladopted in engineering practice because netting anahgitates this is the best
option for the design of cylindrical pressure vesgglls



2.2 Manufacturing processf filamentwound cordrubber tubes

In thecourse of filamentvinding, pretensioned rovirgarewound around a rotating or stationary

mandrel.Mandrels are cylindrical in most cases, but they can also be rectangular or spherical as well.
During the manufeturing process, pretension force, orientation angle and matrix content can be
varied[9].

In the first step, rovings (yarns) are wound on the mandrel. Then, the yarns are impregnated by

the matrix material (which are thermoset resins or elastomers). These twarsteggeatedftereach
other for evenjlayer. After creating allayers the matrix is cured so that the resin hardens. In case of
rubber, this phase is called vulcanizatiarheat treatment with the addition ofgulr, in which cross

links are formed between polynchain segments. $iiur increases hardness and durability of the
rubber.Vulcanization sarts with dissolution of sphur, after that, sulfur is activated by heat, finally,
sulphur reacts with the elastomer chains and the part hardgns.

Lastly, the mandrel is removel .the mandrel removal needs to be carried out through small openings
and the production quantity is small, waseduble mandrels are usethe sand is castito a mold and
cured,the two mandrel ends are bonded. During the removal, the mandrel is washed out. K a high
tolerance mandrel surface is required, plaster mandrels argimisdguich plaster sweep is used over a
removable mandrelThé plaster is cutk then overwrapped with Teflon tapesome other separator film.
Following cure, tooling is removethe plaster i€hipped or washed out, and the release tape is removed,
leaving the desired insid®ntourd

Several design considerations must be meindigg manufacturinf0]:

A

>

utilization of low winding angles should be avoided because it would increase winding time and
hence makes the process more expensive
machining should be reduced to a minimum along witth aunt

composite to metal joints should be made 0i

Utilization of greater tow sizes (containing relatively many filaments) in order to reduce
manufacturing time. However, it may negatively affect physical properties

There are several advantage filamentwinding. These include:

A
A
A
A
A
A

fibre placement with high precision

automation capability

continuousfibres can be used over the whole component area (without jdiilbsgs can be
easily oriented in load direction

there is no need for autoclave during manufacturing, so there is no limitation for overall sizes
and wall thickness

tooling costs are low relative to other manufacturing processes

material costs are low because there is no need to create prepregs

Disadvantages dflamentwinding areas follows

A

> > >

mandrel removal can lfficult due to thermal contraction after the composite is cured around
the mandrelThis can be solved by firstly preheating the maneébre winding and curing the
composite, then cooling theandrel after the curing has ended makes it easier to remove the
mandrel[11],

mandrels can be too expensive and complex in several cases

externalsurfaces are poor in general, which may hinder aerodynamic appli¢ations

fibre path cannot be changed easily in one lamina

n



2.3 Structure of yarns

Yarns used fofilament windingconsist of darge number ofinfinitely long filaments fibres),
whose diameter are between 3 and 23n. Fibres are mostly made of melt polyester or glass by
extrusion spinningFibres are difficult to handleso in most cases, they are twisted togefheraning
thatfibres are not parallel to the mean axgs)that they have increased ldagharing capacity12]

If severalfibres fail, thesdibres cannot transfer load or their load transferring ability is limited,
so tre failing force will be transferred to the surroundiitres by frictionon a certain length, also
known as the transferring lengthhe transferring length is relatively highfibres are parallel to one
another. By twisting théibres, the transferrinégength decreasebyinging about higher contact forces,
thusincreasing strengtand fatigue resistana# the yarn. However, strength of a sinfjee decreases
with the increase in the pressure to its normal duis tofibre-to-fibre friction so if the number of
twistings per unit lengthis too high, yarn strength diminisheBherefore it is necessary to find an
optimal twist level[12]

Twist has an effect on the direction of yarn stress, therefore the mechaneablebf the yarn.

If twist increases, the helix angle (angle between cord axis and filament axis) inclemdiag to a
reduction of strength and an increase in elongation at break.

Lower twist increases strength (which is advantageous for filameahd structures), while higher
twist prevents the cord from opening up in compression without losing fligxipithich is favorable
for pneumatic tires)rhe most important yarn properties are the following: numbgbs (filaments),
fibre diameter, number of twists atite linear density of a yarn (tex (g/km))

Polyester yarns (which is the one discussethiis dissertation) are produced by melt spinning
from a polymeric mel't at 265AC. I n polyester ye
amorphous phases exi$he chains have a zigzag structure and are connected to each other by van der
WaalsconnectionsCrystallization and the orientation of the polymeric chains occur in the cooling
process.

The forcestrain diagram of polyestefshown inFigure2.2) consists of thredistinct zones:
in the first sectiorfpart I), the angle of the zigzag chains wideim the second pa¢part 1), the chains
begin toremovethemselvesrbm the amorphous areds the third zone, the drawout chains jam,
simultaneously with the growth of the crystalline area, leading to stiffdr@faye breakagg12]
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Figure2.2. Forcestrain curve of a polyester yafa3] (warp and weft threads in case of woven fabrics)



2.4 Mechanicsof cordrubber composite

Compositesare anisotropic materials arate most frequently described by linear orthotropic
material models andtudied on macromechanical scale, using smeared (homogenised) material
properties for composite laminae, neglecting micromechanical effects inside a Iktomeaver, their
mechanicabehaviour shows high degree of nonlinearity due to rubbehe next subchapters, cases
of anisotropyandmodelling ofnonlinearitywill be discussed.

2.4.1 Material models of anisotropy

Composites show a certain degree of anisotropy, meaning that theirainpteperties vary
depending on the loading directiadechanical behaviour of composites are governed by the stress
strain relationships determinég the material models of anisopy.

2.4.1.1 Generally anisotropic material

In the most general caséanisotrop, there is no plane of symmetry with respect to the alignment
of fibres, for example, when files are aligned in three namthogonal directiong-or the mechanical
description of generally anisotropic material,r@depenlent elastic constants are reaai.

Stressstrain relationshif H o o k e 6f gendrallywahisotropic materials can be written as follows:

. 03, (2.1)
wherel is the stress vectog, is the stiffness matriX)is the strain vectowor inversely as:

- Y, (2.2)

where"Yis the compliance matrix which is the inverse of stiffness matrix

ny

(2.3)

[10=

Stiffness matrices can bebtained by inverting the respective compliance matritesmateral
directionsl, 2 and3, the stressstrain relationships as follows:

rv” Il nzo O 0 0 0 0 1] rv- Il
Ii’ Y] I? g g g g g 1 II- n
Fh% s 8 6 8 s @
ta e 6 6 6 6 6w
Uy 85 & & 8 6 UY U

The number of independent variables describing a generally anisotropic material is 21, since the
stiffness matrix is positivdefinite and symmetrical14]

2.4.1.2 Monoclinic material

A material is monoclinic if there is a plane of symmetryhwiespect to fite alignment. In this
case, normal stresgs (being in the plane of symmetry) does not cause aofopkane shear straims
as in the generally anisotropic caés.a consequenceq S, Sz, S1, Sz, 3, Ss4, Ses elements in the
compliance matrix areero.Because of the symmetry of the compliance and stiffness matrices, there
are 13 independent constants required to describe the mechanical behaviour of monoclinic materials.



i

plane of symmetry

Figure2.3. Schematic repsentation of a monoclinic materfdl4]

For monotinic material{Figure2.3), the compliance matrix is the following:

In EQ. 2.5 E1, E, and E are moduli of elasticity in directions 2,and 3 Gi2, Gy3 and Gz are
3;2irdicagen abntraclon in direghichc t i v e |

shear

mo d u |

o - T n T —7
11 Y]
1T - - T T Y]
11 Y]
T T - T T Y]
I i (2.5)
Nt Tt Tt -_ T
11 Y]
N U T — — Ty
] ]
— — — nom —y

n

pl anes

originated from the elongation in direction[14]

2.4.1.3 Orthotropic materials

When a material is orthotropic, there are thragually perpendiculaplanes of symmetrwith

12,

respect to théibre alignment. In this cas¢he compliance matrix carelwritten as follows:

o - n n ULSY
11 Y]
1T - T T L
11 Y]
— — — T om T,
Y 11 " (26)
11 Tt TU Tt — Tt Tt )
11 Il
RS Tt Tt m — T
Ll ]

Material behaviour of orthotropic materials can be characterized bymraterial constants: &
Eo, Bs, 312, 13,323 612, Gi3, Goa. [14].

2.4.1.4 Transversely isotropic materials

Transverse isotropy is a special case of orthotropy in wdniehof the three planes of symmetry
is also a plane of isotropy. In a composite, reinforcetl witidirectionalffibres aligned in direction 1,
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the material behaves mechanicadigtropicin the plane perpendicular to therfb (plane23), implying
that:

Ex=Es, 12883, G12=Cas. (2.7)

Due to thdsotropy in plane 23, shear moduluss Gan be written as:

0 (2.8)

o]
Therefore, tansversely isotropic materials hdfixe independent material constants, namely Hz, 312,
323, Gi2. [14].

2.4.1.5 Layered composites under plane stress condition

Composites are layered structures, each layup consistingutiiple thin layers generally
Composites are regarded as thin plates, bedhesethickness is relatively small comparedtteir
dimensions in the directions perpendiculatheir thickness in most caseStresses are approximated
by plane stress condition in thin composite platdibits are parallel to the xy plane, and the loading
forces are also parallel to the midplane of the plate and stresses are distributed uniformly along the
thicknessln this @ase, the normal stress normal to the plane of the gigtar(d the oubf-plane shear
stressesl{,, U,) are zero.

, m™mt mm t 1w (2.9)
InthiscaseHookebd6s | aw can be written in the materi al
. 03
” O :t :D TT =
" 5 21 O O T J2- h (2.10)
T Tt 1 p t & Jo0 T
or inverselyas:
- :YQ,_
i v — Ty
11 1 ”
- [ — - Tt |"|:) ” . (211)
r 11 n T
umt n g

Usually,in a stacking sequenceach layer has a definedentation angle so that the meciical
properties of the composite material can be tailored to the actual application. Thereftmgalm
directionsin a layerusually do not coincide with global directions
For multilayered composites, governiequations must be written in the global (xzy, also known as
problem coordinate systerso stiffnessmatrix, stresses and straini must be transformed to the
problem coordinate systenThis can be achieved by the use of transformation matricess(stres
transformation matri¥ 7EQ.2.12 and strain transformation matrdk-Eq. 2.1), which depend orhe

included angle of material direction 1 and global directigd)X3]:
@
y i

R
¢hi (2.12)
6 i

11T

Y



Y i @ o - (2.13)

In Eqs2.12 and 2.3, c= cos d, s= sin d

Stress and strain transformations can be done by the following expressions:

22 Y3, (2.14)
wheredd i s t he st matesia (12) eoordinate systemhile thisthe stress vector in the
problem (xy) coordinate system

n ” n ” (215)

T t
- Y3, (2.16)

whereU6 i s t he s material (12)coerdinae sysiermm Ut ihe t he oblemi n vec:
(xy) coordinate system

-ee - h - - (2.17)
r r
Hookebds | aw can be written in the xy coordinate
. 03, (2.18)

where, is the stress vector,is the strain vectoq is the stiffness matrix in the problem (xy) coordinate
system

0 can be calculated as follows:

Y BaDY. (2.19)

[10:

0 is the stiffness matrix in the problem (xy) coordinate systes#s, the stiffness matrix in the material
(12) coordinate systerd is the stress transformation matdixis the strain transformation matrix

- Yo, (2.20)

where’Yis the compliance matrix in the problem (xy) coordinate system
"Ycan be calculated as follows:

YUY OwDY. (2.21)

"Yis the compliance matrix in the problem (xy) coordinate syst¥as, the compliance matrix in the
material (12) coordinate systeffiis the transformation matr[x4].
2.4.2 Rulesof mixtures

In engineering practice, composite laminates are approximated as homogeneous, linear materials
on macroscale with smeared material propetiased on the ridef mixtures. Rules of mixturesare
used to prediccomposite material properties, particularly mechanical propersesmlameweighted

9



averages of component propert[d$]. This approacthaslimitations; it can be used properly an
structural leveto predict mechanical behaviour of an entire composite stru¢tongever it does not
yield plausible results inside a composite layebres (or yarns) are regarded as orthpico(or
transversely isotropic), while matrix is modelled as isotropic in the literpt@te[17].

2.4.2.1 Simplified rule of mixtures

Elastic constants of composites are obtained by considering a representative volume element
(RVE), which is practically a cube. Determination of modulus of elastiaityds first treated by Voigt
(1910) modelhg the compositasa spring system in whidiibres and matrix are connected in parallel,
also called asostrainor action-in-parallel casg(Figure2.4). In this case, forcedts applied in thdibre
direction. If there is a perfect adhesion bet wee
both components will undergo the same elongation

- (2.22)

whewmesUthe strain in t hiethestoimn thébres, e ifthastraniirteect i on

matrix.
e
PC PC
H

b 'PC

LI L L

P—iVP ! ZVI'

[ iti o Y
= Pc &P

Figure 2.4. Unidirectionalfibre-reinforced composite: a: isostrain or actianparallel, b: isostress or action in
serieq 16|

Force R, applied on the crossectional area of the composite;(Acan be split to loads on the
fibres and the matrix:

0 0 0, (2.23)

which arise on faces:Acrosssectional area of thigores) and A, (crosssectional area of the matrix)
respectively.

