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1 Introduction 

1.1 Cord-rubber composites 

The advent of composite materials has provided the aerospace and automobile industries with the 

opportunity to achieve such favourable material properties (e. g. strength, stiffness) with low dead load 

that cannot be obtained by using single isotropic material components (e.g. steel, ceramics, polymers) 

as structural materials [1]. Several examples of composites used in ancient eras include adobe (or cob) 

and the composite bow. Adobe, which is a mixture of mud and straw, was first used by the Egyptians 

around 1500 BC as a building material. Composite bow is a ranged weapon of the Middle Ages, designed 

and used primarily by nomadic tribes (Huns, Hungarians, Mongols) of the Eurasian Steppe. It comprises 

of a wooden core, bones, sinew and animal glue. Because of high aiming accuracy and high power, it 

aided its users in gaining military superiority over their opponents for centuries. [2]  

Moreover, composite properties can also be tailored for the actual application by selecting the 

fibre orientation, layup, fibre volume fraction, etc.  

Composites are heterogeneous, multi-phase materials, produced from two or more constituents, 

which have remarkably different material properties. These constituents are merged together so that the 

composite has different material properties than the single components, which are separated from each 

other by an interface. These two components are the reinforcement and the matrix. Reinforcements 

consist of fibrous materials in various forms: as short fibre-reinforcement, continuous (long) 

unidirectional fibre reinforcement, yarns (or rovings) or woven fabrics. Most frequently utilized 

reinforcement materials are glass fibre, carbon fibre, polymer fibres (e.g. polyester). Matrix materials 

are mostly thermosets (epoxy resin or unsaturated polyester resin), or in some cases thermoplastics 

(polyethylene, polypropylene) or rubbers. 

The reinforcement carries much of the 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 materials include asphalt, concrete, reinforced plastics, ceramic matrix 

composites, metal matrix composites. [3] 

Cord-rubber composites form a subgroup of composites, which need to meet the requirements of 

relatively high load capacity, high deformability and toughness, These materials are most frequently 

used in pneumatic tires, pneumatic and hydraulic tubes such as air brake tubes (Figure 1.1) and pressure 

vessels. 

 

Figure 1.1. Railway brake tubes mounted on railway carriages 
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1.2 Research objectives  

Composites are anisotropic materials (their material properties are different in different 

directions); furthermore, mechanical behaviour of cord-rubber composites is highly nonlinear because 

of the rubber matrix. In engineering practice, composites are most frequently analyzed by the utilization 

of numerical methods, namely Finite Element (FE) methods, in which material models of composite 

reinforcement layers is orthotropic, homogeneous, linear elastic. The resulting material properties are 

weighted averages of the material properties of the components, the magnitude of the weights depend 

on the fibre volume fraction. Composites can be either modelled by shell or solid elements. These 

FE models are known as macromodels. 

Macromodels can yield acceptable stress and strain results on a structural level and can be useful for the 

overall mechanical characterization of composites with feasible computational costs. 

However, these macroscale models approximate the internal 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 represented, the yarn and the matrix are modelled separately with 

realistic geometry (however, the twisted nature of yarns is usually neglected). In micromodels, yarns are 

regarded as transversely isotropic linear elastic, while the matrix is linear elastic, isotropic. Micromodels 

are based on submodeling or the displacement-coupling 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 micromodels for uniaxial tension of composite 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 subjected to significant bending during operation without 

internal pressure, which causes cross-sectional instability that is a combination of Brazier-instability and 

local bifurcation. Cross-sectional instability leads to significant flattening of the cross-section and the 

complete loss of the load-carrying capacity of the tube. Analysis of this phenomenon can yield useful 

results for the design of brake tubes regarding strains, stresses and probable failure modes to make 

manufacturing of the tube more economical by setting their technical requirements. Current numerical 

models handle this kind of buckling instability with difficulty.  

This PhD thesis also aims to provide a solution for the above-mentioned problem and describe the 

complete buckling process by the relevant numerical results.  

S-curved railway tracks consist of a curve to the left or to the right that is followed by a curve to 

the opposite direction after a brief intermediate transitional straight section, also known as reverse curve. 

On such curves, positions of railway carriages and therefore positions of the suspension points of the 

brake tubes differ much compared to operation on an ordinary railway track, leading to large 

deformations in brake tubes. At sub-zero temperatures (i.e. -40ÁC), cord-rubber composites behave 

much stiffer, causing high stresses in the case of operation on a reverse curved track. Another purpose 

of this research is to inspect the applicability of composite tubes under such extreme conditions from 

the practical point of view. 

My research began with the 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 for room temperature (Chapter 3.1) and at -40ÁC (Chapter 3.2). 

Material properties have been validated by experiments and their respective FE macromodel 

counterparts (written in italics): uniaxial tensile tests carried out on test specimens (Chapter 4.1.1 and 

Chapter 5.1.1) and tube samples (Chapter 4.1.2 and Chapter 5.1.2), a three-point bending test (Chapter 

4.2 and Chapter 5.2) and a standard bending test at room temperature (Chapter 4.3 and Chapter 5.3); 

uniaxial tensile tests at -40 ÁC (Chapter 4.5 and Chapter 5.5). Then, cross-section instability of the tube 

has also been examined (Chapter 5.4) validated by a compression/bending experiment (Chapter 4.4). 

The effect of extreme operating conditions (railway reverse curve, -40ÁC) has also been studied 

(Chapter 5.6), the displacements of the suspension points of the tube have been defined based on a draw 

and buffing gear test (Chapter 4.6). For the experimental validation of the FE analysis of extreme 
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operating conditions, a deflection test at -40ÁC (Chapter 4.7) has been carried out for comparison with 

a deflection simulation (Chapter 5.6.3). Finally, micromodels of test specimen (Chapter 5.7) and tube 

sample (Chapter 5.8) have been examined. Experimental and numerical results are discussed in 

Chapter 6. 

2 Literature overview 

2.1 Filament-wound cord rubber tubes 

 

Figure 2.1. Winding angles (orientation angles) of the composite tube 

One special category of composites is the group of cord-rubber composites. These composites 

contain the following components: 

¶ a low modulus rubber matrix with high extensibility and deformability,  

¶ a twisted reinforcement (ócordô), having high modulus of elasticity, high strength and 

relatively low bending stiffness, 

¶ an adhesive film (also known as ódipô) which bonds the cords to the matrix. [1] 

These components provide the composite with high stiffness in the reinforcement direction and 

flexibility in the directions perpendicular to the cords. Therefore, cord-rubber composites (i.e. tubes) are 

highly deformable, having high load-carrying capability and toughness (or fatigue strength). [1] 

The high-modulus 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). 

Composite cord-rubber tubes are extensively utilized in a wide variety of industrial fields; transportation, 

oil industry, aerospace and aeronautical applications [4]. The most favourable properties of polymeric-

based tubes are high strength-to weight, stiffness-to-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 forces, a layup containing adjacent plies with orientation angles 

of ÑŪ are generally used [6]. 

Optimal winding angles depend on the expected loading cases. When purely internal pressure is 

applied, the optimal winding angle is Ñ75Á, when loading is purely uniaxial, winding angle needs to be 

as low as possible -taking into account manufacturing considerations (since too low winding angles 

significantly increase manufacturing time). In case of combined internal pressure and axial loading, 

where ratio of circumferential to axial stress is 2:1, Ñ 55Á is adopted [7]. Winding angles of Ñ 55Á are 

the most commonly adopted in engineering practice because netting analysis indicates this is the best 

option for the design of cylindrical pressure vessels [8].  
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2.2 Manufacturing process of filament-wound cord-rubber tubes  

In the course of filament-winding, pretensioned rovings are wound around a rotating or stationary 

mandrel. Mandrels are cylindrical in most cases, but they can also be rectangular or spherical as well. 

During the manufacturing 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 two steps are repeated after each 

other for every layer. After creating all layers, the matrix is cured so that the resin hardens. In case of 

rubber, this phase is called vulcanization, a heat treatment with the addition of sulphur, in which cross-

links are formed between polymer chain segments. Sulphur increases hardness and durability of the 

rubber. Vulcanization starts with dissolution of sulphur, after that, sulfur is activated by heat, finally, 

sulphur reacts with the elastomer chains and the part hardens. [1] 

Lastly, the mandrel is removed. If the mandrel removal needs to be carried out through small openings 

and the production quantity is small, water-soluble mandrels are used. The sand is cast into a mold and 

cured, the two mandrel ends are bonded. During the removal, the mandrel is washed out. If a high-

tolerance mandrel surface is required, plaster mandrels are used, in which plaster sweep is used over a 

removable mandrel. óThe plaster is cured, then overwrapped with Teflon tape or some other separator film. 

Following cure, tooling is removed, the plaster is chipped or washed out, and the release tape is removed, 

leaving the desired inside contour.ô 

Several design considerations must be met regarding manufacturing [10]: 

Á utilization of low winding angles should be avoided because it would increase winding time and 

hence makes the process more expensive, 

Á machining should be reduced to a minimum along with part count, 

Á composite to metal joints should be made óin situô, 

Á 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 advantages of filament-winding. These include: 

Á fibre placement with high precision, 

Á automation capability, 

Á continuous fibres can be used over the whole component area (without joints). Fibres can be 

easily oriented in load direction, 

Á there is no need for an autoclave during manufacturing, so there is no limitation for overall sizes 

and wall thickness, 

Á tooling costs are low relative to other manufacturing processes, 

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

Disadvantages of filament-winding are as follows: 

Á mandrel removal can be difficult due to thermal contraction after the composite is cured around 

the mandrel. This can be solved by firstly preheating the mandrel before winding and curing the 

composite, then cooling the mandrel after the curing has ended makes it easier to remove the 

mandrel [11],  

Á mandrels can be too expensive and complex in several cases, 

Á external surfaces are poor in general, which may hinder aerodynamic applications, 

Á fibre path cannot be changed easily in one lamina. 
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2.3 Structure of yarns  

Yarns used for filament winding consist of a large number of infinitely long filaments (fibres), 

whose diameters are between 3 and 25 ɛm. Fibres are mostly made of melt polyester or glass by 

extrusion spinning. Fibres are difficult to handle, so in most cases, they are twisted together (meaning 

that fibres are not parallel to the mean axis) so that they have increased load-bearing capacity. [12] 

If several fibres fail, these fibres cannot transfer load or their load transferring ability is limited, 

so the failing force will be transferred to the surrounding fibres by friction on a certain length, also 

known as the transferring length. The transferring length is relatively high if fibres are parallel to one 

another. By twisting the fibres, the transferring length decreases, bringing about higher contact forces, 

thus increasing strength and fatigue resistance of the yarn. However, strength of a single fibre decreases 

with the increase in the pressure to its normal axis due to fibre-to-fibre friction so if the number of 

twistings per unit length is too high, yarn strength diminishes. Therefore, it is necessary to find an 

optimal twist level. [12] 

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

If twist increases, the helix angle (angle between cord axis and filament axis) increases, leading to a 

reduction of strength and an increase in elongation at break.  

Lower twist increases strength (which is advantageous for filament-wound structures), while higher 

twist prevents the cord from opening up in compression without losing flexibility (which is favorable 

for pneumatic tires). The most important yarn properties are the following: number of fibres (filaments), 

fibre diameter, number of twists and the linear density of a yarn (tex (g/km)). 

Polyester yarns (which is the one discussed in this dissertation) are produced by melt spinning 

from a polymeric melt at 265ÁC. In polyester yarns, which are thermoplastic, both crystalline and 

amorphous phases exist. The chains have a zigzag structure and are connected to each other by van der 

Waals-connections. Crystallization and the orientation of the polymeric chains occur in the cooling 

process. 

The force-strain diagram of polyesters (shown in Figure 2.2) consists of three distinct zones:  

in the first section (part I), the angle of the zigzag chains widens, in the second part (part II), the chains 

begin to remove themselves from the amorphous areas. In the third zone, the drawn-out chains jam, 

simultaneously with the growth of the crystalline area, leading to stiffening before breakage. [12] 

 

Figure 2.2. Force-strain curve of a polyester yarn [13] (warp and weft threads in case of woven fabrics) 
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2.4 Mechanics of cord-rubber composites 

Composites are anisotropic materials and are most frequently described by linear orthotropic 

material models and studied on macromechanical scale, using smeared (homogenised) material 

properties for composite laminae, neglecting micromechanical effects inside a lamina. Moreover, their 

mechanical behaviour shows high degree of nonlinearity due to rubber. In the next subchapters, cases 

of anisotropy and modelling of nonlinearity will be discussed. 

2.4.1 Material models of anisotropy 

Composites show a certain degree of anisotropy, meaning that their material properties vary 

depending on the loading direction. Mechanical behaviour of composites are governed by the stress-

strain relationships determined by the material models of anisotropy.  

2.4.1.1 Generally anisotropic material 

In the most general case of anisotropy, there is no plane of symmetry with respect to the alignment 

of fibres, for example, when fibres are aligned in three non-orthogonal directions. For the mechanical 

description of generally anisotropic materials, 21 independent elastic constants are required. 