By substituting stress components to the forces, the following equation can be agitten

, » ., D , D (2.24)
, d OB OB O (2.25)
0O — 03 03— 03 O I, (2.26)
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sincethe length of the composite is giver;, @®,— @ are thefibre and matrix volume fractions
respectively18].

For obtaining the transverse modulus of elasticly Et he 01 s o sint-sreersiseds 6o rs io6tauca
is consideredfirstly examined by Reuss in 192@)which the composite is treatedaspring system
with fibres and matrix connected in series.

” ” ” ) (2-27)
wherelc, denotes the stress in transverse direction in the composite

The total displacement of the compog@g:) can be written as the sum of the displacement dilthes
(o) and that of the matrigodnm):

Yo Yo VYo. (2.28)
Dividing by t, the gage length of the composite, we get:

y_

|~
<

(2.20)

Since displacements of tifibre and the matrixyds andgdn equal the strains times their gage lengths (t
andt), Y0 - DandYo - B,

Yy

> . I o -5 - o (2.30

Regarding that the crosectional area is given, volume fractions of tiiee and the matrix can be
written as:

o - o — (2.31)

By substituting (2.30) to (2.29), we get:

- - - . (2.3)
Because of the isostressndition,,, i . »E(Q.2.31 can also be written as:

— —»w —w 2.33)

—_ = — (2.3)
Similarl y, 3Randshearanodulsis;ecaa also be written by the use of the simplified rule
of mixtures:

Pof ™ F (2.%)

_ — — (2.36)

However, transverse modulus of elasticityaBd shear modulus;gare not preciselgalculatedby the
simplified rule of mixturesfor a better approximatignhe modified rule of mixtures is utilized times

2.4.2.2 Modified rule of mixtures

The modified rule of mixtures uses a modified representative volume element in whiitirehe
bundle is taken t® accountm a rectangular crossection.

11



Let us consider a thrdayered rectangular box, of which the two outer layers represent the matrix, while
the middle layer(containing botHhibre and matrix segmentsgpresents thébre as a homogeneous
fictitious material.

The width of the middle layerslequals the width of the rectangufdare bundle:

0 00 w. (2.37)
The volume fraction of the middle layer (shownFigure25.aas O6b6) i s as flol |l ows
given):

v =2 2 @ 2.3)

Then, we replace the homogenized fictional middle layer by a layer comprising a rectéibgaind
thematrix. The volume fraction of thiibre in this middle layer is:

20

- o. (2.29)

&)

Material directions of the representative volume eleraemtiefined ecording to Figure 2.514].
Firstly, the fictional middle layer is considered. It consists of one layer of fibre situated between two
layers of matrix, These layers can be modelled as three springs connectedehipaeallvould like to
determine modulus of elasticity of the middle layer for this fictional middle layeMBerefore, k is
calculated as:

0 60 p © XDO. (2.40)

Likewise, for calculatingmodulus of elasticityelatedthe whole representative volume element
E», the volume elememian be modelled as the fictitious middle layer and two layers of matrix connected
in series Then, modulus of elasticity.EEan be written as:

0O —O2® —2p ® 8 (2.41)

Figure2.5. Model for the modified rule of mixtures: volume element with the homogenized fictional middle
layer, b: rectangulafibre bundle embedded in the matrox,representation of middle laygt4]

2.4.2.3 Formulae of Hopkins and Chaiiig]
For obtainingtransversanoduli of elasticity & and &, formulae of Hopkins and Chamis are

preferredbecause these expressions generally yield more accurate résaisdingly, transverse
moduli of elasticity have been @einined based on these formulae, presented in detail below.

12
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Figure2.6. Schematic representation of micromechanical model of Hopkins and Cl&inis

Figure 2.6 shows the initialcrosssection of the composite utilized for the development of the
mechanical model dflopkins and Chamis. In this schematic drawing, the composite consists of a fibre,
an nterphase layer and the matrix,d2notes the diameter of tfieer, Dy stands for the outer diameter

of the yarn.Let us consider a modified version of the aforementioned geontetyyr€2.7), in which

the fibre and the interphase have an equivalent squaresgossn with dimensions:

@ -0t -0 hd Taoﬁ (2.42)

where astands for the linear dimension of the crssstion of the fibre
aj is the linear dimension of the cressction of the interphase
a is the linear dimension of the entire composite crEsgion

31

| fibre
- interphase

e .

matrix
V4
af=sf 2
sm/2 ad=sd sm/2

a=sl

Figure2.7. Schematic drawing used for the deduction of transverse mogariceE

Transverse dimensions are defirfmdthe utilization of Eq. 2.48s follows:
i on O OF b dh @, (2.43)

where sstands fothe thickness of thibre in transverse direction

s stands for the thickness of the interphase layer in transverse direction
Sn denotes thickness of the matrix in transverse direction

s is the thickness of the composite in transverse direction

Postulating uniaxial loading in transverse direction aedlecting Poisson effects, displacement
compatibility (total deformation expressed by deformations of the fibre, the interphase and the matrix)
yields:

13



io> i3 {9 i9, (2.44)

in which U, U, & and U, are strains of the entire composite, the fibre, the interphase and the matrix
respectively

Due to force equilibrium, the composite is under isostress conditioni= 0s= Um) and Eq. 2.44 can
be differentiated by, whichgives:

— 3 —3 —d —4Jds (2.45)

QuantitiesdUd{l denote reciprocals of the corresponding stetssin curves for the composite and the
constituents. Therefore, by rearranging Eq. 2.45, modulesasficity of the composite in direction 2
Ei can be written as:

0 . (2.46)

0 . (2.47)

In most caes, interphase is neglected when calculating elastic constants of the composite, which means
D:/Dso=1, then modulus of elasticity in material direction 2 is

O 0 O0— (2.49

2.4.3 Hyperelastic material models of rubber

Mechanical behaviour of rubbers cannot be desciibeciselyby a linear elastic material model
instead, rubbers are most frequently modelled ideally nonlinearly elastic, isotropic and
incompressible or nearly incompressible materialgbers can exgrience large deformations and are
considered as \iperelastic materialsalso known as Green elastic materialdose strain energy
function is a differentiable functioof the deformatiomyradient20].

Hyperelastic material models can be classified as:

1. phenomenological models
a. MooneyRivlin model
b. Ogden model
c. Yeoh model
2. mechanistic models
a. Neo-Hookean model
b. ArrudaBoyce model
3. hybrid models
a. Gentmodel

Phenomenological models are mathematical models created to describe the observed behaviour,
mechanistic models are physically based models deriveddtatmtical mechanicsyhich explain the
macroscopical mechanical behaviour from thechanical behaviour of the mictevel by statistical
methods and probability theory.

Hereinafter, the most widely usedatarialmodels will be presented.

14



The NeeHookean material model has been developed by Ronald Rivlin in k948 mechanistic
modelthatcan be well applied for rubbers up to a strai2@f [21].

Thestrain energy density functidor anincompressibleec-Hookean material in three dimension
is[22):

w 000 g, (249
where G is a material consta@aind equals half of the shear modug -00
I1 is the first invariant (trace) of tirgght CauchyGreen deformation tenses[23]

‘0 , (2.50)
wherear are theprincipal stretches
D1 is the incompressibility parameter, ifiD, the material is considered fully incompressible.

®w 6 0 o ¢ld $ 20 p, (2.51)

whered A A®O _ _ _ , Fis the deformation gradient

Underuniaxial tensiorfor an incompressible material
” GO _ - (6 —, (252

where(] is the first principal strain, _  p.

For the description of highestrains up to 100%the MooneyRivlin material model has been
developedIn this model, the strain energy function is the linear combination of the two invariants of
the left CauchyGreen deformation tensbr

@ 6 0 o & 0 o, (253

where'Oand Oare the first and second invariant@fwhich isthe deviatoric parbf theleft Cauchy
Green deformation tensbr. [24]

"0 —Q (254)

where | has been previously definedhiy. 2.50

O -0 (255)

whereO _ _ - —

In case of incompressibility, J=1.

Under uniaxial tension, for an incompressibylaterial,stress can be expressed as:

” ¢6 — _ —. (2.56)

If 0 —and G=0, we get the Nesdlookean law.

The Yeoh model is a phenomenological mddethich the strain energy density function is dependent
of only ;. The strain energy density can be written as:

W=B & O o, (257)
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where Gare material constant®.C; is the initial shear modulus of the material.

In case of uniaxial tension, stress can be written as:

” C — — T (2%)

where— B @ O o

The ArrudaBoyce model is a mechanistic hyperelastic constitutive moadséd on statistical
mechanicaused for the description of the mechanical behaviouullbers.lts representative volume
element contains eight molecule claalong the diagonal dicgons[25].

The strain energy function for an incompressible material modelled by the Aydz law can be
written as:

@ 6QVE T _ VE & E— | (2.59)

where n is the number of chain segmengss khe Boltzmansconstant, T is the temperature in Kelvins,
N is the number of chains in the network of the rubber

_ -1 —, (2.60)

where | is the first invariant of the left Cauctyreen deformation tensor afid @ is the inverse
Langevin function which can be estimated as

P P PR @ TROPQE BB TRHT P

i o QETRTPpW p

(2.61)

For the case of uniaxi&nsion, stress can be written as:

, o _ — B M O . (2.62)

2.5 Failure criteria

Failure is the loss of loadarrying capacitynd structural integritgf a material 6 Fa fibteur e o f
reinforced composites can be causedibie breakage fibre buckling, matrix cracking, delamination
or the combi nat [14 Railueefmodescarsbe differ@nt tegamdiag. ddmage initiation,
damage propagation and final failufg6]. Local fibre buckling or microbuckling reduces the
compressive strength of a composite not inevitably leading to immediate failure because, even in this
case, the surrounding matrix may still supportfibees.

The main role ofibres is to support tesile loadsin their dry forms (when no matrix is included),
after breakage, they cannot carry any loads. Howeuveentibres are surrounded by matrix, fibre
breakage occurs, it does not resulinstant failure because matrix acts as a bridge angdris the
loadfrom thebrokenfibresto the adjacenbnes This phenomenois calledfibre bridging, making the
tensile strength higher in composites than in dry form.

Matrix crackingdoes not usually causdtimate failure, nonetheless, it reduces matkixninated
stiffnesses of the laminate and might propagate tdilthhe-matrix interface of adjacent layers, thus
initiating delaminatiorj14].

Delaminationis the separation of adjacent layers, which can be caused by i.e. transverse impact
on the laminateBending stiffness, bending strength and leadying capacity all decrease due to
delamination. Repeated loadingiyncause a significant increase in the size of delamination to a critical
point, which when surpasses the critical point, makes the delamination unstable, resulting in a swift loss
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of compressive strengf{li4]. In the following sections, theost commonly usefdilure criteriawill be
presented.

In engineering practice, pistress based failure criteria are used for the failure assessment of
composite materials. These failure criteria use failure indices, based on stress and strength parameters,
to determine failure state of every single ply (Ry& the composite. Failure is considered to occur if
any of the layers fail (first pHailure). In reality, composite structures can carry load even after one ply
fails until ultimate failure occurs, when all the plies have fadedhese failure cetia approaches yield
conservative resultdrailure criteria do not give any information on the exact failure modes and
mechanismsnd can only be used in regions far from discontinuities (holes, grooves, notches). In many
cases, a great number of physiscatameters need to be measured for the utilization of failure criteria.

2.5.1 Maximum stressfailure criterion

Maximum stressfailure criterion is one of the failure criteria utilized for the evaluation of failure
behaviour of orthotropic or transversely isotropic compositethe following, stresses and strengths
are defined in a Cartesiamxs coordinate system aligned with the direction of orthotropy.

The resulting normal and shear stresses are compared with their corresponding strength values.
Failure occurs if any of the stresses exceeds any of the strengths.

Considering an orthotrop mateial, no failure occurs if the following conditions are fulfilled.

st s i
st s i
st s i, (2.63)

where $", " and g' are tensile strengths;’ s and § are compressivetrengths indirectionsl, 2
and3, while si», Si3, $3 are shear strengths in planes 12, 13 and 23.

Maximum stress criteriodoes not need the measurement of interaction parameters (See Chapter
2.5.3) and yields generally conservative evaluations regarding theefstilesse$14].

2.5.2 Maximum strain failure criterion

Maximum strain failure criterion can also be used for failure assessment of composite materials.
By the utilization othe maximum strain failure criterion, strains are compared with the allowable strain
limits. Strains are defined in a Cartesiar.xs coordinate system. Failure occurs if any of the strains
surpasses any of the strains limits.

For an orthotropic materiaho failure occurs if the following conditions are fulfilled:

§ s -
s —
$ s -, (262
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whered:*, dx* andds* are tensile strain limits, whild:, d; and ds” are compressive strain limits in
directions 1, 2 and 3}, ths anddys are shear strain limits in planes 12, 13 and12.

2.5.3 Quadratic failure criteri on

The general quadratfailure criterionhas been proposed by Gol'denblat and Kodaay In the
guadratic failure critedn, stresses are up to the second power.orthotropic material¢in this case,
the quadratic failure criterion is lbed TsatWu failure criterion28]), no failure occurs if

'Q, h, h, At At At HORORB  p
o, 0, O, O, 0, 0, Ot Ot Ot o, ,
“O "N N "O "n n p (263)
At the brink offailure, in Eq2.63, the left side equals unity.

In Eq. 263, Fi, /o, R, Fi1, R, Fas, Fag, Fss, Fes are the noninteraction strength parameters, which
can be measured from uniaxial and shear tests.
For the determination ofiFand ki, one has to perform uniaxial tensile and compression tests in
directionl. At failure, stresses equaks;* andl;=-syin tension and in compression respectively, where
s is the strength of the material. By substituting the above two expressions int6Eaeget:

"Oi O i p "Oi O i p. (2.64)
The solution of Eq. B4 gives:

0 — — o J— (2.65)

Nonintegratiorstrengthparameters 4 Fx,, F, Fsz are determined similarly as mentioned above.

To get strength parametessFthe material needs to be subjected to sBear plane 23. Because
of material symmetrythe failure stress is independent of the direction of shear stress. At fadijase;,
By substituting it to Eq. B3, we obtain:

O i P, (2.66)
which leads to

Lo J— (2.67)

Noninteraction strength parametees &d ks are obtained similarly as mentioned above.

The list of the noninteraction strength parameters is as follows:

o — — 0o — — o — —
o — o Ju— o —
0 — Lo Jp— 0 ——  (268)

Interacton straxgthparameters &z, Fizand ks are determined by offixis tensile tests and biaxial tensile
tests, which result in two or more nonzero stress components.

In practice, since these tests are difficult to carry out, the interaction strpagimeters are
approximated as:

0 - B0 o - 00, 0 - 00. (269
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2.5.3.1 TsaiHillfailure criterion

TsakHill failure criterion which is a phenomenological failure criteriéha special case of the
quadratic failure criteriolA | s ok n thewmaxinausn worldcriteriah is ah extension of the von
Mises criterion (based on the stored distortional energy) to orthotropic materials and is widely used in
engineering practice for compogtalong with the TsaiVu failure criterion It considers the distorted
energy poiibn of the total strain enerdy9). It takes into account thateractions between stresses
it is classified as an interaeé failure theoryFailure occurgin 3D) [29], [30] when

- — — ,29— — — ,93909— — — ,30 — —
., (2.70)

If the lamina is in plane streserition, Eq. 2Z70is simplified as:

- -, (2.72)

In Eq. 269 and 270 s, $ and s are strength parameters in directions 1, 2 and 3, whjle:sand
S3 are shearstrength parameters in planes 12, 13 and 23. T$tesegth parameters are taken into
account either as tensile or compressive strengths dependthg direction of the load.

The TsaiHill failure criterion is not applicable for the determination of the failure mdgsiesh
as filre breakage, matrix cragtg or failure at thdibre-matrix interfacepf a composite structure.

2.6 Experimental, analytml and numeri@l methods used for the
characterization of composite tubes

Netting analysis is one of the simplest anabjtiechniques for insstigating the mechanical
behaviour ofibre-reinforced composites, also applicable to filamentind compaosite tubes. In netting
analyses, orthotropy is taken into consideration, however, there are several limitations: all loads are
supported solely by thiibres, therefore the loabearing capacity of the matrix is neglectedvadl as
interaction offibres.[31]

With the evolution of finite element rtteod and computing, novel optimization techniques have
become available for determining optimal layup of composite tubes. Most optimization methods are
ordinarily gradientriven and can be categorized as stdaimen, stresslriven or energydriven
depening on the optimality criteriofi32]. Almeida et al[33] have developed a genetic algorithm to
improve mechanical strength of a cylindrical shell subjected to internal pressure taking into account
progressive damage (by a mesmale damage moded)so considering manufacturing restrictions.

In most cases, reinforcement layers are covered by liners for protecting the reinforcement layers
from abrasion. In offshore applications, when high stiffness is paramount, helical steel wires are
embedded inhe rubber linerd reinforce coredrubber tubed.34]

For the mechanical characterization of cantiber tubes, determination of material properties is
a prerequisiteThe most widely used means of determining material properties of composite parts is
usage of formulae of rules of mixture, which give estimation on elastic constainéscomposite layers
based on material properties of the reinforcing yarn and thexmatrimacromodelslayers are
represented as laminates whose material properties are usually calculated with tiighe rules of
mixtures.[14] 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 properties in the operating range are to be determined
from the initial section of the foredisplacement curve characterizedabgonstant slopg35].

19



2.6.1 Literature review on buckling and bending

Since composite tubegarticularly air brake tubesyre frequently subjected to bending loads
during their lifetime, bending tests are an integral part of experiments related to composite tubes. Three
point bending and foypoint bending are among the most generally performed bending
experiment$36].

Bending ofcord-rubbertubes particularly bucklings a complex problem because of the anisotropy of
the composite reinforcement layers and the hyperelastic behaviour of the rubber.

Thin-walled circular tubes has been investigated firstly by v8nr Km[87), assuming constant
ovalization during bendingHe used flexibility and stress intensity factdos the modification of
moment of inertiaFirstly, Lehnitskii [38] has approached the bending of cylindrically anisotropic
cantilevers and has determined stress distribution in a daygteed anisotropic tube along the radius.
Jolicoeur and Cardo{B9] have elaborated thredimensional solution of muHlayered anisotropic
cylinders subjected ttension, torsion andending.Chouchaoui and Ochdd0] have elaborated the
governing equations for the bending ofamultay er ed composite tube by
solution.Tarn and Wang41] have utilized a state space approach to determine displacements and
stresses, thus reducing the number of equations necessary to obtain a $@élusiod Surj42] have
created a simplified theory for thimalled beams with the use of classical lamidateelltheory taking
into account torsional warping and transverse shearing.

Xia et al.[43] have dealt wittpurebending offilamentwoundfibre-reinforcedsandwich beams. They
solved this problem analytically by the utilization of classical lamihateell theory, determinedhe
detailedstressstrain response and calculated deflection. Tdieserved that the crosgction of the tube
does not remain circular during bendif@hadmehri et al44] have calculated equivalent stiffness of
composite tubes analytically, by thrdenensionalshell theory anddetermined loagxial strain
function as wellBending behaviour of thickvalled composite tubes has been examined by Geuchy

Ahmad M.l.Shadmehri, F., Derisi, B. and Hoa, S.V. (2011) On bending stiffness of compositeColmgmsite
structures 93(9): 21732179,https://doi.org/10.1016/j.compstruct.2011.03.002

[45] and Geuchy Ahmad M.I. and Hoa S]M6], giving an estimation for bending stiffness of composite
tubes.In the railway transportation industry, a standard bending test is carried out in order to inspect
flattening of railway brakéubeg[47].

Composite tubes are subjected to bending many times during their lifetime, which might result in
a socalled Brazietinstability; possibly leading to flire in extreme caseBrazier[48] has investigated
instability of long elastic tubes, determined the point of instability and the corresponding elastic moment.
SaintV e nant 0 shadprevioustygivena linear relation etween moment and curvature of the
centerline.B r a z sotutiodhas taken into accousecond order terms, so it gave a more accurate
solution throughout the entire bending proc83® Braziereffectis a form of ovalization instability,
which - when canbined with local bifurcation buckling,causes a significant drop in stiffness and foad
bearing capacityKaramanog49] has examined this phenomenon by a nonlinear FE moigélg a
detailed description oprebuckling of long elastic tubes with and without initial curvatiMaterial
damage may occur duritige Brazietb uc k1l i ng process. 61lt is possible
elastically without materi al damaggdgbQilfcase bfa b uc k|
certain curvature, ovalization minimizes the internal energy state of the tube. As theettims of a
cylindrical tube flattens, the moment of inertia is reduced, therefore the required bending moment
increases by a decreasing sloytil a limit point is reached, and the maximum moment is often referred
to as Brazier momen8]. Knaster et al[51] have found that walization often coincides with local
buckling, which is assundeto occur when the maximum compressive stress reaches the uniform
compression critical value for a circular tube of radius equal to the local radius of the oshéHeat
the 6crig9cal 6 point.
Menshikova and Gu#52] have studied bending of multiyered filamentvound thickwalled fibre
reinforced composite tubes made up of a Maitered outer part and a thin homogeneous layer. They

20



have carried out a mugarametric study of stress distribution of the inner layeer@tproperties, its
thicknessand numbeof layers, layup and thenagnitude of bending load.

Fuchs et al[50] have extensively dealt with the buckling of thialled composite tubes
subjected to bending. It is mentioned that thitaesical collapse modes are related to bendin
anisotropic tubesHigure2.8). For relatively short cylinders, sudden bifurcation buckling occurs on the
compression side of the cylinder, for long cylinders; cesgional instability may arise due to the
flattening @ ovalization of the crossection; whereas for cylinders of intermediate length, local
buckles emerge due to the interaction of both collapse modes. The point of instability has been
presented, buckled shapes, deflection patterns and strain profilelsdeavpresented for short and
relatively long tubes as well.

short wavelength
buckles ovalizaton

local buckles

(a) Compression Buckling  (b) Cross-section Collapse (¢} Interaction for Cylinder
Mode of Short Cylinder Maode of Long Cylinder of Intermediate Length

Figure2.8. Cylinder bending collapse modgs0]

Whent ubes are subjected to high compressive aj
buckling is a buckling mode where the member deforms with no or negligibly small deformation in its
crosssectional shapg53]a Silvestre [54] has studied the neclassical effects (elastic material
couplings, warping and shear deformation) onsttnectural behavior dibre-reinforced plastickRP)
composite tubes by utilizing the generalized beam theory, unveiling the roots of linear coupling between
different mode classes. He has shown that if global buckling does not result in material failure (if a
structure is flexible enough), the structurey(e tube) is still able to bear load.

Almeida et al[56][55] have investigied axial compression of composite variable axial tow (VAT)
cylinders by conducting linear and nonlinear buckling analyses. They further exploited buckling results
for the optimization of thickness afidre angle to sustain increased buckling loads.

Ford et al[56] have addressed delamination failure of symmetric-plyocordrubber specimens
subjected to uniaxial tension by a simplified axisymmetric FE model. Theg pasven that

del amination failure is I Delamimhtion ie attiibutédeta Highemi n a r
interlaminar shear straito-l ongi t udi nal n aJr Jui%6). Los and Walte{57rhave i os ( 92
conducted interlaminar shear strain measurements ifplyvoordrubber composites subjected to
tension. Their results have shown that interlaminar shear-strdongitudinal normal sain ratios are

higher if B/Eyratio (modulus of elasticity dibres andthe matrix) is higher. Rao et g8] have dealt

with failure behaviour of cordubber tire belts by a micromechanical model. Their results have shown

that delamination plays an important role in failure of exober tires.

Hutapea and Pizhon[p9] have determined iplane shear moduli of composites withre-matrix
debonding. They have demonstrated thailane shear and intralaminar shear strain are in connection

with fibre-matrix debonding.

Linear buckling analyses, in which material properties and contact conditions are regarded as
linear, serve as a means of determination of the theoretical critical force of a stf@Gure
Nonlinear buckling analyses predict critical force more accurately, therefore they ane wgied!
in engineering practicil].

2.6.2 Literature review on micromechanicalmodels

One can find several examples for the utilization of the micromechanical apfsodehanalysis
of unidirectional fibrereinforced materials For example, Adams and Crarjé2] investigated
longitudinal shear loadings of unidirectional composites, also including temperature ardranois
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loadings. Bonora et gl63] examined the fike-debonding phenomenon in SiC/Ti composites by FE and
experimental means.

Kocak and Pidapartj64] have developed a thretmensional micromodefor cordrubber
composites to obtain deformation and stress results. They have investigated the influence of cord shape
and rubber thickness on the leddformation characteristicén their FE model, rubber has been
modelled as linear elastic and large deformations have not been taken into account.

Zhang et al[65] have established a nonlinear constitutive model for-colbdber composites and applied

a novel failure criterion for the reinforcement layers, validated by biaxial tesbtiatdon6 cord

rubber compositcR 0 s s 0  a rab] hav& develdped FE micromodel of transvéitse bundle test

of a Vinylesthercarbon fibre composite, applying the displacement coupling technique. They have
found that larger fraction of &total stress build up until failure is caused by the thermal residual stresses
related to the curing procesBehroozinia et al[67] have studiedfailure of cordrubber tires by
macromodels. They used micromechattiased elements, examined fibre volume fractionufaand

void volume fraction as well.