Stress-strain relationship (Hookeôs law) of generally anisotropic materials can be written as follows: 

 „ ὅϽ‐, (2.1) 

where ů is the stress vector, ὅ is the stiffness matrix, Ů is the strain vector; or inversely as: 

 ‐ ὛϽ„, (2.2) 

where Ὓ is the compliance matrix which is the inverse of stiffness matrix ὅ: 

 Ὓ ὅ . (2.3) 

Stiffness matrices can be obtained by inverting the respective compliance matrices. In material 

directions 1, 2 and 3, the stress-strain relationship is as follows: 

 

ụ
Ụ
Ụ
Ụ
Ụ
ợ
„
„
„
†
†
† Ứ
ủ
ủ
ủ
ủ
Ủ

ụ
Ụ
Ụ
Ụ
Ụ
ợ
ὅ ὅ ὅ ὅ ὅ ὅ
ὅ ὅ ὅ ὅ ὅ ὅ
ὅ ὅ ὅ ὅ ὅ ὅ
ὅ ὅ ὅ ὅ ὅ ὅ
ὅ ὅ ὅ ὅ ὅ ὅ
ὅ ὅ ὅ ὅ ὅ ὅ Ứ

ủ
ủ
ủ
ủ
Ủ

Ͻ

ụ
Ụ
Ụ
Ụ
Ụ
ợ
‐
‐
‐
‎
‎
‎ Ứ
ủ
ủ
ủ
ủ
Ủ

Ȣ (2.4) 

The number of independent variables describing a generally anisotropic material is 21, since the 

stiffness matrix is positive definite and symmetrical. [14] 

2.4.1.2 Monoclinic material 

A material is monoclinic if there is a plane of symmetry with respect to fibre alignment. In this 

case, normal stress ů1 (being in the plane of symmetry) does not cause an out-of-plane shear strain ɔ13 

as in the generally anisotropic case. As a consequence, S41, S42, S43, S51, S52, S53, S64, S65 elements in the 

compliance matrix are zero. Because of the symmetry of the compliance and stiffness matrices, there 

are 13 independent constants required to describe the mechanical behaviour of monoclinic materials. 
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Figure 2.3. Schematic representation of a monoclinic material [14] 

For monoclinic materials (Figure 2.3), the compliance matrix is the following: 

 Ὓ

ụ
Ụ
Ụ
Ụ
Ụ
Ụ
Ụ
Ụ
Ụ
Ụ
ợ π π

π π

π π

π π π π

π π π π

π π Ứ
ủ
ủ
ủ
ủ
ủ
ủ
ủ
ủ
ủ
Ủ

. (2.5) 

In Eq. 2.5; E1, E2, and E3 are moduli of elasticity in directions 1, 2 and 3; G12, G23 and G13 are 

shear moduli in planes 12, 23 and 13 respectively. Poissonôs ratio ɜ12 indicates contraction in direction 2 

originated from the elongation in direction 1. [14] 

2.4.1.3 Orthotropic materials 

When a material is orthotropic, there are three mutually perpendicular planes of symmetry with 

respect to the fibre alignment. In this case, the compliance matrix can be written as follows: 

 Ὓ

ụ
Ụ
Ụ
Ụ
Ụ
Ụ
Ụ
Ụ
Ụ
Ụ
ợ π π π

π π π

π π π

π π π π π

π π π π π

π π π π π Ứ
ủ
ủ
ủ
ủ
ủ
ủ
ủ
ủ
ủ
Ủ

. (2.6) 

Material behaviour of orthotropic materials can be characterized by nine material constants: E1, 

E2, E3, ɜ12, ɜ13, ɜ23, G12, G13, G23. [14]. 

2.4.1.4 Transversely isotropic materials 

Transverse isotropy is a special case of orthotropy in which one of the three planes of symmetry 

is also a plane of isotropy. In a composite, reinforced with unidirectional fibres aligned in direction 1, 
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the material behaves mechanically isotropic in the plane perpendicular to the fibres (plane 23), implying 

that: 

 E2=E3, ɜ12=ɜ13, G12=G13. (2.7) 

Due to the isotropy in plane 23, shear modulus G23 can be written as: 

 Ὃ
Ͻ

. (2.8) 

Therefore, transversely isotropic materials have five independent material constants, namely: E1, E2, ɜ12, 

ɜ23, G12. [14]. 

2.4.1.5 Layered composites under plane stress condition 

Composites are layered structures, each layup consisting of multiple thin layers generally. 

Composites are regarded as thin plates, because their thickness is relatively small compared to their 

dimensions in the directions perpendicular to their thickness in most cases. Stresses are approximated 

by plane stress condition in thin composite plates if fibres 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 

thickness. In this case, the normal stress normal to the plane of the plate (ůz) and the out-of-plane shear 

stresses (Űyz, Űxz) are zero. 

 „ πȟ     † πȟ       † π. (2.9) 

In this case, Hookeôs law can be written in the material (12) coordinate system as follows: 

 „ ὅϽ‐ 

 

„
„
†

Ͻ
Ͻ

Ὁ ‡ ϽὉ π
‡ ϽὉ Ὁ π

π π ρ ‡ Ͻ‡ ϽὋ
Ͻ

‐
‐
‎
ȟ  (2.10) 

or inversely as: 

‐ ὛϽ„ 

 

‐
‐
‎

ụ
Ụ
Ụ
Ụ
ợ π

π

π π Ứ
ủ
ủ
ủ
Ủ

Ͻ

„
„
†

. (2.11) 

Usually, in a stacking sequence, each layer has a defined orientation angle so that the mechanical 

properties of the composite material can be tailored to the actual application. Therefore, material 

directions in a layer usually do not coincide with global directions.  

For multi-layered composites, governing equations must be written in the global (x,y, z), also known as 

problem coordinate system; so stiffness matrix, stresses and strains all must be transformed to the 

problem coordinate system. This can be achieved by the use of transformation matrices (stress 

transformation matrix 4 ïEq.2.12 and strain transformation matrix 4-Eq. 2.13), which depend on the 

included angle of material direction 1 and global direction x (ɗ) [3]: 

 Ὕ
ὧ ί ςὧί
ί ὧ ςὧί
ὧίὧίὧ ί

 (2.12) 
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 Ὕ
ὧ ί ὧί
ί ὧ ὧί
ςὧίςὧίὧ ί

. (2.13) 

In Eq.s 2.12 and 2.13, c= cos ɗ, s= sin ɗ. 

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

 „ᴂ ὝϽ„, (2.14) 

where ůô is the stress vector in the material (12) coordinate system, while ů is the stress vector in the 

problem (xy) coordinate system:  

 „

„
„
†
   „

„
„
†
   (2.15) 

 ‐ᴂ ὝϽ‐, (2.16) 

where Ůô is the strain vector in the material (12) coordinate system, Ů is the strain vector in the problem 

(xy) coordinate system: 

   ‐ᴂ

‐
‐
‎
ȟ    ‐

‐
‐
‎

. (2.17) 

Hookeôs law can be written in the xy coordinate system as follows:  

 „ ὅϽ‐, (2.18) 

where „ is the stress vector, ‐ is the strain vector, ὅ is the stiffness matrix in the problem (xy) coordinate 

system.   

ὅ can be calculated as follows: 

  ὅ Ὕ ϽὅᴂϽὝ. (2.19) 

ὅ is the stiffness matrix in the problem (xy) coordinate system, ὅᴂ is the stiffness matrix in the material 

(12) coordinate system, 4 is the stress transformation matrix 4 is the strain transformation matrix 

 ‐ ὛϽ„, (2.20) 

where Ὓ is the compliance matrix in the problem (xy) coordinate system. 

Ὓ can be calculated as follows: 

 Ὓ Ὕ ϽὛᴂϽὝ. (2.21) 

Ὓ is the compliance matrix in the problem (xy) coordinate system, Ὓᴂ is the compliance matrix in the 

material (12) coordinate system, T is the transformation matrix [14]. 

2.4.2 Rules of mixtures 

In engineering practice, composite laminates are approximated as homogeneous, linear materials 

on macroscale with smeared material properties based on the rules of mixtures. Rules of mixtures are 

used to predict composite material properties, particularly mechanical properties, as volume-weighted 
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averages of component properties [16]. This approach has limitations; it can be used properly on a 

structural level to predict mechanical behaviour of an entire composite structure. However, it does not 

yield plausible results inside a composite layer. Fibres (or yarns) are regarded as orthotropic (or 

transversely isotropic), while matrix is modelled as isotropic in the literature [16], [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 elasticity E1 was first treated by Voigt 

(1910) modelling the composite as a spring system in which fibres and matrix are connected in parallel, 

also called as isostrain or action-in-parallel case (Figure 2.4). In this case, force Pc is applied in the fibre 

direction. If there is a perfect adhesion between the components, their Poissonôs ratios are identical, so 

both components will undergo the same elongation.). 

 ‐ ‐ ‐ , (2.22) 

where Ůc1 is the strain in the composite in direction 1, Ůf is the strain in the fibres, Ům is the strain in the 

matrix. 

 

Figure 2.4. Unidirectional fibre-reinforced composite: a: isostrain or action in parallel, b: isostress or action in 

series [16] 

Force Pc, applied on the cross-sectional area of the composite (Ac), can be split to loads on the 

fibres and the matrix: 

 ὖ ὖ ὖ , (2.23) 

which arise on faces Af (cross-sectional area of the fibres) and Am (cross-sectional area of the matrix) 

respectively.  

By substituting stress components to the forces, the following equation can be written as: 

 „ Ͻὃ „Ͻὃ „ Ͻὃ  (2.24) 

 „ Ͻὃ ὉϽὃ Ὁ Ͻὃ Ͻ‐  (2.25) 

 Ὁ ὉϽ Ὁ Ͻ ὉϽὠ Ὁ Ͻὠ , (2.26) 
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since the length of the composite is given,  ὠ, ὠ  are the fibre and matrix volume fractions 

respectively [18]. 

For obtaining the transverse modulus of elasticity E2, the óisostressô or óaction-in-seriesô situation 

is considered (firstly examined by Reuss in 1929) in which the composite is treated as a spring system 

with fibres and matrix connected in series.  

 „ „ „ , (2.27) 

where ůc2 denotes the stress in transverse direction in the composite. 

The total displacement of the composite (ȹtc) can be written as the sum of the displacement of the fibres 

(ȹtf) and that of the matrix (ȹtm): 

 Ўὸ Ўὸ Ўὸ . (2.28) 

Dividing by tc, the gage length of the composite, we get: 

 
Ў Ў Ў

. (2.29) 

Since displacements of the fibre and the matrix ȹtf and ȹtm equal the strains times their gage lengths (tf 

and tm), Ўὸ ‐Ͻὸand Ўὸ ‐ Ͻὸ ,  

 
Ў

‐
Ў
Ͻ

Ў
Ͻ ‐Ͻ ‐ Ͻ . (2.30) 

Regarding that the cross-sectional area is given, volume fractions of the fibre and the matrix can be 

written as: 

 ὠ ,  ὠ . (2.31) 

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

 ‐ ‐Ͻὠ ‐ Ͻὠ .  (2.32) 

Because of the isostress condition, „ „ „ , Eq. 2.31 can also be written as: 

 Ͻὠ Ͻὠ   (2.33) 

 .  (2.34) 

Similarly, Poissonôs ratio ɜ12 and shear modulus G12 can also be written by the use of the simplified rule 

of mixtures: 

 ‡ ‡ Ͻὠ ‡ Ͻὠ   (2.35) 

 .  (2.36) 

However, transverse modulus of elasticity E2 and shear modulus G12 are not precisely calculated by the 

simplified rule of mixtures, for a better approximation, the modified rule of mixtures is utilized at times. 

2.4.2.2 Modified rule of mixtures 

The modified rule of mixtures uses a modified representative volume element in which the fibre 

bundle is taken into account in a rectangular cross-section.  
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Let us consider a three-layered rectangular box, of which the two outer layers represent the matrix, while 

the middle layer (containing both fibre and matrix segments) represents the fibre as a homogeneous 

fictitious material.  

The width of the middle layer Lb equals the width of the rectangular fibre bundle: 

 ὒ ὒϽὠ.  (2.37) 

The volume fraction of the middle layer (shown in Figure 2.5.a as óbô) is as follows (with the length L 

given): 

 ὠ
Ͻ Ͻ

ὠ.  (2.38) 

Then, we replace the homogenized fictional middle layer by a layer comprising a rectangular fibre and 

the matrix. The volume fraction of the fibre in this middle layer is: 

 ὠ
ϽϽ

Ͻ
ὠ.   (2.39) 

Material directions of the representative volume element are defined according to Figure 2.5 [14]. 