BojB&usedadbunit cell &8 micromodel for the deter mi
woven textile composite by modelling uniaxial tension and for the examination of the effiece of
volume fraction, modulus of elasticity of the roving and weaving methodsdthe i t cel | 6 type

considers a square or hexagonal periodical representative volume element (RVE) modelling real ply
structure. Unit cell is the smallest volume over which any numerical calculations yield a value
representative for the whol9]. Periodical and symmetry boundary conditions ensure deformation
compatibility within the unit cell such as in case of the caffilime/epoxy composite vessel subjected

to combined internal pressure and thermomecharoealihg examined by Wang et p10]. They
developed a progressive failure analysis algorithm based on micromecHdaitsre theory to

predict the failure initiation at constituent level and a material property degradation method to model
the post failure behavior of the damaged materkset al.[71] have developed a maemeso unit

cell model combined with the shalbre structural feature of 3D braided composites. They predicted
the elastic constants and micromechanical response. The effects of the braiding anglélamed the
volume fraction of specimens on the elastic properties have been discussed extensvaly[72]

have created a a dense but+natersecting geometry internahit cell model of 3D fivedirectional

braided composites based on microscopic observations and predicted the effective elastic constants of
3D five-directional braided composites. Their model was proven to be more effective to calculate the
mechanical prperties of 3D fivedirectional braided composites with more than S$ve volume

fraction compared to existing FE models.

The structural behavior of knitted fabrics subjected to tensile and shear loaslingema
analyzed by Dinh et a]73]. The material properties have been predicted based on tensile tests and a
virtual biaxial test by multiscale method at the yarn level using periodic boundary conditions, also
considering the effect of the coefficient of frictidbevireddy SBR and Biswé&s[74] determined
elastic and thermal propertiesunidirectional composites with differefibre volume fractions.

Material properties (modulus of elasticity aheitmal conductivity) of unidirectiondibre-reinforced
composites have been calculated in two ways, by rules of mixture and by an FE micromodel. The
results have been proved to be affected by volume fraction, geometryesfdiidl RVEElsaid et

al [75] have studied mechanical behaviour of 3D woven composites by a multiscale approach using
Voronoi tessellation. They have found that there is a strong relation betweeieternal yarn

architecture and the mechanical response of 3D woven composites.

Dinh et al.[76] utilized a novel 3D modelling technique for the assessment aéatdalbrics. The

coating material has been modell®d3D solid elements, while the yarns have been modéleduss
elements therefore simplifying the constitutive law.

Submodeling often gives considerably inaccurate stress results at the cut bourdeoytit
relatively small element sizes and the proximity to the projected boundary constraints. One way to
overcome this issue is to exclude the elements near the cutdv@msifrom the stress resy#]. Other
solutions include enlarging the model based on the $a&nant principle so that the boundaries of the
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original micromodel lie far enough from the boundaries of the enlarged model, so stress results are not
influenced by the boundary effd@i8]; or a cubic spline interpolation function can be used to determine
the values of the displacemehf$).

Goda[80] has studied failure mechanisms related to wear in case of a unidiredtimeal
reinforced PEEK (polyetheztherketone) subjected to sliding on aekteurface by FE macrand
micromodels (using displacemertiupling submodeling technique) and a debonding micromodel at
variousfibre orientations. In the debonding micromodel, interface elements, situated bétwesand
the matrix, are able tidentify tension and shear type debonding under tension and compression.

2.7 Conclusions

In the literature overviewirstly, the structuref filamentwound composite tubes, manufacturing
of such tubes and structure of reinforcement yarns are pres&htegl.the chapter includes a broad
description 6 the rules of mixture, material models of catdbber tubes and failure criteria. The
literature review on the mechaniaddaracterization of cortlbber tubes includes analytical, numerical
and experimental miedvds.Bending and buckling of composite tubes have been addressed by several
researchersThey applied mainly analyticahethods based on classical laminaséell theory and
nonlinear FE models. dWever collapseof cordrubber tubes has not been in the focus of recent siudies
this dissertation aims to fill this vomhd describ the complete buckling process

Several micromodels have been developed for the analysisiafial tension oftomposites.
These micranodelsare utilized for either the determination of material properties or studying failure.
Only a few micromodels deal with cordbber composites and the load transfer mechaigsmot
examined in any of them during uniaxial tension.

One purpose of thiglissertationis the development of micromodels for uniaxial tension of
compositetube sample and test specimen to stiodyl transfer and failure mechanisms of compaosite
structuresand provide realistic deformation, strain and stress results insiderceimient layers

3 Materialcharacterizatiof the examined tube

In this chapter, determination methods of the material properties afitherical models of the
composite tube will be presented. Chapter 3.1, material propertiés FE macromodelgt room
temperature are determined based oreftenatedibre volume fraction and the moduli of elasticity of
the fibres and the matrikn Chapter3.2, the same method has been utilized to obtain the elastic constants
for FE macromodelsit -4 0 Al& Chapter 33, estimation of material properties for the composite
micromodel has been made.

3.1 Material properties at room temperature

Determination of material properties of reinforceméayters has been accomplished by the
method illustrated ifrigure 3.1. Firstly, photographs have been taken at the eseston of thdube
in which yarns are respresented by their angular sections (end section). By using KLONK image
measuremergoftware[81], average area of yarns has been calculated in their end sections. Average
area of yarns in the end section has been utilized for the determinatibneofdiume fraction. Then,
average crossectional area of yarns has been calculated with the help of the orientation angle and
average area of yarns in the end section. Afterwards, modulus of elasticity of fitaterial directiorl
(Ern) has been evaluated based on the-&taain curves of a reinforcement yarn and the average-cross
sectional area of a reinforcement yattmen,modulus of elasticity of fioren material direction 2 (&)
has been estimated (see Chaptéfor details).Two parameter MooneRivlin material model has been
fitted to stressstrain 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
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reinforcementayerscan be determed in view of theiigeometric parameters and the tensile properties
of the fibre and the matrix. As regards the geometric parameters, average area of yarns and fibre volume
fraction are fundamental.

Photograph of Load-strain curves of a Stress-strain
cross-section of the reinforcement yarn curves of rubber
hose liners
Measurement of area QObtainment of
of yarns in the end Mooney-Rivlin
section (A.) pal-ame}em of
/ ~a rubber liners
- (C10. Co1. D)
Calculation of fibre Calculation of
volume fraction average cross-
(Ve) sectional area
of a reinforce-
ment varn (Ac)
W
Determination  of Calculation of
moduli of elasticity modulus of elas-
of the fibre (Ez1, En) ticity of matrix

| I !

Deriving composite elastic constants (Ei, Ea, Es, vi2, Vi3, Va3, Gia, Gis, Ga3) ‘

Figure3.1. Flow diagram ofletermination of material properties of reinforcement plies.

Computation of area has been carried out byOKIK image measurement softwdi@&l]. In
Figure3.2, captured perpendicular to the axis of thiee (end section of yarns), yarns are suneed
by measurement splines. Average area of the yarns determinetenliblp of the software is 0.64m?.
Outlines of the yarns might be regarded as ellipses with good approximatkiguhe 3.2, yarns are
represented by their angular cut surfaces because the included angle of the yarns and the s of the
is¥y= 55¢e.

inner rubber liner

outer rubber liner |

H(ui}"’lllflm‘i.1|\Hl%\l'\\\-\n\‘ia\_\'\\\'\\\
Eod b e T

Figure3.2. Crosssection of théube with measured yarns

24



Figure3.3. Angular section (end section) of a yarn at the esasgtion of theéube.

This angular cut is not representative when estimating elastic constants; thehefaress
sectional area needs to be evaluated in this dagar€ 3.3). In the angular section of the yarn, the
included angle of the ellipse and the normal to tsssectional plane i, hence

r=asin. whiler =b, (3.1)

wherer stands for the radius of the circular cresstionof the yarn
ais the semimajor axis of the elliptical end section

b; is the semiminor axis of the elliptical end section

¥ is the orientation angle

Therefore, area of the yarn in its cr@sstion equals:

6 o6 VEh (3.2)
whereAcstands for the area of cressction of yarrperpendicular to its axig\e stands for the area of
the angular end section of yaiaiken at the cross section of thke. Figure2.1 shows orientation of the
reinforcementayersrelated to thexs of thetube. The orientation angle is congruent with the included
angle of the angular section of the yarn (end section) and the normal to theemtimsal plane of the
yarn.

Inner diameter of the tube is 28 mm, its outer diameter is 44amartherubber liners are 2.4nm
thick. There ardour reinforcementayersconsisting of natural yarns and rubber matrix. The material
coordinate systems of thayersare cylindrical, the layup is [+5%/5/+55/5 5 ] [ A] with resp
axis of the tubeKRigure3.4).

Reinforcementayersare surrounded by rubber liners, made of ERBWA copolymer, whose
leading role is sealing and protecting reinforcenteyg¢rsfrom mechanical impacts.
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Figure3.4. Crosssection of theexaminedube

3.1.1 Fibre volume fraction

Volume fraction has been calculated as the proportion of the end sectional area of yarns on the
crosssection of theéube (A« and the crossectional area of thetbe (Ac). The average end sectional
area of yarns is (regarding 269 yarris): p @ uw & 8Crosssectional area of theilbe has been
calculated based on the outer (3&th) and inner diameters (32.8 mm). Area of ciesgion of the

tubeis 0 o @@ ph a . Thereforefibre volume fraction equals:

w — T W. (3.3)

For obtaining material properties of the yarn, tensile test curves, provided byathdacturer, are
crucial Figure 3.5). In this figure, two forcestrain points were selected (estimated approximate
inflexion points, A and B), between which a linencbe fitted for gaining characteristic stresses and
therefore modulus of elasticity of yarn.

250
200
® Samplel
150 ® Sample2
— Sample3
Z ® Sampled
= 100 ® Sampleb
Sample 6
50 ® Sample 7
® Sample8
® Sample9
0
0 5 10 15 20

€ [%]

Figure3.5. Loadstrain curves of a single reinforcement yarn (provided by the manufacturer)

In actual practiceof tensile testing, stresgtrain curves can be used as a basis for acquiring
modulus of elasticity of the fibre. By fitting a line to the lestchin curves and calculating stress values
at these points, modulus of elasticity can be obtained by a sibdifiproachWith the help of the
crosssectional area of yarn (80.496 mm) and force and strain values of poflnaind B (R=78.57 N,
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Fe=221. 4 N0 .am@5 40 . 063), the cal ailb8dMRaz=ddsMRas s v al L
the modulus of elagtity of the fibrein material direction 1s:

0 —— cw@pdd (34)
» TTPU WD s considered as t he t=6.16x2$theelongdtionatbrgak.h o f

3.1.2 Material characterization of rubber

Material properties of rubber liners have been deiteed based on the curve fitt§gl2] to the
uniaxial stressstrain curves provided by the manufacturer. The mechamicdkl of the rubber liners
is two-parameter MoonefRivlin hyperelastic modelRjgure3.6).

L5

Stress [MPa]
-

o 0.05 0.1 0.15 0.2 025 0.3 0.35 04 0.45 0.5

Strain [mm mm®-1]

Figure3.6. Two-parameter MoonefRivlin model fitted to uniaxial test data provided by manufacturer

MooneyRivlin-parameters of rubber linesse Ci= -0.4982 MPa, g= 1.523 MPaD=0[1/MPa], so

rubber liners are assumed to be incompressible inthe FEsnoddEqui val ent shear mod
ratio and modulus of elasticity of rubber linérghich have been utilized for the determination of elastic
constants of the reinforcemdayers)a r ¢=0.%):3

‘0O ¢26 0 ¢t w
0O ¢Op f 00 @ W

& (35)
& o

Ca C2

3.1.3 Deriving composite elastic constants

In the most general case, stragsl strain states of composites can be described by an anisotropic
material model. However, this requires 21 independent elastic consteniseasurement of which is
often too hard to achieve. Therefore, in most cases, the highest order of symmadbitg goken into
consideration. Firstly, composite parts are generally considered to be described as orthotropic having
three mutually perpendicular planes of symmetry; filanvemtind compositeéubes, with their fibres
aligned uniaxially, are usually regarded as transversely isotropic because the plane perpendicular to the
fibre direction is a plane of isotropy £83, G12=G13, 1230 13jJ Transversely isotropic materials have
five independent elastconstants (E B, Giz, Gz, 12)§16].