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 connected in parallel if we would like to 

determine modulus of elasticity of the middle layer for this fictional middle layer Eb2. Therefore, Eb2 is 

calculated as: 

 Ὁ ὠϽὉ ρ ὠ ϽὉ . (2.40) 

Likewise, for calculating modulus of elasticity related the whole representative volume element 

E2, the volume element can be modelled as the fictitious middle layer and two layers of matrix connected 

in series. Then, modulus of elasticity E2 can be written as: 

 Ὁ Ͻὠ Ͻρ ὠ Ȣ (2.41) 

 

Figure 2.5. Model for the modified rule of mixtures: a: volume element with the homogenized fictional middle 

layer, b: rectangular fibre bundle embedded in the matrix, c: representation of middle layer [14] 

2.4.2.3 Formulae of Hopkins and Chamis [19] 

For obtaining transverse moduli of elasticity E2 and E3, formulae of Hopkins and Chamis are 

preferred because these expressions generally yield more accurate results. Accordingly, transverse 

moduli of elasticity have been determined based on these formulae, presented in detail below. 
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Figure 2.6. Schematic representation of micromechanical model of Hopkins and Chamis [19]  

Figure 2.6 shows the initial cross-section of the composite utilized for the development of the 

mechanical model of Hopkins and Chamis. In this schematic drawing, the composite consists of a fibre, 

an interphase layer and the matrix, Df denotes the diameter of the fiber, Df0 stands for the outer diameter 

of the yarn. Let us consider a modified version of the aforementioned geometry (Figure 2.7), in which 

the fibre and the interphase have an equivalent square cross-section with dimensions: 

 ὥ ϽὈὪȟὥ ϽὈ ȟὥ
Ͻ
ϽὈ ȟ (2.42) 

where af stands for the linear dimension of the cross-section of the fibre 

ad is the linear dimension of the cross-section of the interphase 

al is the linear dimension of the entire composite cross-section  

 

Figure 2.7. Schematic drawing used for the deduction of transverse moduli E2 and E3  

Transverse dimensions are defined by the utilization of Eq. 2.42 as follows: 

 ί ὥȟί ὥ ὥȟί ὥ ὥȟί ὥ, (2.43) 

where sf stands for the thickness of the fibre in transverse direction 

sd stands for the thickness of the interphase layer in transverse direction 

sm denotes thickness of the matrix in transverse direction 

sl is the thickness of the composite in transverse direction. 

Postulating uniaxial loading in transverse direction and neglecting Poisson effects, displacement 

compatibility (total deformation expressed by deformations of the fibre, the interphase and the matrix) 

yields:  
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 ίϽ‐ ίϽ‐ ίϽ‐ ί Ͻ‐ , (2.44) 

in which Ůl, Ůf, Ůd and Ům are strains of the entire composite, the fibre, the interphase and the matrix 

respectively. 

Due to force equilibrium, the composite is under isostress condition (ůl= ůf= ůd= ům) and Eq. 2.44 can 

be differentiated by ů, which gives: 

 
 
Ͻί

 
Ͻί

 
Ͻί

 
ϽίȢ (2.45) 

Quantities dŮ/dů denote reciprocals of the corresponding stress-strain curves for the composite and the 

constituents. Therefore, by rearranging Eq. 2.45, modulus of elasticity of the composite in direction 2 

El can be written as: 

 Ὁ
Ͻ Ͻ

. (2.46) 

By substituting Eq. 2.42 and Eq. 2.43 into Eq. 2.46, we get: 

 Ὁ
Ͻ Ͻ Ͻ

. (2.47) 

In most cases, interphase is neglected when calculating elastic constants of the composite, which means 

Df/Df0=1, then modulus of elasticity in material direction 2 is  

 Ὁ Ὁ Ὁ
Ͻ

. (2.48) 

2.4.3 Hyperelastic material models of rubber 

Mechanical behaviour of rubbers cannot be described precisely by a linear elastic material model, 

instead, rubbers are most frequently modelled as ideally nonlinearly elastic, isotropic and 

incompressible or nearly incompressible materials. Rubbers can experience large deformations and are 

considered as hyperelastic materials, also known as Green elastic materials, whose strain energy 

function is a differentiable function of the deformation gradient [20].  

Hyperelastic material models can be classified as: 

1. phenomenological models: 

a. Mooney-Rivlin model, 

b. Ogden model, 

c. Yeoh model. 

2. mechanistic models: 

a. Neo-Hookean model, 

b. Arruda-Boyce model, 

3. hybrid models: 

a. Gent model. 

Phenomenological models are mathematical models created to describe the observed behaviour, 

mechanistic models are physically based models derived from statistical mechanics, which explain the 

macroscopical mechanical behaviour from the mechanical behaviour of the micro-level by statistical 

methods and probability theory.  

Hereinafter, the most widely used material models will be presented. 
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The Neo-Hookean material model has been developed by Ronald Rivlin in 1948. It is a mechanistic 

model that can be well applied for rubbers up to a strain of 20% [21].   

The strain energy density function for an incompressible neo-Hookean material in three dimension 

is [22]:  

 ὡ ὅϽὍ σ, (2.49) 

where C1 is a material constant and equals half of the shear modulus G, ὅ ϽὋ. 

I1 is the first invariant (trace) of the right Cauchy-Green deformation tensor % [23] 

 Ὅ ‗ ‗ ‗ , (2.50) 

where ɚi are the principal stretches. 

D1 is the incompressibility parameter, if D1=0, the material is considered fully incompressible. 

 ὡ ὅ Ὅ σ ςÌÎὐ $ Ͻὐ ρ , (2.51) 

where ὐ ÄÅÔ& ‗‗‗, F is the deformation gradient. 

Under uniaxial tension for an incompressible material: 

 „ ς ὅ ‗ ς ὅ , (2.52) 

where Ů1 is the first principal strain, ‐ ‗ ρ. 

For the description of higher strains up to 100%, the Mooney-Rivlin material model has been 

developed. In this model, the strain energy function is the linear combination of the two invariants of 

the left Cauchy-Green deformation tensor ": 

 ὡ ὅ Ὅ σ ὅ Ὅ σ, (2.53) 

where Ὅ and Ὅ are the first and second invariant of ὄ, which is the deviatoric part of the left Cauchy-

Green deformation tensor ". [24] 

 Ὅ Ὅ, (2.54) 

where I1 has been previously defined in Eq. 2.50 

 Ὅ Ὅ, (2.55) 

where Ὅ ‗ ‗ ‗ ‗ ‗ ‗ . 

In case of incompressibility, J=1. 

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

 „ ςὅ ‗ . (2.56) 

If ὅ  and C2=0, we get the Neo-Hookean law. 

The Yeoh model is a phenomenological model in which the strain energy density function is dependent 

of only I1. The strain energy density can be written as: 

 W=В ὅ Ὅ σ , (2.57) 

https://en.wikipedia.org/wiki/Strain_energy_density_function
https://en.wikipedia.org/wiki/Incompressible


16 

 

where Ci are material constants. 2 C1 is the initial shear modulus of the material. 

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

 „ ς‗ , (2.58) 

where В Ὥὅ Ὅ σ . 

The Arruda-Boyce model is a mechanistic hyperelastic constitutive model based on statistical 

mechanics used for the description of the mechanical behaviour of rubbers. Its representative volume 

element contains eight molecule chains along the diagonal directions [25]. 

The strain energy function for an incompressible material modelled by the Arruda-Boyce law can be 

written as: 

 ὡ ὔὯὝЍὲ‍‗ Ѝὲ ὰὲ , (2.59) 

where n is the number of chain segments, kB is the Boltzmann-constant, T is the temperature in Kelvins, 

N is the number of chains in the network of the rubber. 

 ‗ , ‍ fl
Ѝ

, (2.60) 

where I1 is the first invariant of the left Cauchy-Green deformation tensor and fl  ὼ is the inverse 

Langevin function which can be estimated as: 

 fl ὼ
ρȢσρὸὫ ρȢυωὼ πȢωρὼ Ὢέὶ  ȿὼȿ πȢψτρ

 Ὢέὶ πȢψτρὼ ρ
   (2.61) 

For the case of uniaxial tension, stress can be written as: 

 „ ςὅ ‗ В Ὥ‌‍ Ὅ . (2.62) 

2.5 Failure criteria  

Failure is the loss of load-carrying capacity and structural integrity of a material. óFailure of fibre-

reinforced composites can be caused by fibre breakage, fibre buckling, matrix cracking, delamination 

or the combination of these factors.ô [14] Failure modes can be different regarding damage initiation, 

damage propagation and final failure [26]. 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 support the fibres.  

The main role of fibres is to support tensile loads. In their dry forms (when no matrix is included), 

after breakage, they cannot carry any loads. However, when fibres are surrounded by matrix, if fibre 

breakage occurs, it does not result in instant failure because matrix acts as a bridge and transmits the 

load from the broken fibres to the adjacent ones. This phenomenon is called fibre bridging, making the 

tensile strength higher in composites than in dry form. 

Matrix cracking does not usually cause ultimate failure, nonetheless, it reduces matrix-dominated 

stiffnesses of the laminate and might propagate to the fibre-matrix interface of adjacent layers, thus 

initiating delamination [14]. 

Delamination is the separation of adjacent layers, which can be caused by i.e. transverse impact 

on the laminate. Bending stiffness, bending strength and load-carrying capacity all decrease due to 

delamination. Repeated loading may cause 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 strength [14]. In the following sections, the most commonly used failure criteria will be 

presented. 

In engineering practice, ply-stress 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 (layer) of the composite. Failure is considered to occur if 

any of the layers fail (first ply-failure). In reality, composite structures can carry load even after one ply 

fails until ultimate failure occurs, when all the plies have failed; so these failure criteria approaches yield 

conservative results. Failure criteria do not give any information on the exact failure modes and 

mechanisms and can only be used in regions far from discontinuities (holes, grooves, notches). In many 

cases, a great number of physical parameters need to be measured for the utilization of failure criteria. 

2.5.1 Maximum stress failure criterion  

Maximum stress failure criterion is one of the failure criteria utilized for the evaluation of failure 

behaviour of orthotropic or transversely isotropic composites. In the following, stresses and strengths 

are defined in a Cartesian x1x2x3 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 orthotropic material, no failure occurs if the following conditions are fulfilled.  

 ί „ ί  

ί „ ί  

ί „ ί  

ȿ† ȿ ί  

ȿ† ȿ ί  

 ȿ† ȿ ί , (2.63) 

where s1+, s2
+ and s3+ are tensile strengths, s1

-, s2
- and s3- are compressive strengths in directions 1, 2 

and 3, while s12, s13, s23 are shear strengths in planes 12, 13 and 23. 

Maximum stress criterion does not need the measurement of interaction parameters (See Chapter 

2.5.3) and yields generally conservative evaluations regarding the failure stresses [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 of the maximum strain failure criterion, strains are compared with the allowable strain 

limits. Strains are defined in a Cartesian x1x2x3 coordinate system. Failure occurs if any of the strains 

surpasses any of the strains limits. 

For an orthotropic material, no failure occurs if the following conditions are fulfilled: 

 – ‐ –  

– ‐ –  

– ‐ –  

ȿ‎ ȿ –  

ȿ‎ ȿ –  

 ȿ‎ ȿ – , (2.62) 
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where ɖ1
+, ɖ2

+ and ɖ3
+ are tensile strain limits, while ɖ1

-, ɖ2
- and ɖ3

- are compressive strain limits in 

directions 1, 2 and 3; ɖ12, ɖ13 and ɖ23 are shear strain limits in planes 12, 13 and 23 [14]. 

2.5.3 Quadratic failure criteri on  

The general quadratic failure criterion has been proposed by Gol'denblat and Kopnov [27]. In the 

quadratic failure criterion, stresses are up to the second power. For orthotropic materials (in this case, 

the quadratic failure criterion is called Tsai-Wu failure criterion [28]), no failure occurs if  

Ὢ„ȟ„ȟ„ȟ† ȟ† ȟ† ȟὊȟὊȟȣ ρ 

Ὂ„ Ὂ„ Ὂ„ Ὂ „ Ὂ „ Ὂ „ Ὂ † Ὂ † Ὂ † ςὊ „„
Ὂ „„ Ὂ „„ ρ. (2.63) 

At the brink of failure, in Eq.2.63, the left side equals unity. 

In Eq. 2.63, F1, F2, F3, F11, F22, F33, F44, F55, F66 are the noninteraction strength parameters, which 

can be measured from uniaxial and shear tests. 

For the determination of F1 and F11, one has to perform uniaxial tensile and compression tests in 

direction 1. At failure, stresses equal ů1=s1
+ and ů1=-s1

-in tension and in compression respectively, where 

s is the strength of the material. By substituting the above two expressions into Eq. 2.63, we get: 

 Ὂί Ὂ ί ρ  Ὂί Ὂ ί ρ.  (2.64) 

The solution of Eq. 2.64 gives: 

 Ὂ  Ὂ . (2.65) 

Nonintegration strength parameters F2, F22, F3, F33 are determined similarly as mentioned above. 

To get strength parameter F44, the material needs to be subjected to shear Ű23 in plane 23. Because 

of material symmetry, the failure stress is independent of the direction of shear stress. At failure, Ű23=s23. 