Yarns (or fibres) are per se considered transversely isotropic as constititleffitee independent
elastic constants. Modulud elasticity  can besimply determined based on uniaxial tensile tests
performed on yarns, however, measurement of other paranfetgrds) is complicated and hardly
possibldn most caseS herefore estimations had to be made the value of k. Considering low load
bearing capability of yarns in transverse directionsh&s to be deast one order of magnitude lower
than Ei. After ashort parameter study, whichdescribed in detail i€hapter3.4, Er, was chosen to be
80 MPa

Modulus of elasticity of the matrix islEE=6 . 15 MPa, its Poissonbs r
On=g=0. 5. Poissonds r at i og=02 Fibtelwadumé frattionas ¥45%. as s u me d

Matrix volume fractioris respectively as follows:

W p W op TE®RU TS (3.7)
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Modulus of elasticity of ontayerin direction 1 is:
0O O Jw 0 2 poody ® (3.8)

Shear moduli of the fibres can be written as follows:

0 .
O 0 —— o@&@DOD 0%
¢Op
0 o c@auw 0 (3.10)

Applying the formulae presented[ib6] and[83], the moddilof elasticity in directions 2 and 3 and shear
moduli are:

O O o v 0 @ oP
P wIp "0Oj°O N
O .
O v8 0D L & op o

P wIp "0Oj°O
Poi ssonds pivarg¢[idos of one
T T wdF w3 ™ B oP 1

Contraction in plane 23 is principally governed by the mechanical behaviour of rubber, so

¥ p 1@ Wap oP L

¢ 00

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

3.2 Materialcharacterizatiomt-4 0 A C

4
13

Figure3.7. Lateral section of rubber test specimen
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A preliminary tensile test has been carried out in order to determine material properties of the
rubber at-4 0 ATe test specimen has been cut in thickness direction in accordance with standard
ASTM D638, thus the thickness of the test specimen is 2.4egual to the thickness of the outer rubber
liner. Lateral section of the rubber test specimen, along with its dimensions, can be vidvigarén
3.7. The traction ofthe test specimen has been conducted to a displacem&htmuh, at which the
specimen has ruptured.

Forcedisplacement results of rubber test specimen can be obselveniia3.8.

140
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M = [=)] [o2]
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o

0 10 20 30 40 50 60
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Figure3.8. Forcedisplacement curve of rubber test specimeda A C

For the calculation of the modulus of elasticity, Ehe initialsection until a displacement of 16.5 mm
has been considered.

Engineering stresses can be calculated basétkamtial crosssection A =4 mmX2,8 mnm= 11,2 mm
and traction force F.

, —8 (3.16)

By using distance between gripg=35 mm and change in lengtiy, engineering strains can be
calculated:

|

(3.17)

Engineering stressesultscan be viewed as a function of engineering straifggare3.9.
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Figure3.9. Stressstrain curve of rubber test specimen&atd0  é C

Modulus of elasticity of matrix can leterminedas follows:

0 8 . 8 -18.91MPa (3.18)

According to data provided by the manufacturer, Shore hardness of the rusbé atAC BM. H=95
Shear modulus of rubber can be estimated bas&hore hardness of the rublp@4]:

Oy, MtYPst v v od 0 & (3.19)
Modulus of elasticity of rubber can be estimated with use of the estimated shear modulus of rubber:
(o) ¢Op F 00 P@ DO (3.20)

The modulus of elasticity of rubber estimated with the use 08 26[84] is approximately equal
to that determined based thetensile test experiment.

Temperature effect is neglected in case of the yarns, since there is little difference between storage
modul uaf polyestér)at4 0 AC and at room t Eiguoe2l0 ahus, foetheaccor d
calculation of the smeared macromechanical properties of the composite layér &t C , t he san
material properties have been taken itoount as at room temperature (e; =2 960MP a, é) .

normal using temperature
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— b:Nylong
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LogE' (Elastic modulus)
(Normalized with linear density)
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60 -40 20 0 20 40 60 B0 100 120 140 160 180 200
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Figure3.10. Comparison of modulus of elasticity of various fibf8S], PU: polyurethane, XLA: elastolefin fibre,
Lycra: elastane
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Material properties of reinforcemdatersat-40A C wi t h themedulus sfelastcity of
matrix and Eq (2.0) -(3.15) are as follows:
E:1=1345 MPa, E=Es=39 MPa, gio= ¢13=0.364,023=0.496; G= G13=13.94MPa; G23=13.02MPa.

Rubber liners are described by a tyvarameter MoonefRivlin model whose parameters have
been determined by using the curve fitting featurdNd$Y S WorkbencH82] on the stresstrain results
of rubber test specimdfigure3.11).

Stress [MPa]

unia
Uniaxial Test Data. @

[1} 0,05 0,1 0,15 0.2 0,25 03
Strain [mm mm™-1]

Figure3.11. Two-parameter MooneRivlin model fitted to stresstrain results a4 0 € C

MooneyRivlin parameters of rubber liners &g= 2.96 MPa, Gi= 1.53 MPa, D=0 [1/MPa].

3.3 FE micromodel otest specimeandtube sample

Yarns aremodeled as linear orthotropic (transversely isotropic), with the following material
properties: k= 2960 MPa, E=E=80 MP ao= 85=30 . 22370.4;3 G12=G13=33.33 MPa,
Gi23=26.85 MPa. Modulus of elasticity in material directiorie1is identical to hat of the reinforcement
layer in the macromodel as yarns transmit loads mainly in the longitudinal direction. Moduli of elasticity
Er, and ks are estimated to 0 MPa, much lower than;&s the yarn has little stiffness in direction 2
and 3 due to a havirglong pitch of twist relative to the thickness of a sirfgbee (Figure3.12, Figure
3.13). Shear moduli &2 Gniz and Gz are estimated as the shear moduli of the rubber matrix because
interaction of singldibres is negligible in the shear mechanism of thenyue to the low thickness of
a single fibre and uplane shear mechanism is affstimostly by matrix propertig¢§7].

Moreover, due to possible inaccuracies regarding the estimation of madwdnd Es, case of
E,=200MPa ha& also been investigated (sEigure6.57, Figure6.77).

In this case, @2, Gz and Gys havealsobeen calculatelly the expressions &fq. 3.12. andEg. 3.13.

Material properties in the case abE£200 MPa are the following:
En=Es=2 00 MP a7 0 31250.4,G1~Gn3:=83MPa, G23=71 MPa
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Figure3.12. Microscopic image of one yarn

Figure3.13. Microscopic image of yagembedded in the rubber matrix

The matrix is modeled by a 2 parameter MooReylin model with parameters also mentioned
in Chapter3.1.2 It is postulate that yarns behave equally for tension and compression, so tension
moduli of the yarns equal their compression moduli.

3.4 Estimation of transverse modulus of elasticity E

In this paramter study, values of £20, 80 and 200 MPa have been considered for the cases of
the macromodelsf the uniaxial tension of the tube sample at room tempergigere3.14) and-40A C
(Figure 3.15) and micromodel of the uniaxial tension of the tube sar(fitpure 3.16). Note benejn
case ofmoduli B over 400 MPathisyarn behaves practically isotropically.Figure3.14, macromodel
results of =200 MPa and k=80 MPa approximate experimental results wahile results of
Enp=20 MPa differ significantly from experimental resulist -4 0 A C, r es200 MPa areoiffi E
good agreement with experimental results, data seriep®8EMPa are also in considerably good
agreement with experimental data (with a difference of nearly 10%), wh#@@EMPa results are
unacceptably far from experimental resulfs regards micromodel of uniaxial tension at room
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temperature, results of,E20 MPa and =80 MPa are in good agreement with experimental data,

whereas =200 MPa results differ unacceptalffom experimental datalherefore,E,=80 MPa is

applicable in all three cases and will be utilized for simulations as the transverse modulus of elasticity.
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4 Experimental materials amdethod

Several experiments have been carried out in order to investigate mechanical behaviour of the
tube in certain cases. Firstiyniaxial tensile testhave been performed on standard test specimen and
tube sample at room temperatamed at-4 0 A C  ate valdatd thesE models of Chapter 5, which
are based on theaterial modeldetailed in Chapter,3hus confirming the appropriateness of the
material constantsThe threepoint bending tests and standard bending test have aleoukikeed to
validate material models of FE macromodels at room temper&twampression/bending test halso
been performetbr experimental validation of tremalysis ofthe compression/bending instability of the
composite tubgéwhich will be preserd in detail in Chapter 5.5Jhe uniaxial tensile tests, the three
point bending test and the compression/bending test have been carried out at BME Department of
Polymer Engineering, while the standard bending test has been performed aBkKmose Rail
Systems Ltd..

In Chapter 4.6, a draw and buffing gear isgbresented thdias been carried oon a reverse
curve test track by MCV Central Rai |l And Track
Rai |l way Maintenance . Sesttesultssdrve ddxperiméntal vaidatioh of thk
kinematic simulatiomelated tahe FEmacranodel of the tube under extreme operating conditibhis
test report iglsoutilized for the calculation of the prescribed boundary conditions dfEmeacranodel
of the tube subjected &xtremeoperational loads on a reverse curve test track.

4.1 Uniaxial tensiomat room temperature

4.1.1 Tensileexperiment on standard testspecimencut from the tube

Test specimen used for uniaxial tension test has been cut fraobéhm thickness direction in
accordance with standard ASTM D638. The specirhaming a length of 75 mm, has been tested to
complete failure. The experimentgan with a prédoad of 1 N with a prdoad speed of 2 mm/min. The
test wasexecuted on a Zwick ZZbtensile testing machine. The measgriimit of the load cell was
10kN. Firstly, fractures appeared in reinforcemkyters which led to yarmamatrix debonding. This
may be attributed to yarns aligning themselves to the direofidmad generating she insidelayers
(Figure4.1). As the tension progressed, gappeared between the two rubber liners.
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Figured.1. Tensile test specimen at a displacement of 19 mm

4.1.2 Tensiletestexperiment of tube sample

Tensile test of @ube samplehaving a length of 110 mm wagerformed Figure 4.1) to a
displacement of 25 mm. Crassction of theube samplés in accordanceavith Figure 3.4. Uniaxial
tension was realized with the help of two steel plixgsd into thetube by pipe clamps and by bonding
them to the inner liner of thebe.

Tube samplavas pulled with a speed 6fmm/min and a preload of 1 N. Tensitsts were performed
three timegFigure4.2).

Figure4.2. Tube samplsubjected to tensile load at a displacement of 25 mm.
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4.2 Threepoint bending test

Figure4.3.' Threepoint bendingestat a deflection of 80 mm

Threepoint bending test has been performed on a Zwick Z 020 tensile test m@ggune 4.3)
at room temperatur@hetube has been placed between cylindrical bend fixtures. Diameter of the upper
support is 30nm, diameter of the lower supports, whose vertical midplanes are situated 500 mm from
each other symmetrically to the vertical midplane of the upper support, is 1&igune@.4). In the
course of the bending test, the upper support has descended.8hentravel speed of the crosshead
has beer30 mm/min.

~D~on N o

Figure4.4. Arangement of the thregoint bending test

36



4.3 Standard bending test of thebe onto a disc in accordance with
EN 15807:2011

Figure4.5. Measurement of reaction forces in the course of standard bending test

A standard bending test of thebe onto a dis¢47] is utilized in practice as a means of quality
control (Figure4.5). The sandard bending test has begarried ouiat room temperatunmanually by
bending thetube onto a disc, being 30 mm thick, having a diameter of 180 Thm.bending can be
eithercarried out withbare hands or positioning pif47]. Reaction forces have been measured by a
force gauge. Mean reaction force calculated based on 10 experimental values measured in the position
depicted inFigure4.5is 121.0 N(with a standard deviation of 6 N)

4.4 |nstablity analysiscompression/bending test

For experimental validation, compresgioendingtests have been carried out on a Zwick Z 250
tensile testing machine with a compression speed ofriiimin Figure4.6). The applied préoad has
been 1 N. The uppeeiisile jaws have traveled 688 in the course of the experiment, while the lower
tensile jaws have held their position. Compressive forces have been measured throughout the
experiment.
The tube is connected to the tensile testing machine by a fixing lalgs@figure 4.7). A pin(2) is
inserted and bonded into the tube (1). An axle (3) is placed inside the hole of the pin. The pin can rotate
around the axle; two deapoove ball bearings (4) ensure that friction in the gile connection is
almost negligible. The axle is fixed axially into a grip fork, consisting of d3u@nd a crosspiece (6)
joined together by screws (7) and retaining rings (8). A sgsectoned br (9) welded to the crosspiece
is utilized for fixing the assembly between the tensile jaws. The testing assembly isvaayostructure
because the squasectioned bar (9) is fixed between the tensile jaws.
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Figure4.6. Deflected composite tube at a vertical displacement of 350 mm
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Figure4.7. Crosssection of the fixing assembly, all the dimensions are expressed in [mm]

4.5 Uniaxial tensiorat-4 0 A C

4.5.1 Uniaxial tension of standard test specimen a4 0 A C

Standard test specimens have been cut from the tube in thickness direction containing both the
reinforcementayersand the rubber liners, thus their thickness is 8 mm. Their lateral sectiorsantie
as depicted iffigure3.7. The tensile test experiment has been performed@ AC i n a cl i mat e
as depicted ifrigure4.8. The experiment has begun with a+oad of 5 N. The test has been executed
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on a Zwick Z250 tensile testing machine with a tensile speed of 5 mm/min to complete rupture at a
displacement of 11.7 mm.

Figure4.8. Standard test specimen-4t0 A C, gxlinate eh@mbeér n

4.5.2 Uniaxial tension oftube sampleat-4 0 A C

A 150-mm-long tube samplédas been subjected to uniaxial tension to a displacement of 35 mm.
Crosssection of theube samplspecimen can be seenfigure3.4. Tension has been performed with
the help of two steel plugs installed into thke by pipe clamps and by bonding them to the itiner
of thetube. Thetube sampldias been put into a climate chamber, whose temperature had been set to
-4 0 ARyure4.9).
Tube sampléas been pulled with a tensile speed of 5 mm/min and-adeof 5 N.
A reference tensile test falso been performed dobe sample at room temperature for comparison
with results othe-4 0 AC. t es't
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Figure4.9. Tube samplspecimenat4 0 AC, placed in climate cham

45.3 Uniaxial tension of tube sample at room temperature (for
comparisonwith tension at-4 0 A C

Arrangement of uniaxial tensile test experiment matches arrangement of the tensile test carried
outat-4 0 AC, mihatubesanaptés 150 mm long as well.

4.6 Draw and buffing gear interaction test

Railway rolling stock manufactured in the European Umerds to fulfil the requirements of
LOC&PAS TSI[86], so draw andbuffing gear interactionte$87] of a coach manuf act
Start Zrt (Hungarian State Railways) had to be perforriied.e t est was carri ed out
Rail And Track Inspection Ltd. (MCV KFV Kft.) or
in Szolrok, Hungary between 16 June 2019 and 20 June 2019 on a pbrplbseverse curve test track
with a nominal curve radius of 150 m. Length of the vehicle body has been 26100 mm, distance of the
bogie pivots has been D®0mm, bogie typdas beesiemens B 400. Tests were conducted at a speed
of 5 km/h so that forces exerted by the traction vehicle didnfluence the measuremef&y].
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Figure4.10. Schematicest track layouf87]

The testrack is illustratedschematicallyn Figure4.10. It consists of an initial tangent (straight)
section befordild, a 20 m longcurve with a radius of 150 m (betweBhd and fi20), an inermediate
straight section of & (betweerfi2d andi30), a 35 m long curve with a radius of 150 m (betw&am
and o) and a curved section afté4o with an approximate radius of 150 m. The test (pulled run is
considered hereinafter) commenced at pidldtand lasted until the rear coach has passed pint
Figure4.11 shows the displacemetytpe measured quantities. is the buffer compression on the left
side, x is the buffer compression on the right side, whereas the lateral dplacemenét the coupled
end (Figure 4.1).

Pulled run Measuring directions Pushed run

- -

84-91 409 20-91 414

Figure4.11. Location of the applied sensq&v]

Lateral dsplacemeny/; has been used for the validation of the kinematic simulation. It has been
measured by a drawire displacement sensor as it can be sedfigore4.12. Lateraldisplacement
results can be seenkilgure4.13as a function of measurement time.
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Ay Draw-wire displacement
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|

Figure4.13. Lateral displacement; s a function of tim@87]
4.7 Deflectiontestat4 0 AC

Deflection testhas been carried out according[4d] along with an FE moal of the deflection
test in order to validate the Facranodel of bending of tubes operational conditions (Chaptero).
In theschematic arrangement accordind4d|, the test assembly comprises of the tube, gripped in a
clamp, and a weight placed inside a stopper at the free end of thig-itgine=4.14). In the actual test
arrangementiigure4.15), the weight has been fixed into the stopper placed inside the tube and hanged
by a string to the top of the climate chambdre test assembly had beautinside a climate chamber
atatemperatureef 0O AC f or 12 hour s. Atstringhas bebnecytiapplyingihg o f t
load, vertical deflection has been measured and recorded after 10 s. The measured deflection has been
15 mm.

500 ) 250£2,5

rigid bracket

Figure4.14. Schematic diagram of test rig for deflectioriaat temperaturg¢47]

In Figure 4.14the meaning of latin letters are
f: deflection of the tube
m: stopper with location for weight@ssof 2 kg
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Figure4.15. Arrangement of the test rig inside the climate chamber

5 Numericalmodelsand methods

In this chapterfFE analyses are presentaghich includethe followingexaminations:

the uniaxial tension of the test specinamoom temperatur@hapters.1.1),

the uniaxial tension of the tube sampteoom temperaturfhapters.5.2,

the threepoint bending oflte composite tube (ChapterR),

FE simulationof the standard bending test of the composite tube (ChaBter

the instabilityanalysis of compression/bending (Chajue,

the uniaxial tension of the test specinatrd 0 AGhapter5.5.1),

the uniaxial tension of the tube sampte4 0 AGhapter5.5.2,

the simulation of the effect of extreme opergtioads on a reerse curve test track
(Chapters.6),

the micromodel of the uniaxial tension of the test specimen (Chayesind the micromodel
of the tube sample (Chapte:8).

I D D D D

>

5.1 Uniaxial tension otest specimen andbesampleat room temperature
5.1.1 Uniaxial tension of test specimen at room temperature
5.1.1.1 Geometric model

Geometry of the tube has been shown in detaifigure 3.4 in Chapter3.1. Geometry of the
specimen can be observedHFigure5.1 along with the dimensions and the fibre orientatiotagér 1
(its orientation angle is ¥=+55A).
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Figure5.1. Dimensions of the test specimen, along with the fibre orientatitayef 1( + 55 A)

5.1.1.2 Connections

There are bonded contacts between the reinforcelagatsand the outer rubber liner and the
reinforcementayersand the inner rubber liner respectivebecause rubber, being the material of the
matrix and also material of inner and outer liners, is vulcanized around(lFagnse5.2). The contacts
defined betweenth rubber | iners and the tensile jaws

basedoi88, and formul ati on AAugmented Lagrangeo.

_———tensile jw\ffsl,I

outer rubber liner \‘

composite layers

mner rubber liner
Figure5.2. Disposition of the finite element model

Finite element mesh-{gure5.3) consists of approximately D0 nodes and 13100 elem&nt

15,000 30,000 fmm)
 — ]
7500 500

Figureb5.3. Finite element mesh

In the first time step, the upper tensile jaw at the right end desezmais in Y direction, while
the lower tensile jaw opposite of the former stands &igure5.2). In the second time step, left end of
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the specimen is being fixed. The upper tensile jaw sidkam in Y direction, while the lower tensile

jaw is fixed.Meanwhile, the upper right tensile jaw holds its posit®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 displaceofé?® mm in positive X direction. In the meantime,
tensile jaws situated at the left end hold their position.

5.1.2 Uniaxial tension of tubesample
5.1.2.1 Connectionsmesh
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 theubeby bonded contacts.

ANSYS

R17.2

Academic

[

00 500 000 (mem)
]

Figure5.4. Longitudinal section of the meshed geometry

Mesh of the finite elemernitibe samplemodel, being a thredimensional full model, consists of
nearly 25100 nodes and 200 elements (longitudinal section illustratedrigure5.4). Reinforcement
plies are represented byur adjacent layers of elements betwélereelayers representing outer rubber
liner andthreelayers representing inner rubber liner

5.1.2.2 Loads, boundary conditions

In the first time step, pressure of 1.5 MPa, which represents pipe clamps, is applied to sections of
the outer side surface of thése shown irFigure5.5. In the seond 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

Figureb.5. Loads and boundary conditions of the tube sample
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5.2 Threepoint bending

5.2.1 Connections, mesh

There are bonded contacts between the reinforcelagatsand the outer rubber liner and the
reinforcementayersand the inner rubbdiner. The contacts between the outer rubber liner and upper
and | ower supports are fricti onal88 and fomulaionf ri ct i
0 Augqme d L aUppenamdyl@vér.supports are modelled as rigid bodfigsie5.6).

00 100,00 200,00 ()
- 7

Figure5.6. Dispositionof FE simulation of thre@oint bending along with mesh

5.2.2 Loads, boundary conditions

This FEsimulationconsigs of one time step and several substeps. In the course of FE simulation,
upper support descends 80 mm in global Y direction, meanwhile lower supports are fixed.

5.3 FE macranodel of standard bending test of the tube

5.3.1 Material properties, geometry

Material propeties of thetube are in accordance with Chapter 3.1, the geometry ditieis
presented in Chapter 2.1. Standard disc is modelled as a rigid body with a diameter of 180 mm and a
thickness of 30 mm. Positioning pins utilized for the bending proces®dlaside théube, are also
rigid bodies, whose diameters equal the inner diameter ofitee 70 mm long sections of the pins lay
inside thetube. The aforementioned pins have holes, whose centers serve as a remote point for
positioning theube duringthe bending process, the centers of the holes are 50 mm from the base of the
tube

5.3.2 Connections, mesh

Connection of inner and outer rubber liners to reinforcenagersis bondedFrictional contact
is defined between the outer lateral surface oftbea nd t he di sc with a coef fi
based 01i88]. There are bonded contacts between the inner lateral surfacaetubélaad pins utilized
for positioning thaube Arrangement of the FE simulation along with mesh can be obsenfeduire
5.7.
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Figure5.7. Disposition of the FE simulation along with mesh
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5.3.3 Loads, boundary conditions

The tubeis in connection with the disc continuously during the bending process, therefore its
centreline is transformed gradually into a circle, whose radius equals the sum of the radiiloéainel
the disc. In the bending process, centreline oftthe is coincident with the tangemf the above
mentioned circléFigure5.8). Therefore, the length of tliebe segment not in connection with the disc
decreases step Isyep.

Figure5.8. Position of the right half of thieibein each time step

Positioning of theubeis carried out by the two remote points placed at each center of hole as
presented ifrigure5.8. Positions of the right half of thtebe in each time step are showrFigure5.8,
while positions of the right remote point can be sedrigure5.9. Thesecoordinates are defined in a
relative coordinate systemhose origin is located in theentre ofthe hole of the right positioning pin
at the beginning of the simulatiphavingcoordinate axes parallel to thges of theglobal coordinate
system depicteth Figure5.7. The prescribed trajectory ensures that there is no reaction force in the
tangential direction at the current point of tangency on theidisach tine step therefore the finite
element bending process is smooth enough. Positions of the left remote point are symmetric to the
positions of the right remote point in every time step, the plane of symmetry is the global YZ plane.
Translation of remote poigtin direction Z is not allowed, rotation around axes X and Y is not allowed
either, however, rotation around axis Z is possibl¢he current FEnacranodel, the disc is completely
fixed.
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Figure5.9. Position of the right remote point in each time step

5.4 Numerical instabilityanalysis of compression/bending

The finite element model is a thrdeamensional full model. The geometric model, the lateral
section of which is shown iRigure5.10, consists of the tube, and the pins utilized for positioning the
tube during the bending process leading to esession instability. Rubber is vulcanized around yarns
(Figure 3.4), so the connection of inner and outer rubber liners to reinforcement layers is modeled as
bonded. There are bonded/frictional contacts between the inner lateral surfiae¢utife and the pins
utilized for positioning the tube (the contact is frictional at the fillets of the pins, otherwise, bonded
contact is defined). 76m long sections of the pins lay inside the tube. These pins, being rigid bodies,
have holes, the cesrs of which serve as remote points for positioning the tube during the bending
process; the distance between the center of a hole and the base of the tube is 50 mm on each side.

000 100,00
I I 1

50,00 150,00

p \\ T
2 (]
x

outer rubber liner
reinforcement layers
inner rubber liner

Figure5.10. Lateral section of the meshed geometry of the tube

IE Remote Displacernent-left side
Remote Displacement-right side

.

Figure5.11. Displacement control of the nonlinear buckling simulation

The FEmacranodel consists of 46700 elementan@le SOLID185 elements), with 6 3tAodes,
with largestrain formulation.
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Compression followed by bending has been carried out by the prescribed displacements of the
remote points of the positioning pins, therefore the simulatiogisiglacementontrolled The left
remote point translase41 mm in positive X direction during®btime steps (approximately Idm in
each one), while the right remote point maintains HsoXrdinate in the course of the simulation. Both
remote points can rotate around axis Z but cannot translate in diré¢t@mmsZ, moreover, their rotation
around axis X and Y is not possible eithBigre5.10, Figure5.11) throughout the bending process.
The FE boundary conditions completely match those of thgoession test experiment.

The FE simulation is a nonlinear buckling analysising nonlinear static solvewvith the
utilization of themodified Riks method (also known as the-Bnegth method)89]. Theinitial deviation
of the shape fronthe straight lindhas been a deflection bf200 (Figure5.11, L designates the overall
length of the tube), determining the initial curvature of the tube at the beginning of the nonlinear
buckling analysis.

Linear (Eigenvalue) buckling analysis has beamied out to study the global buckling of the
tube due to axial compressifg0]. The boundary conditions are the same as in the case of nonlinear
bucklingsimulation, initial imperfection has not been taken into consideration. Lanczos Eigensolver
has been used for obtaining linear buckling load.

The nonlinear buckling FEnacronodel presented above can represent the mechanical
behavior of the tube both indhcompression phase (global buckling) and in the bending phase
(compressiornstability).