By substituting it to Eq. 2.63, we obtain: 

 Ὂ ί ρ, (2.66) 

which leads to 

 Ὂ . (2.67) 

Noninteraction strength parameters F55 and F66 are obtained similarly as mentioned above. 

The list of the noninteraction strength parameters is as follows: 

Ὂ  Ὂ  Ὂ  

Ὂ  Ὂ  Ὂ  

Ὂ  Ὂ  Ὂ   (2.68) 

Interaction strength parameters F12, F13 and F23 are determined by off-axis 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 strength parameters are 

approximated as: 

 Ὂ Ὂ Ὂ ,  Ὂ Ὂ Ὂ ,  Ὂ Ὂ Ὂ . (2.69) 
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2.5.3.1 Tsai-Hill failure criterion 

Tsai-Hill  failure criterion, which is a phenomenological failure criterion, is a special case of the 

quadratic failure criterion. Also known as, óthe maximum work criterionô it is an extension of the von 

Mises criterion (based on the stored distortional energy) to orthotropic materials and is widely used in 

engineering practice for composites along with the Tsai-Wu failure criterion. It considers the distorted 

energy portion of the total strain energy [29]. It takes into account the interactions between stresses so 

it is classified as an interactive failure theory. Failure occurs (in 3D) [29], [30] when  

„Ͻ„Ͻ „Ͻ„Ͻ „Ͻ„Ͻ

ρ.  (2.70)  

If the lamina is in plane stress condition, Eq. 2.70 is simplified as: 

ρ.  (2.71) 

In Eq. 2.69 and 2.70 s1, s2 and s3 are strength parameters in directions 1, 2 and 3, while s12, s13 and 

s23 are shear strength parameters in planes 12, 13 and 23. These strength parameters are taken into 

account either as tensile or compressive strengths depending on the direction of the load. 

The Tsai-Hill failure criterion is not applicable for the determination of the failure modes (such 

as fibre breakage, matrix cracking or failure at the fibre-matrix interface) of a composite structure. 

2.6 Experimental, analytical and numerical methods used for the 

characterization of composite tubes 

Netting analysis is one of the simplest analytical techniques for investigating the mechanical 

behaviour of fibre-reinforced composites, also applicable to filament-wound composite tubes. In netting 

analyses, orthotropy is taken into consideration, however, there are several limitations: all loads are 

supported solely by the fibres, therefore the load-bearing capacity of the matrix is neglected as well as 

interaction of fibres. [31]  

With the evolution of finite element method and computing, novel optimization techniques have 

become available for determining optimal layup of composite tubes. Most optimization methods are 

ordinarily gradient-driven and can be categorized as strain-driven, stress-driven or energy-driven 

depending on the optimality criterion [32]. 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 meso-scale damage model) also 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 in the rubber liner to reinforce cord-rubber tubes. [34] 

For the mechanical characterization of cord-rubber tubes, determination of material properties is 

a prerequisite. The most widely used means of determining material properties of composite parts is 

usage of formulae of rules of mixture, which give estimation on elastic constants of the composite layers 

based on material properties of the reinforcing yarn and the matrix. In macromodels, layers are 

represented as laminates whose material properties are usually calculated with the use of the 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 force-displacement curve characterized by a constant slope [35].  
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2.6.1 Literature review on buckling and bending 

Since composite tubes, particularly air brake tubes, are frequently subjected to bending loads 

during their lifetime, bending tests are an integral part of experiments related to composite tubes. Three-

point bending and four-point bending are among the most generally performed bending 

experiments [36].  

Bending of cord-rubber tubes, particularly buckling is 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 von K§rm§n [37], assuming constant 

ovalization during bending. He used flexibility and stress intensity factors for the modification of 

moment of inertia. Firstly, Lehnitskii [38] has approached the bending of cylindrically anisotropic 

cantilevers and has determined stress distribution in a single-layered anisotropic tube along the radius. 

Jolicoeur and Cardou [39] have elaborated three-dimensional solution of multi-layered anisotropic 

cylinders subjected to tension, torsion and bending. Chouchaoui and Ochoa [40] have elaborated the 

governing equations for the bending of a multi-layered composite tube by extending Jolicoeurôs 

solution. Tarn and Wang [41] have utilized a state space approach to determine displacements and 

stresses, thus reducing the number of equations necessary to obtain a solution. Wu and Sun [42] have 

created a simplified theory for thin-walled beams with the use of classical laminated shell theory taking 

into account torsional warping and transverse shearing.  

Xia et al. [43] have dealt with pure bending of filament-wound fibre-reinforced sandwich beams. They 

solved this problem analytically by the utilization of classical laminated shell theory, determined the 

detailed stress-strain response and calculated deflection. They observed that the cross-section of the tube 

does not remain circular during bending. Shadmehri et al. [44] have calculated equivalent stiffness of 

composite tubes analytically, by three-dimensional shell theory and determined load-axial strain 

function as well. Bending behaviour of thick-walled composite tubes has been examined by Geuchy 

Ahmad M.I. Shadmehri, F., Derisi, B. and Hoa, S.V. (2011) On bending stiffness of composite tubes. Composite 

structures, 93(9): 2173-2179, https://doi.org/10.1016/j.compstruct.2011.03.002 

[45] and Geuchy Ahmad M.I. and Hoa S.V. [46], 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 brake tubes [47]. 

Composite tubes are subjected to bending many times during their lifetime, which might result in 

a so-called Brazier-instability; possibly leading to failure in extreme cases. Brazier [48] has investigated 

instability of long elastic tubes, determined the point of instability and the corresponding elastic moment. 

Saint-Venantôs solution had previously given a linear relation between moment and curvature of the 

centerline. Brazierôs solution has taken into account second order terms, so it gave a more accurate 

solution throughout the entire bending process. The Brazier-effect is a form of ovalization instability, 

which - when combined with local bifurcation buckling, - causes a significant drop in stiffness and load-

bearing capacity. Karamanos [49] has examined this phenomenon by a nonlinear FE model, giving a 

detailed description of prebuckling of long elastic tubes with and without initial curvature. Material 

damage may occur during the Brazier-buckling process. óIt is possible, however, for a cylinder to buckle 

elastically without material damage if the buckling strains remain sufficiently smallô [50]. In case of a 

certain curvature, ovalization minimizes the internal energy state of the tube. As the cross-section of a 

cylindrical tube flattens, the moment of inertia is reduced, therefore the required bending moment 

increases by a decreasing slope, until a limit point is reached, and the maximum moment is often referred 

to as Brazier moment [48]. Knaster et al. [51] have found that ovalization often coincides with local 

buckling, which is assumed to 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 ovalized shell at 

the ócriticalô point. [49] 

Menshikova and Guz [52] have studied bending of multi-layered filament-wound thick-walled fibre-

reinforced composite tubes made up of a multi-layered outer part and a thin homogeneous layer. They 
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have carried out a multi-parametric study of stress distribution of the inner layer material properties, its 

thickness and number of layers, lay-up and the magnitude of bending load. 

Fuchs et al. [50] have extensively dealt with the buckling of thin-walled composite tubes 

subjected to bending. It is mentioned that three classical collapse modes are related to bending of 

anisotropic tubes (Figure 2.8). For relatively short cylinders, sudden bifurcation buckling occurs on the 

compression side of the cylinder, for long cylinders; cross-sectional instability may arise due to the 

flattening or ovalization of the cross-section; 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 profiles have been presented for short and 

relatively long tubes as well. 
 

 
Figure 2.8. Cylinder bending collapse modes [50] 

When tubes are subjected to high compressive axial forces, global buckling occurs. óGlobal 

buckling is a buckling mode where the member deforms with no or negligibly small deformation in its 

cross-sectional shape [53]ô. Silvestre [54] has studied the non-classical effects (elastic material 

couplings, warping and shear deformation) on the structural behavior of fibre-reinforced plastic (FRP) 

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 structure (e.g. a tube) is still able to bear load. 

Almeida et al. [56[55] have investigated 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 and fibre angle to sustain increased buckling loads. 

Ford et al [56] have addressed delamination failure of symmetric two-ply cord-rubber specimens 

subjected to uniaxial tension by a simplified axisymmetric FE model. They have proven that 

delamination failure is linked to interlaminar shear strain ɔ13. Delamination is attributed to higher 

interlaminar shear strain-to-longitudinal normal strain ratios (ɔ13/Ů1) [56]. Lou and Walter [57] have 

conducted interlaminar shear strain measurements in two-ply cord-rubber composites subjected to 

tension. Their results have shown that interlaminar shear strain-to-longitudinal normal strain ratios are 

higher if Ef/Em ratio (modulus of elasticity of fibres and the matrix) is higher. Rao et al [58] have dealt 

with failure behaviour of cord-rubber tire belts by a micromechanical model. Their results have shown 

that delamination plays an important role in failure of cord-rubber tires.  

Hutapea and Pizhong [59] have determined in-plane shear moduli of composites with fibre-matrix 

debonding. They have demonstrated that in-plane 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 structure [60]. 

Nonlinear buckling analyses predict critical force more accurately, therefore they are widely used 

in engineering practice [61]. 

2.6.2 Literature review on micromechanical models 

One can find several examples for the utilization of the micromechanical approach for the analysis 

of unidirectional fibre-reinforced materials. For example, Adams and Crane [62] investigated 

longitudinal shear loadings of unidirectional composites, also including temperature and moisture 
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loadings. Bonora et al. [63] examined the fibre-debonding phenomenon in SiC/Ti composites by FE and 

experimental means.  

Kocak and Pidaparti [64] have developed a three-dimensional micromodel for cord-rubber 

composites to obtain deformation and stress results. They have investigated the influence of cord shape 

and rubber thickness on the load-deformation characteristics. In 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 cord-rubber composites and applied 

a novel failure criterion for the reinforcement layers, validated by biaxial test data of nylon-6 cord-

rubber composite. Rosso and V§radi [66] have developed FE micromodel of transverse fibre bundle test 

of a Vinylesther-carbon fibre composite, applying the displacement coupling technique. They have 

found that larger fraction of the total stress build up until failure is caused by the thermal residual stresses 

related to the curing process. Behroozinia et al. [67] have studied failure of cord-rubber tires by 

macromodels. They used micromechanics-based elements, examined fibre volume fraction, lay-up and 

void volume fraction as well. 

Bojt§r [68] used a óunit cellô micromodel for the determination of microscopic properties of a 

woven textile composite by modelling uniaxial tension and for the examination of the effect of fibre 

volume fraction, modulus of elasticity of the roving and weaving methods. The óunit cellô 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 whole. [69]. Periodical and symmetry boundary conditions ensure deformation 

compatibility within the unit cell such as in case of the carbon fibre/epoxy composite vessel subjected 

to combined internal pressure and thermomechanical loading examined by Wang et al. [70]. They 

developed a progressive failure analysis algorithm based on micromechanics of failure theory to 

predict the failure initiation at constituent level and a material property degradation method to model 

the post failure behavior of the damaged materials. Xu et al. [71] have developed a macro-meso unit 

cell model combined with the shell-core structural feature of 3D braided composites. They predicted 

the elastic constants and micromechanical response. The effects of the braiding angle and the fibre 

volume fraction of specimens on the elastic properties have been discussed extensively. Li et al. [72] 

have created a a dense but non-intersecting geometry internal unit cell model of 3D five-directional 

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 properties of 3D five-directional braided composites with more than 50% fibre volume 

fraction compared to existing FE models. 

The structural behavior of knitted fabrics subjected to tensile and shear loading has been 

analyzed by Dinh et al. [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 friction. Devireddy SBR and Biswas S [74] determined 

elastic and thermal properties of unidirectional composites with different fibre volume fractions. 

Material properties (modulus of elasticity and thermal conductivity) of unidirectional fibre-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, geometry of fibres and RVE. Elsaid 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 between the internal yarn 

architecture and the mechanical response of 3D woven composites. 

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

coating material has been modelled by 3D solid elements, while the yarns have been modelled by truss 

elements therefore simplifying the constitutive law.  

Submodeling often gives considerably inaccurate stress results at the cut boundary due to the 

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 cut boundaries from the stress results [77]. Other 

solutions include enlarging the model based on the Saint-Venant 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 effect [78]; or a cubic spline interpolation function can be used to determine 

the values of the displacements [79].  

Goda [80] has studied failure mechanisms related to wear in case of a unidirectional fibre 

reinforced PEEK (polyether-etherketone) subjected to sliding on a steel surface by FE macro- and 

micromodels (using displacement-coupling submodeling technique) and a debonding micromodel at 

various fibre orientations. In the debonding micromodel, interface elements, situated between fibres and 

the matrix, are able to identify tension and shear type debonding under tension and compression. 

2.7 Conclusions  

In the literature overview, firstly, the structure of filament-wound composite tubes, manufacturing 

of such tubes and structure of reinforcement yarns are presented. Then, the chapter includes a broad 

description of the rules of mixture, material models of cord-rubber tubes and failure criteria. The 

literature review on the mechanical characterization of cord-rubber tubes includes analytical, numerical 

and experimental methods. Bending and buckling of composite tubes have been addressed by several 

researchers. They applied mainly analytical methods based on classical laminated shell theory and 

nonlinear FE models. However, collapse of cord-rubber tubes has not been in the focus of recent studies, 

this dissertation aims to fill this void and describe the complete buckling process.  

Several micromodels have been developed for the analysis of uniaxial tension of composites. 

These micromodels are utilized for either the determination of material properties or studying failure. 

Only a few micromodels deal with cord-rubber composites and the load transfer mechanism is not 

examined in any of them during uniaxial tension. 

One purpose of this dissertation is the development of micromodels for uniaxial tension of 

composite tube sample and test specimen to study load transfer and failure mechanisms of composite 

structures and provide realistic deformation, strain and stress results inside reinforcement layers. 

3 Material characterization of the examined tube 

In this chapter, determination methods of the material properties of the numerical models of the 

composite tube will be presented. In Chapter 3.1, material properties for FE macromodels at room 

temperature are determined based on the estimated fibre volume fraction and the moduli of elasticity of 

the fibres and the matrix. In Chapter 3.2, the same method has been utilized to obtain the elastic constants 

for FE macromodels at -40ÁC. In Chapter 3.3, estimation of material properties for the composite 

micromodel has been made. 

3.1 Material properties at room temperature 

Determination of material properties of reinforcement layers has been accomplished by the 

method illustrated in Figure 3.1. Firstly, photographs have been taken at the cross-section of the tube, 

in which yarns are respresented by their angular sections (end section). By using KLONK image 

measurement software [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 determination of fibre volume fraction. Then, 

average cross-sectional area of yarns has been calculated with the help of the orientation angle and 

average area of yarns in the end section. Afterwards, modulus of elasticity of fibre in material direction 1 

(Ef1) has been evaluated based on the load-strain curves of a reinforcement yarn and the average cross-

sectional area of a reinforcement yarn, then, modulus of elasticity of fibre in material direction 2 (Ef2) 

has been estimated (see Chapter 3.4 for details). Two parameter Mooney-Rivlin material model has been 

fitted to stress-strain curves of rubber liners, therefore modulus of elasticity of matrix, being made of 

rubber, has been calculated. Finally, composite elastic constants have been derived based on modulus 

of elasticity of fibre, modulus of elasticity of matrix and fibre volume fraction. Material properties of 
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reinforcement layers can be determined in view of their geometric parameters and the tensile properties 

of the fibre and the matrix. As regards the geometric parameters, average area of yarns and fibre volume 

fraction are fundamental. 

 

Figure 3.1. Flow diagram of determination of material properties of reinforcement plies. 

Computation of area has been carried out by KLONK image measurement software [81]. In 

Figure 3.2, captured perpendicular to the axis of the tube (end section of yarns), yarns are surrounded 

by measurement splines. Average area of the yarns determined with the help of the software is 0.61 mm2. 

Outlines of the yarns might be regarded as ellipses with good approximation. In Figure 3.2, yarns are 

represented by their angular cut surfaces because the included angle of the yarns and the axis of the tube 

is ɤ = 55ę.  

 

Figure 3.2. Cross-section of the tube with measured yarns 
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Figure 3.3. Angular section (end section) of a yarn at the cross-section of the tube. 

This angular cut is not representative when estimating elastic constants; therefore, the cross-

sectional area needs to be evaluated in this case (Figure 3.3). In the angular section of the yarn, the 

included angle of the ellipse and the normal to the cross-sectional plane is ɤ, hence 

 r = a sin ˖     while r = b,  (3.1) 

where r stands for the radius of the circular cross-section of the yarn 

a is the semi-major axis of the elliptical end section 

b1 is the semi-minor axis of the elliptical end section 

ɤ is the orientation angle. 

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

 ὃ ὃϽÓÉÎ‫ȟ (3.2) 

where Ac stands for the area of cross-section of yarn-perpendicular to its axis, Ae stands for the area of 

the angular end section of yarn-taken at the cross section of the tube. Figure 2.1 shows orientation of the 

reinforcement layers related to the axis of the tube. The orientation angle is congruent with the included 

angle of the angular section of the yarn (end section) and the normal to the cross-sectional plane of the 

yarn. 

Inner diameter of the tube is 28 mm, its outer diameter is 44 mm, and the rubber liners are 2.4  mm 

thick. There are four reinforcement layers consisting of natural yarns and rubber matrix. The material 

coordinate systems of the layers are cylindrical, the layup is [+55/-55/+55/-55] [Á] with respect to the 

axis of the tube (Figure 3.4).   

Reinforcement layers are surrounded by rubber liners, made of EPDM-EVA copolymer, whose 

leading role is sealing and protecting reinforcement layers from mechanical impacts. 
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Figure 3.4. Cross-section of the examined tube  

 

3.1.1 Fibre volume fraction 

Volume fraction has been calculated as the proportion of the end sectional area of yarns on the 

cross-section of the tube (Aae) and the cross-sectional area of the tube (Atc). The average end sectional 

area of yarns is (regarding 269 yarns): ὃ  ρφσȢρυ άάȢ Cross-sectional area of the tube has been 

calculated based on the outer (39.2 mm) and inner diameters (32.8 mm). Area of cross-section of the 

tube is ὃ σφρȢωρ άά . Therefore, fibre volume fraction equals: 

  ὠ τυ Ϸ. (3.3) 

 

For obtaining material properties of the yarn, tensile test curves, provided by the manufacturer, are 

crucial (Figure 3.5). In this figure, two force-strain points were selected (estimated approximate 

inflexion points, A and B), between which a line can be fitted for gaining characteristic stresses and 

therefore modulus of elasticity of yarn. 

 

Figure 3.5. Load-strain curves of a single reinforcement yarn (provided by the manufacturer) 

In actual practice of tensile testing, stress-strain curves can be used as a basis for acquiring 

modulus of elasticity of the fibre. By fitting a line to the load-strain curves and calculating stress values 

at these points, modulus of elasticity can be obtained by a simplified approach. With the help of the 

cross-sectional area of yarn (Ac=0.496 mm2) and force and strain values of point A and B (FA=78.57 N, 
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FB=221.4 N and ŮA=0.0654, ŮB= 0.163), the calculated stress values are: ůA=158.1 MPa, ůB= 446 MPa; 

the modulus of elasticity of the fibre in material direction 1 is:  

 Ὁ ςωφρ ὓὖὥ.                     (3.4) 

 „ ττφ ὓὖὥ  is considered as the tensile strength of the yarn and ŮB=0.16 as the elongation at break.  

3.1.2 Material characterization of rubber  

Material properties of rubber liners have been determined based on the curve fitted [82] to the 

uniaxial stress-strain curves provided by the manufacturer. The mechanical model of the rubber liners 

is two-parameter Mooney-Rivlin hyperelastic model (Figure 3.6). 

 

Figure 3.6. Two-parameter Mooney-Rivlin model fitted to uniaxial test data provided by manufacturer  

Mooney-Rivlin-parameters of rubber liners are C10= -0.4982 MPa, C01= 1.523 MPa, D=0 [1/MPa], so 

rubber liners are assumed to be incompressible in the FE models. Equivalent shear modulus, Poissonôs 

ratio and modulus of elasticity of rubber liners (which have been utilized for the determination of elastic 

constants of the reinforcement layers) are (ɜr=0.5): 

Ὃ ςϽὅ ὅ ςȢπυ ὓὖὥ                                             (3.5) 

Ὁ ςϽρ ‡ ϽὋ φȢρυ ὓὖὥȢ                                                 σȢφ 

3.1.3 Deriving composite elastic constants 

In the most general case, stress and strain states of composites can be described by an anisotropic 

material model. However, this requires 21 independent elastic constants, the measurement of which is 

often too hard to achieve. Therefore, in most cases, the highest order of symmetry possible is taken into 

consideration. Firstly, composite parts are generally considered to be described as orthotropic having 

three mutually perpendicular planes of symmetry; filament-wound composite tubes, with their fibres 

aligned uniaxially, are usually regarded as transversely isotropic because the plane perpendicular to the 

fibre direction is a plane of isotropy (E2=E3, G12=G13, ɡ12= ɡ13). Transversely isotropic materials have 

five independent elastic constants (E1, E2, G12, G23, ɡ12) [16]. 

Yarns (or fibres) are per se considered transversely isotropic as constituents with five independent 

elastic constants. Modulus of elasticity E1 can be simply determined based on uniaxial tensile tests 

performed on yarns, however, measurement of other parameters (e.g. Ef2) is complicated and hardly 

possible in most cases. Therefore, estimations had to be made for the value of Ef2. Considering low load-

bearing capability of yarns in transverse directions, Ef2 has to be at least one order of magnitude lower 

than Ef1. After a short parameter study, which is described in detail in Chapter 3.4, Ef2 was chosen to be 

80 MPa.  

Modulus of elasticity of the matrix is Em=Er=6.15 MPa, its Poissonôs ratio is supposed to be 

ɡm= ɡr = 0.5. Poissonôs ratio of the fibre is assumed to be ɡf =0.2. Fibre volume fraction is Vf=45 %.  

Matrix volume fraction is respectively as follows: 

ὠ ρ ὠ ρ πȢτυ πȢυυȢ                                                             (3.7) 
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Modulus of elasticity of one layer in direction 1 is: 

 Ὁ Ὁ Ͻὠ Ὁ Ͻὠ ρσσψ ὓὖὥ. (3.8) 

Shear moduli of the fibres can be written as follows:  

Ὃ Ὃ
Ὁ

ςϽρ ’
σσȢσσ ὓὖὥ                                                              σȢω 

 Ὃ
Ͻ

ςφȢψυ ὓὖὥ. (3.10) 

Applying the formulae presented in [16] and [83], the moduli of elasticity in directions 2 and 3 and shear 

moduli are: 

Ὁ Ὁ
Ͻ ϳ

ρφ ὓὖὥ                                              (3.11) 

 

Ὃ Ὃ
Ὃ

ρ ὠϽρ Ὃ Ὃϳ
υȢφ ὓὖὥ                           σȢρς 

Ὃ
Ὃ

ρ ὠϽρ Ὃ Ὃϳ
υȢτ ὓὖὥȢ                                            σȢρσ 

Poissonôs ratios of one ply are [14]: 

‡ ‡ ὠϽ‡ ὠ Ͻ‡ πȢσχȢ                                             σȢρτ   

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

‡
Ὁ

ςϽὋ
ρ πȢτωψȢ                                                                        σȢρυ 

Finite element analysis of tensile test on standard test specimen consists of two separate sections, the 

first being the representation of fastening the specimen, while the second part simulates uniaxial tension. 

3.2 Material characterization at -40ÁC  

 

Figure 3.7. 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 -40ÁC. The test specimen has been cut in thickness direction in accordance with standard 

ASTM D638, thus the thickness of the test specimen is 2.4 mm, equal to the thickness of the outer rubber 

liner. Lateral section of the rubber test specimen, along with its dimensions, can be viewed in Figure 

3.7. The traction of the test specimen has been conducted to a displacement of 51 mm, at which the 

specimen has ruptured. 

Force-displacement results of rubber test specimen can be observed in Figure 3.8. 

 

 

Figure 3.8. Force-displacement curve of rubber test specimen at -40 ÁC  

For the calculation of the modulus of elasticity Em, the initial section until a displacement of 16.5 mm 

has been considered. 

Engineering stresses can be calculated based on the initial cross-section A0 =4 mm Ͻ 2,8 mm= 11,2 mm2 

and traction force F. 

 „ Ȣ       (3.16) 

By using distance between grips l0=55 mm and change in length ȹl, engineering strains can be 

calculated:  

 ‐
Ў 

.        (3.17) 

Engineering stress results can be viewed as a function of engineering strains in Figure 3.9. 
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Figure 3.9. Stress-strain curve of rubber test specimen at -40 ėC  

Modulus of elasticity of matrix can be determined as follows:  

 Ὁ
Ȣ  Ȣ  

Ȣ
= 18.91 MPa.     (3.18) 

According to data provided by the manufacturer, Shore hardness of the rubber at -40 ÁC is H=95 ShA.  

Shear modulus of rubber can be estimated based on Shore hardness of the rubber [84]:  

 Ὃȟ πȢπψφϽρȢπτυ υȢφσ  ὓὖὥȢ  (3.19) 

Modulus of elasticity of rubber can be estimated with use of the estimated shear modulus of rubber: 

 Ὁȟ ςϽρ ‡ ϽὋȟ ρφȢψω ὓὖὥ.  (3.20) 

The modulus of elasticity of rubber estimated with the use of Eq. 3.20 [84] is approximately equal 

to that determined based on the tensile test experiment.  

Temperature effect is neglected in case of the yarns, since there is little difference between storage 

modulus (Eô) of polyester at -40ÁC and at room temperature according to Figure 3.10. Thus, for the 

calculation of the smeared macromechanical properties of the composite layers at -40ÁC, the same 

material properties have been taken into account as at room temperature (e.g. Ef1=2960 MPa, é). 