5.5 Uniaxial tensiorof test specimeand tube samplat-4 0 A C

5.5.1 Uniaxial tension of test specimen a4 0 A C
5.5.1.1 Geometry, mesh

Geometry of the standard test specimen is the sathat of the test experiment, its lateral section
is shown inFigure3.7, its thickness is 8 mm. Rigid tensile jaws have been utilized for gripping the test
specimen and for executing traction.

The FE mesh comprises second order hexahedral elements.

5.5.1.2 Connections

Outer and inner rubber liners are in bonded contact with reinforcdeyans The connections
of outer rubber liners and the rigid tensile jaws are frictional with a coefficient of fricti®a8 with
formulationfiAugmented Lagrangd88].

5.5.1.3 Loads, boundary conditions

FE simulation is made up dhreetime steps. In the first and the second one, standard test
specimen is being fixed between the tensile jaws. In the third time step, tension is being applied to the
specimen.

In the first time step, the upper tensile jaw at the right end sinBsmm inY direction, whereas the
lower tensile jaw is still fixeqFigure5.3). In the second time step, left end of the specimen is being
installed. The upgr left tensile jaw descend$.8 mm in Y direction, while the lower right tensile jaw
maintains its positionn the third time step, tensile jaws located at the right end are being displaced 11.6 mm in
positive X direction.

5.5.2 Uniaxial tension oftube sampge at-4 0 A C

Geometry of the FEnacranodel is identical to that of the experiment. Steel plugs utilized for
tension are modeled as rigid bodies.
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5.5.2.1 Connections

Reinforcementayersare in bonded contact with outer and inner rubber liners. The rigid plugs are
also bonded to the inner lateral surface ofttie.

5.5.2.2 Loads, boundary conditions

In the first time step, pressure of 1.5 MPa, representing pipe clamps, is applied to sédtiens o
outer side surface of thebe depicted irFigure5.12,
In the second time step, a prescribed displacement of 35 mm is applied to the right end of theyright pl
In the meantime, left end of the left plug is fixed.

.

000 25,00 0,00 ()
1

2250 67,50

Figure5.12. Pressure representing pipe clamps, 1.5 MPa

Arrangement of uniaxial tensile test experiment matches arrangement of the tensile test carried
out atroomtemperaturemoreovertube samplés 150 mm long as well.

5.5.3 Uniaxial tension of tube sampleat room temperature (for comparison with
uniaxial tension at-4 0 A C)

The reference uniaxial tensile test at room temperature has also been modelled with material
properties detailed in Chapter 3.1.
Arrangement of uniaxial tensile test experiment matches arrangement of the tensile test carried out at
-4 0 ATBetubepiece is 150 mm long as weiE macranodel differs from the FEnacranodel of
uniaxial tension at4 0Conly in the aspect of material properties

5.6 FE analysis ofhetube subjected to extreme operational loads on a reverse
curve test track

A comprehasive FE macroscale analysis has been carried out to assess the mechanical behaviour of the
tube considering extreme operating conditions. These extreme conditions include the rolling stock
traveling on a reverse curtrack(with low curve radiu®f 150m), causing large deformations in tubes;

and subzero applicatonad 0 AC, which makes the mechanical beha
at room temperaturduring this simulation, tubes undergo significant bending and torsion as well.
Mounting comlitions of the tubes can be seerFigure5.13, the tubes are connected to one other by
pneumatic couplingsThis setup resembles real operating condgiam the simulationsapart from

bending, torsion is also taken into account.
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Figure5.13. Mounting conditions of brake tubes

5.6.1 Kinematic simulation

Kinematic simulation has been performed in PTC @:&Meclanism environment based on the
dimensions of the draw and buffing gear interaction test. The kinematic model along with the railway
track is shown ifFigure5.14in 1:1 scalewith true dimensions accordance witf87]. The purpose of
the kinematic model is to obtain the positions of the suspension points of the positioning thims of
tubes at critical cases (minimum and maximum suspension point distance) in order to determine the
displacements of these suspension points required for the FE model.

Figure5.14. Representation of thailway track in the kinematic model

The assembly can be seen with its constrainsgare5.15. The dimensiongHigure5.16) are in
accordance with railway standaf@g)], [91], , andthe test repoit87]. The railway track is grounded, to
which bogies are attached blptconstraints at the railway wheels. Bogies and carriages are connected
by pin contacts at the bogie pivots, which permityorotational displacement around their axes.
Carriages are connected to one anothethbydraw gearwhich is able to rotate around fix points on
the carriages (representedpiis contacts). The assembly is driven by a servo motor attached to one of
the slot constraints on the rightmost bogigure5.15). The assembly contains the control points on
both carriages required for the validation of the kinematic simuléfigure5.15).

slot draw gear pin servo motor
;-‘{—\’ = ( - /_/; “ ‘.._\_\‘.:_}
Co] UJ X Eod]

control points (y1)

Figure5.15. Schematic representation of the kinematic model along with constraints
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Figure5.16. Schematic drawing of the kinematic model with dimensions
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Relative displacements of the control poirfeggre5.15) can be seen as a function of time in
Figure5.17. Comparing results of the kinematic simulation with results of the draw and buffing gear
test Figure5.17 andFigure4.13 respectively), a considerably good agreement can be observed. The
two curves have the s& tendencies and the periodicity is nearly identical. However there is a minor
difference in terms of the extremums, (the maximum lateral displacementiisr8 Ii¥stead of 200 mm
and the minimum lateral displacement-%6 mm instead of approximatel70 mm), this can be
attributed to several factors that could not be taken into account in the simulatiba.test train, there
are clearances in the subassemblies, and there is a slight lag in the movement of the bogie pivots.

400

300

200

100

0

y, -100
[mm] -200

100

===|ateral displacement y1

Time [s]
Figure5.17. Lateral displacement {)time

Results of the kinematic model is necessary to estimate the displacements of the suspension points
of the positioning pins of the tubes that govern the movement of the tubes. Belosft taér lof tubes
is considered.
At the start of the simulation, distance of the suspension points is 840 mm, which firstly diminishes
because of being on the inner side of the first curve, until a minimum of 77(Figune 5.18). Then,
the distance increases as the bogies of the first coach begin to negotiate the second curve. After reaching
the maximum of 988Bnm, the bogies of the second coach get on the secordanacthe distance
between the suspension points of the tubes slightly decreases. The extremums are considered as worst
cases regarding the positions of the tubes.

1010

960

910

860

810

Distance of the suspension points of the positioning pins
[mm]

760

0 20 40 60 80 100
Time [s]

Figureb.18. Distance of the suspensionipis of the positioning pins as a function of simulation time

Minimum and maximum suspension point distances are illustratétgime 5.19 and Figure 5.20
respectively.
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770 mm

Figure5.19. Railway cars at the moment of minimum suspension point distance

985 mm

Figure5.20. Railway cars at the moment of maximum suspension point distance

The displacements of the suspension points of the tubes in the FE mod€hliéed) have been
calculated based on the positions acquired from the kinematic nfoget€5.19, Figure5.20).

5.6.2 FE analysis

The objective of the FE simulation is to gain strain, stress aneHils&ilure index distributions
for the assessment of failure @0 AC and t he pr es dved flora the kihensagcl ac e me
simulation on the reverse curve track. Ther&cronodel consists of two tubes and positioning pins
on the two sides of the tubes used for actuating the tubes and positioning pins needed to connect the
tubes.Each tube is 620 mm Ignconsisting of an inner rubber liner, reinforcement layers and an outer
rubber liner, shown iigure3.4. The | aysupA/i-B5RA/5&8Md t he emamtener i al
of the tube is cylindrical.

Figure5.21. Prescribed displacements in the front view and in top view
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Actuation of the tubes is performed by prescribed displacemigigisr€5.21) of the suspension
points of the positioning pins based on the kinematic simulation. The tubes are connected to each other
in the middle by a fixed joint of holes of two positioning pimdose distance is 10 mm in direction Z
(seeFigureb.21).

Figure5.22. Meshed FEnacranodel

The Finite Element model consists of 151548 nodes, 110800 SOLID185 hexahedral elements and
50260 SOLID 187 tetrahedral elements, a detail of the mesh can be Bapnm@5.22. (The positioning
pin consists of two bodies, bonded to one another, due to meshing consideratitres)eginning of
the FE simulation (t=0 s), the distance of the suspension points of the positioning pins is 1140 mm.
Prescribed displacements fminimum and maximum suspension point distance load cases are listed in
Tablel relative to the initial configuration.

Tablel. Prescribed displacements of Rtacranodel without internal pressure

translation | translation rotatiop Y
X [mm] Z [mm] [ A]
min. s. p.d.| 14 gg 0 3.41
left
min.s. p.d.| i
right 184.86 0 3.41
max. s.p.d.| 4635 278.5 1.55
left
max. s. p. i i i
d. right 163.5 278.5 1.55

wheremin. s. p. d. lefis the abbreviation of minimum suspension point distance loadiefisemote
point
max. s. p. d. righis the abbreviation of maximum suspension point distance loadighseemote point

The load case ofdalitional internal pressure in case of the minimum and maximum suspension
point distances has been further investigakedufe 5.23). By utilizing the symmetry of the odel, in
these examinations, only a half model has been examined (the left tube pingd)it The pressure load
is S5bar, the displacement of the connecting remote point (in the middle) and the displacement of the
suspension point of the positioning pimich those of the displacement results of the simulation without
internal pressure. This simulation consists of two time steps. In the first one, an internal pfésbare o
is applied to the inner lateral surface of the tube, while in the second ergettribed displacement
results are applied.
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D:static Structural
Static Structural

|A_ Remote displacement-left side
IE; Remote displacement-right side
. Pressure: 0.5 MPa

102,00 000

Figure5.23. Half FE macranodel with internal pressure

Failure behaviour has been analysed with -Fsflifailure criterion. TsaiHill criterion is widely
utilized for describing failure behawr of cordrubber composite®?2]. Strength properties in material
directions are as follows:

sit=s1= 342.5 MPawhich is theultimate tensile strength of the yarn, derived from the uniaxial tensile
test of the composite tube at room temperatite s,=S"= s=34.2 MPa (assuming strength is much
lower in transverse directionsapproximately ondenth of strength in material direction).l
S12=515=%:=5.5MPa, derived from the strength of the rubber&t0 A C ( h aultiate deihsilet h e
strength of the rubbewhich is 11 MPa

5.6.3 Deflection simulation at-4 0 A C

A deflection simulation, being a nonlineaatic simulation has also been performed based on the
dimensions of the test assembly and the FE model of the tube presented beforehand. The deflection
simulation consists of the tube, the rigid bracket and the mass. The rigid bracket is fixed andishe tube
bonded into the inner lateral surface offigure5.24). There is a 20 N load applied to the mass at its
center of gravity.

58 { J,-"
rigid bracket tube stopper
Figure5.24. Meshed FE model of deflection

5.6.4 Investigation of thermal stresses

A thermomechanical model of one tube has been created in order to inspect thermal stresses
attributed to thermal expansion effects (contraction) becaussseenbly is cooledtd 0 AC fr om r oc
temperature (22AC).

G: Static Structural

B Temperature, -40 °C
|8] Remote displacement, left side
[€] Remate displacement, right side

Figure5.25. Thermomechanical model of the brake tube
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A temperature boundary conditon @ 0 AC has been applied to the
brake tube, and the left remote point is fixed, while the right remote point has a free degree of freedom
in X direction Figure5.25).

5.7 FE micromodel otest specimen subjected to uniaxial tension

The FE micromodel of the standard test specimemased on the FE macromodel of the test
specimen of Chaptes.1, the material properties of its constituent parts are defined in Ctafter
FE micromodel of the standard test specimen consists of a micromodel cut from theectiss
(containing both the reinforcement layers and the rubber liners) having a length of 10 mm and a width
of 4 mmFigure5.26- (measured at the middle of the composite layuphe vicinity of midplane YZ
5 <x<5 [mm]-Figure5.27). In the micromdel, yarns and matrix are modeled as solid bodies cut from
a geometric model of flamemtound yarn bundle having a winding
Diameter of the yarns is 0.7 mm measured on yarns extracted from the tube. All the yarns aixthe m
in the reinforcement layers are split into two segmehigufe 5.26.a, Figure 5.26.b) for better
visualization (some results are taken from the boundary of these two half layers).

Figure 5.26. Meshed geometry of the micromodel of tiest specimem: complete modelb: yarn orientation
(matrix hidden)

=

z

Figure5.27. Position of the micromodel cut from the macrome@st specimen
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The geometric model has shared topolaglgich means that the whole Fiicromodel consists
of one single mesh, being equal to perfectly bonded contacts between yarns and the matrix and between
each adjacent layershe FEmicromodel is a nonlinear model with large deflection using a nonlinear
incremental approach.