 

 
Figure 3.10. Comparison of modulus of elasticity of various fibres [85], PU: polyurethane, XLA: elastolefin fibre, 

Lycra : elastane 
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Material properties of reinforcement layers at -40 ÁC with the use of the modulus of elasticity of 

matrix and Eq (3.10) -(3.15) are as follows: 

E1=1345 MPa, E2=E3=39 MPa, ɡ12= ɡ13=0.364, ɡ23=0.496; G12= G13=13.94 MPa; G23=13.02 MPa. 

Rubber liners are described by a two-parameter Mooney-Rivlin model, whose parameters have 

been determined by using the curve fitting feature of ANSYS Workbench [82] on the stress-strain results 

of rubber test specimen (Figure 3.11).  

 

Figure 3.11. Two-parameter Mooney-Rivlin model fitted to stress-strain results at -40ėC 

Mooney-Rivlin parameters of rubber liners are C10= 2.96 MPa, C01= 1.53 MPa, D=0 [1/MPa].  

3.3 FE micromodel of test specimen and tube sample 

Yarns are modeled as linear orthotropic (transversely isotropic), with the following material 

properties: Ef1= 2960 MPa, Ef2=Ef3=80 MPa, ɜf12=ɜf13=0.2, ɜf23=0.4; Gf12=Gf13=33.33 MPa, 

Gf23=26.85  MPa. Modulus of elasticity in material direction 1 E1 is identical to that of the reinforcement 

layer in the macromodel as yarns transmit loads mainly in the longitudinal direction. Moduli of elasticity 

Ef2 and Ef3 are estimated to be 80 MPa, much lower than E1 as the yarn has little stiffness in direction 2 

and 3 due to a having a long pitch of twist relative to the thickness of a single fibre (Figure 3.12, Figure 

3.13). Shear moduli Gf12 Gf13 and Gf23 are estimated as the shear moduli of the rubber matrix because 

interaction of single fibres is negligible in the shear mechanism of the yarn due to the low thickness of 

a single fibre and in-plane shear mechanism is affected mostly by matrix properties [67]. 

Moreover, due to possible inaccuracies regarding the estimation of moduli Ef2 and Ef3, case of 

Ef2=200 MPa has also been investigated (see Figure 6.57, Figure 6.77). 

In this case, Gf12, Gf13 and Gf23 have also been calculated by the expressions of Eq. 3.12. and Eq. 3.13. 

Material properties in the case of Ef2= 200 MPa are the following:  

Ef2=Ef3=200 MPa, ɜf12=ɜf13=0.2, ɜf23=0.4; Gf12=Gf13=83 MPa, Gf23=71 MPa.  

 



32 

 

 

Figure 3.12. Microscopic image of one yarn 

 

Figure 3.13. Microscopic image of yarns embedded in the rubber matrix 

The matrix is modeled by a 2 parameter Mooney-Rivlin model with parameters also mentioned 

in Chapter 3.1.2. It is postulated 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 Ef2 

In this parameter study, values of E2=20, 80 and 200 MPa have been considered for the cases of 

the macromodels of the uniaxial tension of the tube sample at room temperature (Figure 3.14) and -40ÁC 

(Figure 3.15) and micromodel of the uniaxial tension of the tube sample (Figure 3.16). Note bene, in 

case of moduli Ef2 over 400 MPa, this yarn behaves practically isotropically. In Figure 3.14, macromodel 

results of Ef2= 200 MPa and Ef2= 80 MPa approximate experimental results well, while results of 

Ef2= 20  MPa differ significantly from experimental results. At -40ÁC, results of Ef2=200 MPa are in 

good agreement with experimental results, data series of Ef2=80 MPa are also in considerably good 

agreement with experimental data (with a difference of nearly 10%), while Ef2=20 MPa results are 

unacceptably far from experimental results. As regards micromodel of uniaxial tension at room 
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temperature, results of Ef2=20 MPa and Ef2=80 MPa are in good agreement with experimental data, 

whereas Ef2=200 MPa results differ unacceptably from experimental data. Therefore, Ef2=80 MPa is 

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

 

Figure 3.14. Force-displacement curves of the uniaxial tension of the tube sample at room temperature for various 

moduli of elasticity Ef2 

 

Figure 3.15. Force-displacement curves of the macromodel of the uniaxial tension of the tube sample at -40 ÁC for 

various moduli of elasticity Ef2 
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Figure 3.16. Force-displacement curves of the micromodel of the uniaxial tension of the tube sample at -40 ÁC for 

various moduli of elasticity Ef2 

4 Experimental materials and methods 

Several experiments have been carried out in order to investigate mechanical behaviour of the 

tube in certain cases. Firstly, uniaxial tensile tests have been performed on standard test specimen and 

tube sample at room temperature and at -40ÁC as well, to validate the FE models of Chapter 5, which 

are based on the material models detailed in Chapter 3, thus confirming the appropriateness of the 

material constants. The three-point bending tests and standard bending test have also been utilized to 

validate material models of FE macromodels at room temperature. A compression/bending test has also 

been performed for experimental validation of the analysis of the compression/bending instability of the 

composite tube (which will be presented in detail in Chapter 5.5). The 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 at Knorr-Bremse Rail 

Systems Ltd.. 

In Chapter 4.6, a draw and buffing gear test is presented that has been carried out on a reverse 

curve test track by MĆV Central Rail And Track Inspection Ltd. (MĆV KFV Kft.) on the Szolnok 

Railway Maintenance Site of MĆV in Szolnok. Test results serve as experimental validation of the 

kinematic simulation related to the FE macromodel of the tube under extreme operating conditions. This 

test report is also utilized for the calculation of the prescribed boundary conditions of the FE macromodel 

of the tube subjected to extreme operational loads on a reverse curve test track. 

4.1  Uniaxial tension at room temperature 

4.1.1 Tensile experiment on standard test specimen cut from the tube 

Test specimen used for uniaxial tension test has been cut from the tube in thickness direction in 

accordance with standard ASTM D638. The specimen, having a length of 75 mm, has been tested to 

complete failure. The experiment began with a pre-load of 1 N with a pre-load speed of 2 mm/min. The 

test was executed on a Zwick Z250 tensile testing machine. The measuring limit of the load cell was 

10 kN.  Firstly, fractures appeared in reinforcement layers, which led to yarn-matrix debonding. This 

may be attributed to yarns aligning themselves to the direction of load generating shear inside layers 

(Figure 4.1). As the tension progressed, gaps appeared between the two rubber liners. 
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Figure 4.1. Tensile test specimen at a displacement of 19 mm 

4.1.2 Tensile test experiment of tube sample 

Tensile test of a tube sample having a length of 110 mm was performed (Figure 4.1) to a 

displacement of 25 mm. Cross-section of the tube sample is in accordance with Figure 3.4. Uniaxial 

tension was realized with the help of two steel plugs fixed into the tube by pipe clamps and by bonding 

them to the inner liner of the tube. 

Tube sample was pulled with a speed of 5 mm/min and a preload of 1 N. Tensile tests were performed 

three times (Figure 4.2). 

 

 
Figure 4.2. Tube sample subjected to tensile load at a displacement of 25 mm. 
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4.2 Three-point bending test 

 
Figure 4.3. Three-point bending test at a deflection of 80 mm 

Three-point bending test has been performed on a Zwick Z 020 tensile test machine (Figure 4.3) 

at room temperature. The tube has been placed between cylindrical bend fixtures. Diameter of the upper 

support is 30 mm, 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 18 mm (Figure 4.4). In the 

course of the bending test, the upper support has descended 80 mm. The travel speed of the crosshead 

has been 30 mm/min. 

 
Figure 4.4. Arangement of the three-point bending test 
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4.3 Standard bending test of the tube onto a disc in accordance with  

EN 15807:2011 

 

Figure 4.5. Measurement of reaction forces in the course of standard bending test 

A standard bending test of the tube onto a disc [47] is utilized in practice as a means of quality 

control (Figure 4.5). The standard bending test has been carried out at room temperature manually by 

bending the tube onto a disc, being 30 mm thick, having a diameter of 180 mm. The bending can be 

either carried out with bare hands or positioning pins [47]. Reaction forces have been measured by a 

force gauge. Mean reaction force calculated based on 10 experimental values measured in the position 

depicted in Figure 4.5 is 121.0 N (with a standard deviation of 6 N). 

4.4 Instabil ity analysis-compression/bending test 

For experimental validation, compression/bending tests have been carried out on a Zwick Z 250 

tensile testing machine with a compression speed of 100 mm/min (Figure 4.6). The applied pre-load has 

been 1 N. The upper tensile jaws have traveled 635 mm 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 assembly (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 deep-groove ball bearings (4) ensure that friction in the axle-pin connection is 

almost negligible. The axle is fixed axially into a grip fork, consisting of a lug (5) and a crosspiece (6) 

joined together by screws (7) and retaining rings (8). A square-sectioned bar (9) welded to the crosspiece 

is utilized for fixing the assembly between the tensile jaws. The testing assembly is a non-sway structure 

because the square-sectioned bar (9) is fixed between the tensile jaws.  
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Figure 4.6. Deflected composite tube at a vertical displacement of 350 mm 

 

Figure 4.7. Cross-section of the fixing assembly, all the dimensions are expressed in [mm] 

4.5 Uniaxial tension at -40ÁC 

4.5.1 Uniaxial tension of standard test specimen at -40ÁC 

Standard test specimens have been cut from the tube in thickness direction containing both the 

reinforcement layers and the rubber liners, thus their thickness is 8 mm. Their lateral section is the same 

as depicted in Figure 3.7. The tensile test experiment has been performed at -40 ÁC in a climate chamber 

as depicted in Figure 4.8. The experiment has begun with a pre-load 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.  

 

Figure 4.8. Standard test specimen at -40 ÁC, placed in a climate chamber  

4.5.2 Uniaxial tension of tube sample at -40Á C 

A 150-mm-long tube sample has been subjected to uniaxial tension to a displacement of 35 mm. 

Cross-section of the tube sample specimen can be seen in Figure 3.4. Tension has been performed with 

the help of two steel plugs installed into the tube by pipe clamps and by bonding them to the inner liner 

of the tube. The tube sample has been put into a climate chamber, whose temperature had been set to  

-40ÁC (Figure 4.9).  

Tube sample has been pulled with a tensile speed of 5 mm/min and a pre-load of 5 N. 

A reference tensile test has also been performed on tube samples at room temperature for comparison 

with results of the -40ÁC test. 
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Figure 4.9. Tube sample specimen at -40 ÁC, placed in climate chamber  

4.5.3 Uniaxial tension of tube sample at room temperature (for 

comparison with tension at -40ÁC) 

Arrangement of uniaxial tensile test experiment matches arrangement of the tensile test carried 

out at -40ÁC, moreover, the tube sample is 150 mm long as well.  

4.6 Draw and buffing gear interaction test 

Railway rolling stock manufactured in the European Union needs to fulfil the requirements of 

LOC&PAS TSI [86], so draw and buffing gear interaction test [87] of a coach manufactured by MĆV-

Start Zrt (Hungarian State Railways) had to be performed. The test was carried out by MĆV Central 

Rail And Track Inspection Ltd. (MĆV KFV Kft.) on the Szolnok Railway Maintenance Site of MĆV 

in Szolnok, Hungary between 16 June 2019 and 20 June 2019 on a purpose-built reverse 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 19 000 mm, bogie type has been Siemens SF 400. Tests were conducted at a speed 

of 5 km/h so that forces exerted by the traction vehicle did not influence the measurements [87].  
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Figure 4.10. Schematic test track layout [87] 

The test track is illustrated schematically in Figure 4.10. It consists of an initial tangent (straight) 

section before ñ1ò, a 20 m long curve with a radius of 150 m (between ñ1ò and ñ2ò), an intermediate 

straight section of 6 m (between ñ2ò and ñ3ò), a 35 m long curve with a radius of 150 m (between ñ3ò 

and ñ4ò) and a curved section after ñ4ò with an approximate radius of 150 m. The test (pulled run is 

considered hereinafter) commenced at point ñ1ò and lasted until the rear coach has passed point ñ4ò. 

Figure 4.11 shows the displacement-type measured quantities. x1 is the buffer compression on the left 

side, x2 is the buffer compression on the right side, whereas y1 is the lateral displacement at the coupled 

end (Figure 4.11). 

 

Figure 4.11. Location of the applied sensors [87] 

Lateral displacement y1 has been used for the validation of the kinematic simulation. It has been 

measured by a draw-wire displacement sensor as it can be seen in Figure 4.12. Lateral displacement 

results can be seen in Figure 4.13 as a function of measurement time. 
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Figure 4.12. Draw-wire displacement sensor utilized for the measurement of lateral displacement y1. [87] 

 

Figure 4.13. Lateral displacement y1 as a function of time [87] 

4.7 Deflection test at -40 ÁC 

Deflection test has been carried out according to [47] along with an FE model of the deflection 

test in order to validate the FE macromodel of bending of tubes in operational conditions (Chapter 5.6). 

In the schematic arrangement according to [47], the test assembly comprises of the tube, gripped in a 

clamp, and a weight placed inside a stopper at the free end of the tube (Figure 4.14). In the actual test 

arrangement (Figure 4.15), the weight has been fixed into the stopper placed inside the tube and hanged 

by a string to the top of the climate chamber. The test assembly had been put inside a climate chamber 

at a temperature of -40ÁC for 12 hours. At the beginning of the test, the string has been cut, applying the 

load, vertical deflection has been measured and recorded after 10 s. The measured deflection has been 

15 mm.  

 

Figure 4.14. Schematic diagram of test rig for deflection at low temperature [47] 

In Figure 4.14, the meaning of latin letters are:  

f: deflection of the tube 

m: stopper with location for weight (mass of 2 kg) 
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Figure 4.15. Arrangement of the test rig inside the climate chamber 

 

5 Numerical models and methods 

In this chapter, FE analyses are presented, which include the following examinations:  

Á the uniaxial tension of the test specimen at room temperature (Chapter 5.1.1),  

Á the uniaxial tension of the tube sample at room temperature (Chapter 5.5.2),  

Á the three-point bending of the composite tube (Chapter 5.2), 

Á  FE simulation of the standard bending test of the composite tube (Chapter5.3),  

Á the instability analysis of compression/bending (Chapter 5.4),  

Á the uniaxial tension of the test specimen at -40ÁC (Chapter 5.5.1),  

Á the uniaxial tension of the tube sample at -40ÁC (Chapter 5.5.2),  

Á the simulation of the effect of extreme operating loads on a reverse curve test track 

(Chapter 5.6),  

Á the micromodel of the uniaxial tension of the test specimen (Chapter 5.7) and the micromodel 

of the tube sample (Chapter 5.8). 

5.1 Uniaxial tension of test specimen and tube sample at 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 detail in Figure 3.4 in Chapter 3.1. Geometry of the 

specimen can be observed in Figure 5.1 along with the dimensions and the fibre orientation of layer 1 

(its orientation angle is ɤ=+55Á). 
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Figure 5.1. Dimensions of the test specimen, along with the fibre orientation of layer 1 (+55Á) 

5.1.1.2 Connections 

There are bonded contacts between the reinforcement layers and the outer rubber liner and the 

reinforcement layers and the inner rubber liner respectively; because rubber, being the material of the 

matrix and also material of inner and outer liners, is vulcanized around yarns (Figure 5.2). The contacts 

defined between the rubber liners and the tensile jaws are frictional with a coefficient of friction Õ=0.8 

based on [88], and formulation ĂAugmented Lagrangeò. 

 

Figure 5.2. Disposition of the finite element model 

Finite element mesh (Figure 5.3) consists of approximately 14 800 nodes and 13100 elements. 

 

 

Figure 5.3. Finite element mesh  

In the first time step, the upper tensile jaw at the right end descends -2 mm in Y direction, while 

the lower tensile jaw opposite of the former stands still (Figure 5.2). In the second time step, left end of 
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the specimen is being fixed. The upper tensile jaw sinks -2 mm in Y direction, while the lower tensile 

jaw is fixed. Meanwhile, the upper right tensile jaw holds its position -2 mm from its initial horizontal 

position and the lower right tensile jaw is still fixed. In the third time step, tensile jaws situated at the 

right end are subjected to a prescribed displacement of 25 mm in positive X direction. In the meantime, 

tensile jaws situated at the left end hold their position. 

5.1.2 Uniaxial tension of tube sample 

5.1.2.1 Connections, mesh 

There are bonded contacts between the reinforcement plies and the outer rubber liner and the 

reinforcement plies and the inner rubber liner respectively. The plugs are connected to the inner lateral 

surface of the tube by bonded contacts. 

 

Figure 5.4. Longitudinal section of the meshed geometry 

Mesh of the finite element tube sample model, being a three-dimensional full model, consists of 

nearly 25100 nodes and 21 000 elements (longitudinal section illustrated in Figure 5.4). Reinforcement 

plies are represented by four adjacent layers of elements between three layers representing outer rubber 

liner and three layers 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 the tube shown in Figure 5.5. In the second time step, a prescribed displacement 

of 25 mm, being in line with the prescribed boundary condition of the test, is applied to the right end of 

the right plug. Meanwhile, the left end of the left plug is fixed. 

 

Figure 5.5. Loads and boundary conditions of the tube sample 
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5.2 Three-point bending 

5.2.1 Connections, mesh 

There are bonded contacts between the reinforcement layers and the outer rubber liner and the 

reinforcement layers and the inner rubber liner. The contacts between the outer rubber liner and upper 

and lower supports are frictional with a frictional coefficient Õ=0.8 based on [88] and formulation 

óAugmented Lagrangeô. Upper and lower supports are modelled as rigid bodies (Figure 5.6). 

 

Figure 5.6. Disposition of FE simulation of three-point bending along with mesh 

5.2.2 Loads, boundary conditions 

This FE simulation consists 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 macromodel of standard bending test of the tube 

5.3.1 Material properties, geometry 

Material properties of the tube are in accordance with Chapter 3.1, the geometry of the tube is 

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 process, placed inside the tube, are also 

rigid bodies, whose diameters equal the inner diameter of the tube. 70 mm long sections of the pins lay 

inside the tube. The aforementioned pins have holes, whose centers serve as a remote point for 

positioning the tube during the 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 reinforcement layers is bonded. Frictional contact 

is defined between the outer lateral surface of the tube and the disc with a coefficient of friction Õ=0.8 

based on [88]. There are bonded contacts between the inner lateral surface of the tube and pins utilized 

for positioning the tube. Arrangement of the FE simulation along with mesh can be observed in Figure 

5.7. 
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Figure 5.7. Disposition of the FE simulation along with mesh 

5.3.3 Loads, boundary conditions 

The tube is 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 radii of the tube and 

the disc. In the bending process, centreline of the tube is coincident with the tangent of the above-

mentioned circle (Figure 5.8). Therefore, the length of the tube segment not in connection with the disc 

decreases step by step. 

 

Figure 5.8. Position of the right half of the tube in each time step 

Positioning of the tube is carried out by the two remote points placed at each center of hole as 

presented in Figure 5.8. Positions of the right half of the tube in each time step are shown in Figure 5.8, 

while positions of the right remote point can be seen in Figure 5.9. These coordinates are defined in a 

relative coordinate system whose origin is located in the centre of the hole of the right positioning pin 

at the beginning of the simulation, having coordinate axes parallel to the axes of the global coordinate 

system depicted in Figure 5.7. The prescribed trajectory ensures that there is no reaction force in the 

tangential direction at the current point of tangency on the disc in each time 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 points in direction Z is not allowed, rotation around axes X and Y is not allowed 

either, however, rotation around axis Z is possible. In the current FE macromodel, the disc is completely 

fixed. 
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Figure 5.9. Position of the right remote point in each time step 

5.4 Numerical instability analysis of compression/bending 

The finite element model is a three-dimensional full model. The geometric model, the lateral 

section of which is shown in Figure 5.10, consists of the tube, and the pins utilized for positioning the 

tube during the bending process leading to cross-section 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 surface of the tube and the pins 

utilized for positioning the tube (the contact is frictional at the fillets of the pins, otherwise, bonded 

contact is defined). 70 mm long sections of the pins lay inside the tube. These pins, being rigid bodies, 

have holes, the centers 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.  

 

Figure 5.10. Lateral section of the meshed geometry of the tube  

 

Figure 5.11. Displacement control of the nonlinear buckling simulation 

The FE macromodel consists of 46700 elements (8-node SOLID185 elements), with 62400 nodes, 

with large-strain 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 simulation is displacement-controlled. The left 

remote point translates 641 mm in positive X direction during 59 time steps (approximately 11 mm in 

each one), while the right remote point maintains its X-coordinate in the course of the simulation. Both 

remote points can rotate around axis Z but cannot translate in directions Y and Z, moreover, their rotation 

around axis X and Y is not possible either (Figure 5.10, Figure 5.11) throughout the bending process. 

The FE boundary conditions completely match those of the compression test experiment. 

The FE simulation is a nonlinear buckling analysis, using nonlinear static solver with the 

utilization of the modified Riks method (also known as the arc-length method) [89]. The initial deviation 

of the shape from the straight line has been a deflection of L/200 (Figure 5.11, 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 been carried out to study the global buckling of the 

tube due to axial compression [60]. The boundary conditions are the same as in the case of nonlinear 

buckling simulation, initial imperfection has not been taken into consideration. Lanczos Eigensolver 

has been used for obtaining linear buckling load.  

The nonlinear buckling FE macromodel presented above can represent the mechanical 

behavior of the tube both in the compression phase (global buckling) and in the bending phase 

(compression instability). 

5.5 Uniaxial tension of test specimen and tube sample at -40ÁC 

5.5.1 Uniaxial tension of test specimen at -40ÁC 

5.5.1.1 Geometry, mesh 

Geometry of the standard test specimen is the same as that of the test experiment, its lateral section 

is shown in Figure 3.7, 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 reinforcement layers. The connections 

of outer rubber liners and the rigid tensile jaws are frictional with a coefficient of friction of Õ=0.8 with 

formulation ñAugmented Lagrangeò [88].  

5.5.1.3 Loads, boundary conditions 

FE simulation is made up of three time 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 sinks -1.8 mm in Y direction, whereas the 

lower tensile jaw is still fixed (Figure 5.3). In the second time step, left end of the specimen is being 

installed. The upper left tensile jaw descends -1.8 mm in Y direction, while the lower right tensile jaw 

maintains its position. In 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 of tube sample at -40ÁC 

Geometry of the FE macromodel 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 

Reinforcement layers are in bonded contact with outer and inner rubber liners. The rigid plugs are 

also bonded to the inner lateral surface of the tube.  

5.5.2.2 Loads, boundary conditions 

In the first time step, pressure of 1.5 MPa, representing pipe clamps, is applied to sections of the 

outer side surface of the tube depicted in Figure 5.12.  

In the second time step, a prescribed displacement of 35 mm is applied to the right end of the right plug. 

In the meantime, left end of the left plug is fixed.  

 

Figure 5.12. Pressure representing pipe clamps, 1.5 MPa  

Arrangement of uniaxial tensile test experiment matches arrangement of the tensile test carried 

out at room temperature; moreover, tube sample is 150 mm long as well.  

 

5.5.3 Uniaxial tension of tube sample at room temperature (for comparison with 

uniaxial tension at -40ÁC) 

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  

-40ÁC. The tube piece is 150 mm long as well. FE macromodel differs from the FE macromodel of 

uniaxial tension at -40ÁC only in the aspect of material properties. 

5.6 FE analysis of the tube subjected to extreme operational loads on a reverse 

curve test track 

A comprehensive 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 curve track (with low curve radius of 150 m), causing large deformations in tubes; 

and sub-zero application at -40ÁC, which makes the mechanical behaviour of the tubes much stiffer than 

at room temperature. During this simulation, tubes undergo significant bending and torsion as well. 

Mounting conditions of the tubes can be seen in Figure 5.13, the tubes are connected to one other by 

pneumatic couplings. This setup resembles real operating conditions; in the simulations, apart from 

bending, torsion is also taken into account. 
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Figure 5.13. Mounting conditions of brake tubes 

5.6.1 Kinematic simulation 

Kinematic simulation has been performed in PTC Creo 2.0 Mechanism environment based on the 

dimensions of the draw and buffing gear interaction test. The kinematic model along with the railway 

track is shown in Figure 5.14 in 1:1 scale with true dimensions in accordance with [87]. The purpose of 

the kinematic model is to obtain the positions of the suspension points of the positioning pins of the 

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. 

 

Figure 5.14. Representation of the railway track in the kinematic model 

The assembly can be seen with its constraints in Figure 5.15. The dimensions (Figure 5.16) are in 

accordance with railway standards [90], [91], , and the test report [87].The railway track is grounded, to 

which bogies are attached by slot constraints at the railway wheels. Bogies and carriages are connected 

by pin contacts at the bogie pivots, which permit only rotational displacement around their axes. 

Carriages are connected to one another by the draw gear, which is able to rotate around fix points on 

the carriages (represented as pin contacts). The assembly is driven by a servo motor attached to one of 

the slot constraints on the rightmost bogie (Figure 5.15). The assembly contains the control points on 

both carriages required for the validation of the kinematic simulation (Figure 5.15). 

 

Figure 5.15. Schematic representation of the kinematic model along with constraints 

 

Figure 5.16. Schematic drawing of the kinematic model with dimensions 



52 

 

Relative displacements of the control points (Figure 5.15) can be seen as a function of time in 

Figure 5.17. Comparing results of the kinematic simulation with results of the draw and buffing gear 

test (Figure 5.17 and Figure 4.13 respectively), a considerably good agreement can be observed. The 

two curves have the same tendencies and the periodicity is nearly identical. However there is a minor 

difference in terms of the extremums, (the maximum lateral displacement is 312 mm instead of 200 mm 

and the minimum lateral displacement is -576 mm instead of approximately -470 mm), this can be 

attributed to several factors that could not be taken into account in the simulation.  In the test train, there 

are clearances in the subassemblies, and there is a slight lag in the movement of the bogie pivots. 