The displacement coupling teghue (also known as submodeling) matches the coupled surfaces
of the micromodel (all the boundaries of the layers) with those of the macromodel using linear
interpolation. In this study, the displacement coupling technique has been solely used to ebtain th
prescribed boundary conditions of the micromodel from the FE macromodel of the uniaxial tension of
the standard test specimen as the difference between the average displacement on the right boundary
(15.55 mm) and the average displacement of the lefiday (9.65 mm).

Based on this, the displacements are the following: nodes of the right boundary translate 5.9 mm
in direction X, having free degrees of freedom in direction Y and Z, shoviigure 5.28, while
displacement of the nodes of the left boundary in direction X Fgue5.29).

.

Figure5.28. Prescribed displacement on the right boundary of the model

L.

Figure5.29. Prescribed nodal displacement on the left boundary of the model

There are approximaieh3200 nodes and 175400 elements in the FE micromodel of the standard test
specimen. The FEicromodel has been createdANSYS 2019 R1.
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5.8 FE micromodel oftube samplsubjected to uniaxial tension

The FE micromodel of théube samplesubjected to uniaxial tension is based on the FE
macromodel of Chaptér.5.3with material propertiegreviously defined itChapter3.3. FE micromodel
of the tube samplecomprises a micromodel extracted from the cisEstion (containing both the
reinforcement layers and the rubber liners) having a length of 10Riguré¢ 5.30, between5 <x<5
[ mm] ) , a central angle of 14. 4A dapedl(Fagurebi3h,t h o f
representing ane twentfifth modelin tangential direction. In the micromodel, yarns and matrix are
modeled as solid bodies extracted from a geometric model of filavamnid yarn bundle with a
windngangl e of 55A in the first | ayer. Di ameter of
from the tube. All the yarns and the matrix in the reinforcement layers are divided into two segments
(Figure5.31) for result visualization in the middle of the layers.

x=0 mm

Figure5.30. Location of the micromodel cut from the macromeiddle sample

In the FE micromodel of theibe sample material models of the yarn and the materd their

parametersalso completely match those of the FE micromodel of the test specimen.

Material model of the rubber liners (along with the material properties) is a 2 parameter NRyadirey

model with parameter€:0=150.498MPa, G:= 1.523VIPa, D=0.In fact, multiscale modelling is applied

only for the reinforcement | af¥igures3l)( 6cored of the
In the case of thieibe samplehigher modulsof elasticity (E.=200 MPa) have also been studied.

The geometric model has shared topology so the entirmiEE®Bmodel consists of one singieesh,

being equal to perfectly bonded contacts between yarns and the matrix and between each adjacent layers.

491 mm

core of the
micromodel
(reinforcement

layers)
layers)

IL. ]
14.4° v

Figure5.31. Meshed geometry of the micromodel of the tube sample: from front view (a), and from axonometric
view (b) with the 6cored of the micromodel (reinforce

core of the
micromodel
(reinforcement
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The FEmicromodel of theube samplés also a nonlinear one with lardeflection as in the case
of the micromodel of the test specim®@mnescribed displacement boundary conditions ofithe sample
have been determined similarly to the boundary conditions of the FE micromodel (submodeling has
been used for gathering thdfdrence of the average displacements of the left and right boundaries).
The average displacement on the right boundary is 15.15 mm and the average displactradetft of
boundary is 12.36m.
Based on this, the displacements are the following: the bighndary translates 2.79 mm in direction
X, having free degrees of freedom in direction Y and Z, showigare5.32, while displacement of
the left boundary in direction X is Figure5.33). Both the ¥ and the Y+sidef~igure5.32 andFigure
5.33 respectively) are not allowed to translate normathtese surfaces representing the periodical
symmetry of the model in tangential direction.

Figureb.32. Prescribed displacement on the right (in red) an@rblue) boundaries of the model

=l

Figure5.33. Prescribed displacement on the left (in yellow) and Y+ (in blue) boundaries of the model

6 Experimental and numerical results

A In this chapter, all the results of the experiments and numerical simulatioied out
related to this thesis are presented, namely:

A uniaxialtension of the test specim at room temperature (Chapéet. 1),

A uniaxial tension of the tutgample at room temperature (Chayier.2),

59



the threepoint bending of the tube (Chap&p),

the standard bending test of the tube sample (Ché3er

the instability analysis of the compression/bending (Chaotker

the uniaxial tension of thest specimenatt 0 AC ( 6B pt er

the uniaxial tension of tube piece-4t0 AC ( 6B pt er

the uniaxial tension of the tube sample for comparison with uniaxial tension carried out
at room temperature (Chap®b.3),

the FE model of composite tubes subjected to extreme operational loads on a reverse
curve test track (Chaptér6),

A the FE micromodebf the test specimen (Chapter 6.10) and the FE micromodel of the
tube sample (Chapter 6.10).

v D > D>

>

6.1 Uniaxial tension of corgubber tubeat room temperature

6.1.1 Uniaxial tension of test specimen at room temperature

Results of finite element analysis of uniaxial tensof tensile pecimen at a displacement of
25mm are disclosed below.

Equivalent Elastic Strain
Type: Equivalent Elastic Strain - Top/Bottom
Unit: mm/mm
Time: 3

0.64817 Max
0.57834

0.5085

043866
0.36883
0.29899
0.22916
0.15932

{ 0.083484
0.019648 Min

N

Figure6.1. Strainat a prescribed displacement of 25 ntd) {n the global coordinate system

Strainin the global coordinate system at the end of the third time step is significant in the whole
crosssecti on, a Q5 (kigare 6rip Steeds yand Btrain results, being true stress and true
strain results, regardirigyer 1 are hereinafter presented, afterwards, mean values are disclosed for each
layerin tables. Stress and strain resulttaiyer 1 are to be considered based on the materientation
of Figure6.2.

X Axis - Normal Elastic Strain - P1L1_ModelingPly. 1(ACP (Pre)) - End Time

Type: Normal Elastic Strain(X &xis) (Analysis Ply=P1L1_ModelingPly. 1(ACP (Pre))) - Middle
Unit: mm/mm

Fiber Coordinate System

Time: 3

0.0030171 Max

0.0026

0.0021829
0.0017658
0.0013487

0.00093156
0.00051446

1 9.7365-5 X
-0.00031973 ¢
-0.00073683 Min

Z

Figure6.2. Nor mal strain i)mfiomaoodinatessysterd, plylect i on 1

60

o



Figure 6.2 shows normal strain distribution in material direction 1 (fibre direction) in fibre
coordinatesystem for ply 1 at a pscribed displacement of 25 mm. The strain distribution tends to be
uniform between the necks, while near the necks, it represents the material orientatitayef.t8&ain
values are low because of the high longitudinal modulus of elastigit$388 MPa.

As regards other components of strain in the plameyef 1, normal strain in material directio®
and shear strain in plane 12 have the same distribution as presdrigaé®.3.

XY Plane - Shear Elastic Strain - P1L1_ModelingPly. 1(ACP (Pre)) - End Time
Type: Shear Elastic Strain({Y Plane) (Analysis Ply=P1L1_ModelingPly.1(ACP (Pre))) - Middle
Unit: mmfmm
Fiber Coordinate System
Time: 3
-0.026478 Max
-0.09557
-0.16466
-0.23376
-0.30285
-0.371%4
-0.44103
-0.51013
-0.57922

-0.64831 Min
L]

Figure6.3. Shear st r ginrfibrd coordmateasystertggepl ( o

The predominant strain component is shear str&igu(e 6.3), whose absolute value is
approximately the same for every ply, however sign of shear strains is opposite in ddyesrgnihich
can be attributed to the balanced layliplfle2). The reason why the shear stress is so significant is that
load is offaxis regarding the material orientation in etyer. The significant shear stresssults in
high shear strain considering fairly low shear modulierage strains with the exception of longitudinal
strains in the fibre coordinate system are considerdblgle2 indicates that global longitudinal strain
is transformed primarily to transverse normal strainsrehr strain in the fibre coordinate system.

Table2. Average strains in reinforcemeatyersin thevertical midplane

layerno. G- Ul Gl 912 [-]
1 0.643% 0.0012 0.242 -0.6375
2 0.6422 0.0017 0.2305 0.6%41
3 0.6433 0.0016 0.236 -0.6339
4 0.6438 0.0Q13 0.2436 0.6486

Mormal Stress
Type: Normal Stress({ &xis) - Top/Bottom
Unit: MPa
Glabal Coordinate Systemn
Time: 3
7.954 Max
6.8536
57532
4,6528
3.5524
2452
1.3516
0.25125
-0.84914
-1.9495 Min

M

Figure64. Longi t udi dat&disglacemers af 25(min in the global coordinate system
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Figure 6.4 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 reinforcemiayyersare considered to libe loadbearing components.

K &xis - Normal Stress - P1L1_ModelingPly. 1(A4CP (Pre)) - End Time

Type: Normal Stress(< Axis) (Bnalysis Ply=P1L1_ModelingPly. 1(ACP (Pre))) - Middle
Unit: MPa

Fiber Coordinate System

Time: 3

4.6647 Max

4.0738

34828
2.8919
230
1710

11192
052825

X
-0.062672
-0.65359 Min L]

z

Figure6.5. Nor mal str ess ip)infibreacooedinateasystem,iplyle ct i on 1 (0@

Normal stress distribution in material direction 1 in fibre coordinate system isdaleiatinormal
strain distribution in the same direction; normal stress vdkigare6.5) are considerablé&hear stress

(Figure 6.6) tends to be the predominant stressg compol
having the same distribution.

XY Plane - Shear Stress - P1L1_ModelingPly. 1(ACP {Pre)) - End Time

Type: Shear Stress(CY Plane) (Analysis Ply=P1L1_ModelingPly. 1(ACP {Pre))) - Middle
Unit: MPa

Fiber Coordinate System

Time: 3

-0.14748 Max
-0.53233
-0.91717
-1.302

-1,6869
-2.0M7
-2.4566
-2.8414

g -3.2262 .
-3.6111 Min

Figure6.6. Shear stress n  p | adie fibre Goordiridte systertayer 1

Average stress values can be observeraiie3. The maimum values can be found liayer 2
and layer 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 opposite in adjgers because the layup is balanced,
similarly as in case of strains.

Table3. Average stresses in reinforceméaytersin the vertical midplane

layerno. Oy [MPa] 01 [MPa] 02 [MPa] Uz [MPa]
1 7.39 2.78 4.35 -341
2 7.56 3.55 4.26 352
3 7.57 3.57 4.26 -35
4 7.38 2.73 4.36 343
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Normal Stress
Type: Normal Stress({ &xis) - Top/Bottom
Unit: MPa

Global Coordinate Systern
Tirme: 3

7.954 Max

6.8536

5.7532

46528 LT
| 355 e

in
iiny

0.25125
-0.24914
-1.9495 Min

Figure6.7. L ongi t u d)inthadrossettionénghe gldbdl coordinasgstem at a displacement of &fin

At the end of tension, longitudinal stress in the reinforcerasmtsat a displacement of 25 mm
is approximatelyr .5 MPa(Figure6.7) in the global coordinate syste@verall crosssectional area of
the reinforcemenrayersis 9 mn¥ (width: 3.1 mm, height2.9 mm). The respective average longitudinal
stress value for the rubber linersli8 MPa Total crosssectional area of rubber liners equals 11.8mm
(width: 3.1 mm, heighti.9 mm). Hence, the force exerted to the cross sect83144 N. Reaction force
gueried at this load step&9.84 N.

Figure6.8illustrates experimental data and simulation results of tensile test asifsptecement
curves. There is good agreement between finite element results and experimental data in the initial
section of the forcelisplacement curves regarding the operating range. However, after a displacement
of 10 mm, in the course of the failure procedure, substantial difference can be noticed between
experimental and simulation results because failure mesharare not taken into account in the FE
macranodel.
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2 30 Lot *? standard test specimen-simulation
L) results
20 .,-" » standard test specimen-
Lo o8 experimental results
o
10 ey s
.
0
0 5 10 15 20 25

Displacement [mm]

Figure6.8. Forcedisplacement curves of standard test specimen

6.1.2 Uniaxial tension oftube sampleat room temperature

Figure6.9 shows experimental data of uniaxial tensionulie samplevith the mean values along with
simulation resultsSimulation results and experimental data are in good agreement, differencerbetwe
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
(Figure6.9).
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Figure6.9. Forcedisplacement curves tifibe sample

Deformation, strain and stress results at a displacement of 25 mm are displayed below.

X &xis - Normal Elastic Strain - SolidModel.1

Type: Normal Elastic Strain(} Axis) - Bottom

Unit: mm/fmm

Global Coordinate System

Time: 2
0.67745 Max
0.59391
0.51037
0.42683
0.34329
0.25976
0.17622
0.092677

0.0091334 P
-0.074401 Min “

Figure6.10. Strain( ,{)at a prescribed difacement of 25 mm in the global coordinate system

Tube sampleslongates as much as 0.Fgure 6.10) at a displacement of 25 mm, which is
considered significant. The deformed shap€iglire6.10 is ndiceably similar to the deformed shape
after tensile testing, shown kigure4.2.
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