 

Figure 5.17. Lateral displacement (y1)-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. Below, the left pair of 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 770 mm (Figure 5.18). Then, 

the distance increases as the bogies of the first coach begin to negotiate the second curve. After reaching 

the maximum of 985 mm, the bogies of the second coach get on the second track and the distance 

between the suspension points of the tubes slightly decreases. The extremums are considered as worst 

cases regarding the positions of the tubes. 

 

Figure 5.18. Distance of the suspension points of the positioning pins as a function of simulation time 

Minimum and maximum suspension point distances are illustrated in Figure 5.19 and Figure 5.20 

respectively. 
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Figure 5.19. Railway cars at the moment of minimum suspension point distance 

 

Figure 5.20. Railway cars at the moment of maximum suspension point distance 

The displacements of the suspension points of the tubes in the FE model (see Table 1) have been 

calculated based on the positions acquired from the kinematic model (Figure 5.19, Figure 5.20). 

5.6.2 FE analysis 

The objective of the FE simulation is to gain strain, stress and Tsai-Hill failure index distributions 

for the assessment of failure at -40ÁC and the prescribed displacements derived from the kinematic 

simulation on the reverse curve track. The FE macromodel 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 long, consisting of an inner rubber liner, reinforcement layers and an outer 

rubber liner, shown inFigure 3.4. The layup is [+55Á/-55Á/+55Á/-55Á] and the material coordinate system 

of the tube is cylindrical.  

 

Figure 5.21. Prescribed displacements in the front view and in top view  
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Actuation of the tubes is performed by prescribed displacements (Figure 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 pins, whose distance is 10 mm in direction Z 

(see Figure 5.21).  

 

Figure 5.22. Meshed FE macromodel  

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 seen in Figure 5.22. (The positioning 

pin consists of two bodies, bonded to one another, due to meshing considerations.) At the beginning of 

the FE simulation (t=0 s), the distance of the suspension points of the positioning pins is 1140 mm. 

Prescribed displacements for minimum and maximum suspension point distance load cases are listed in 

Table 1 relative to the initial configuration. 

Table 1. Prescribed displacements of FE macromodel without internal pressure 

 translation 

X [mm] 

translation 

Z [mm] 

rotation Y 

[Á] 

min. s. p. d. 

left 
184.86 0 3.41 

min. s. p. d. 

right 
-184.86 0 -3.41 

max. s.p. d. 

left 
163.5 278.5 1.55 

max. s. p. 

d. right 
-163.5 -278.5 -1.55 

 

where min. s. p. d. left is the abbreviation of minimum suspension point distance load case-left remote 

point 

max. s. p. d. right is the abbreviation of maximum suspension point distance load case-right remote point 

The load case of additional internal pressure in case of the minimum and maximum suspension 

point distances has been further investigated (Figure 5.23). By utilizing the symmetry of the model, in 

these examinations, only a half model has been examined (the left tube and its pins). The pressure load 

is 5 bar, the displacement of the connecting remote point (in the middle) and the displacement of the 

suspension point of the positioning pin match those of the displacement results of the simulation without 

internal pressure. This simulation consists of two time steps. In the first one, an internal pressure of 5 bar 

is applied to the inner lateral surface of the tube, while in the second one, the prescribed displacement 

results are applied. 
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Figure 5.23. Half FE macromodel with internal pressure  

Failure behaviour has been analysed with Tsai-Hill failure criterion. Tsai-Hill criterion is widely 

utilized for describing failure behaviour of cord-rubber composites [92]. Strength properties in material 

directions are as follows:  

s1
+=s1

-= 342.5 MPa, which is the ultimate tensile strength of the yarn, derived from the uniaxial tensile 

test of the composite tube at room temperature. s2
+= s2

-=s3
+= s3

-=34.2 MPa (assuming strength is much 

lower in transverse directions, approximately one-tenth of strength in material direction 1). 

s12=s13=s23=5.5 MPa, derived from the strength of the rubber at -40ÁC (half of the ultimate tensile 

strength of the rubber, which is 11 MPa)  

5.6.3 Deflection simulation at -40ÁC 

A deflection simulation, being a nonlinear static 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 and the tube is 

bonded into the inner lateral surface of it (Figure 5.24). There is a 20 N load applied to the mass at its 

center of gravity. 

 

Figure 5.24. 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) because the assembly is cooled to -40 ÁC from room 

temperature (22ÁC). 

 

Figure 5.25. Thermomechanical model of the brake tube 
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A temperature boundary condition of -40ÁC has been applied to the outer lateral surface of the 

brake tube, and the left remote point is fixed, while the right remote point has a free degree of freedom 

in X direction (Figure 5.25). 

5.7 FE micromodel of test specimen subjected to uniaxial tension 

The FE micromodel of the standard test specimen is based on the FE macromodel of the test 

specimen of Chapter 5.1, the material properties of its constituent parts are defined in Chapter 3.3. 

FE micromodel of the standard test specimen consists of a micromodel cut from the cross-section 

(containing both the reinforcement layers and the rubber liners) having a length of 10 mm and a width 

of 4 mm-Figure 5.26- (measured at the middle of the composite layup) in the vicinity of midplane YZ -

5 <x<5 [mm] -Figure 5.27). In the micromodel, yarns and matrix are modeled as solid bodies cut from 

a geometric model of filament-wound yarn bundle having a winding angle (orientation angle) of 55Á. 

Diameter of the yarns is 0.7 mm measured on yarns extracted from the tube. All the yarns and the matrix 

in the reinforcement layers are split into two segments (Figure 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 the test specimen a: complete model, b: yarn orientation 

(matrix hidden)  

 

Figure 5.27. Position of the micromodel cut from the macromodel-test specimen 
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The geometric model has shared topology, which means that the whole FE micromodel consists 

of one single mesh, being equal to perfectly bonded contacts between yarns and the matrix and between 

each adjacent layers. The FE micromodel is a nonlinear model with large deflection using a nonlinear 

incremental approach. 

The displacement coupling technique (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 obtain the 

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 left boundary (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, shown in Figure 5.28, while 

displacement of the nodes of the left boundary in direction X is 0 (Figure 5.29).  

 

Figure 5.28. Prescribed displacement on the right boundary of the model 

 

Figure 5.29. Prescribed nodal displacement on the left boundary of the model 

There are approximately 43200 nodes and 175400 elements in the FE micromodel of the standard test 

specimen. The FE micromodel has been created in ANSYS 2019 R1. 
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5.8 FE micromodel of tube sample subjected to uniaxial tension 

The FE micromodel of the tube sample subjected to uniaxial tension is based on the FE 

macromodel of Chapter 5.5.3 with material properties previously defined in Chapter 3.3. FE micromodel 

of the tube sample comprises a micromodel extracted from the cross-section (containing both the 

reinforcement layers and the rubber liners) having a length of 10 mm (Figure 5.30, between -5 <x<5 

[mm]), a central angle of 14.4Á and a width of 4.91 mm measured at the top of layer 1 (Figure 5.31), 

representing a one twenty-fifth model in tangential direction. In the micromodel, yarns and matrix are 

modeled as solid bodies extracted from a geometric model of filament-wound yarn bundle with a 

winding angle of 55Á in the first layer. Diameter of the yarns is 0.7 mm measured on yarns extracted 

from the tube. All the yarns and the matrix in the reinforcement layers are divided into two segments 

(Figure 5.31) for result visualization in the middle of the layers. 

 

Figure 5.30. Location of the micromodel cut from the macromodel-tube sample 

In the FE micromodel of the tube sample, material models of the yarn and the matrix -and their 

parameters- also 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 Mooney-Rivlin 

model with parameters C10= ҍ0.4982MPa, C01= 1.523MPa, D=0. In fact, multiscale modelling is applied 

only for the reinforcement layers (ócoreô of the micromodel as shown in Figure 5.31).  

In the case of the tube sample, higher modulus of elasticity (Ef2=200 MPa) have also been studied. 

The geometric model has shared topology so the entire FE micromodel consists of one single mesh, 

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

 

Figure 5.31. Meshed geometry of the micromodel of the tube sample: from front view (a), and from axonometric 

view (b) with the ócoreô of the micromodel (reinforcement layers) marked by a red frame  
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The FE micromodel of the tube sample is also a nonlinear one with large deflection as in the case 

of the micromodel of the test specimen. Prescribed displacement boundary conditions of the tube sample 

have been determined similarly to the boundary conditions of the FE micromodel (submodeling has 

been used for gathering the difference of the average displacements of the left and right boundaries). 

The average displacement on the right boundary is 15.15 mm and the average displacement of the left 

boundary is 12.36 mm.  

Based on this, the displacements are the following: the right boundary translates 2.79 mm in direction 

X, having free degrees of freedom in direction Y and Z, shown in Figure 5.32, while displacement of 

the left boundary in direction X is 0 (Figure 5.33). Both the Y- and the Y+sides (Figure 5.32 and Figure 

5.33 respectively) are not allowed to translate normal to these surfaces representing the periodical 

symmetry of the model in tangential direction.  

 

Figure 5.32. Prescribed displacement on the right (in red) and Y- (in blue) boundaries of the model 

 

Figure 5.33. Prescribed displacement on the left (in yellow) and Y+ (in blue) boundaries of the model 

6 Experimental and numerical results 

Á In this chapter, all the results of the experiments and numerical simulations carried out 

related to this thesis are presented, namely:  

Á uniaxial tension of the test specimen at room temperature (Chapter 6.1.1), 

Á uniaxial tension of the tube sample at room temperature (Chapter 6.1.2), 
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Á the three-point bending of the tube (Chapter 6.2), 

Á the standard bending test of the tube sample (Chapter 6.3), 

Á the instability analysis of the compression/bending (Chapter 6.4), 

Á the uniaxial tension of the test specimen at -40ÁC (Chapter 6.5.1), 

Á the uniaxial tension of tube piece at -40ÁC (Chapter 6.5.2), 

Á the uniaxial tension of the tube sample for comparison with uniaxial tension carried out 

at room temperature (Chapter 6.5.3), 

Á the FE model of composite tubes subjected to extreme operational loads on a reverse 

curve test track (Chapter 6.6), 

Á the FE micromodel of the test specimen (Chapter 6.10) and the FE micromodel of the 

tube sample (Chapter 6.10).  

6.1 Uniaxial tension of cord-rubber tube at room temperature 

6.1.1 Uniaxial tension of test specimen at room temperature 

Results of finite element analysis of uniaxial tension of tensile specimen at a displacement of 

25 mm are disclosed below. 

 

Figure 6.1. Strain at a prescribed displacement of 25 mm (Ůx) in the global coordinate system 

Strain in the global coordinate system at the end of the third time step is significant in the whole 

cross-section, approximately Ůx=0.5 (Figure 6.1). Stress and strain results, being true stress and true 

strain results, regarding layer 1 are hereinafter presented, afterwards, mean values are disclosed for each 

layer in tables. Stress and strain results in layer 1 are to be considered based on the material orientation 

of Figure 6.2. 

 

Figure 6.2. Normal strain in material direction 1 (Ů1) in fibre coordinate system, ply 1  
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Figure 6.2 shows normal strain distribution in material direction 1 (fibre direction) in fibre 

coordinate system for ply 1 at a prescribed displacement of 25 mm. The strain distribution tends to be 

uniform between the necks, while near the necks, it represents the material orientation of the layer. Strain 

values are low because of the high longitudinal modulus of elasticity, E1=1338 MPa.  

As regards other components of strain in the plane of layer 1, normal strain in material direction 2 

and shear strain in plane 12 have the same distribution as presented in Figure 6.3. 

 

Figure 6.3. Shear strain in plane 12 (ɔ12) in fibre coordinate system, layer 1  

The predominant strain component is shear strain (Figure 6.3), whose absolute value is 

approximately the same for every ply, however sign of shear strains is opposite in adjacent layers, which 

can be attributed to the balanced layup (Table 2). The reason why the shear stress is so significant is that 

load is off-axis regarding the material orientation in each layer. The significant shear stress results in 

high shear strain considering fairly low shear moduli. Average strains with the exception of longitudinal 

strains in the fibre coordinate system are considerable; Table 2 indicates that global longitudinal strain 

is transformed primarily to transverse normal strain and shear strain in the fibre coordinate system. 

Table 2. Average strains in reinforcement layers in the vertical midplane 

layer no. Ůx [-] Ů1 [-] Ů2 [-] ɔ12 [-] 

1 0.6436 0.0012 0.2442 -0.6375 

2 0.6432 0.0017 0.2395 0.6541 

3 0. 6433 0.0016 0.2396 -0.6539 

4 0.6438 0.0013 0.2436 0.6486 

 

 

Figure 6.4. Longitudinal stress (ůx) at a displacement of 25 mm 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 reinforcement layers are considered to be the load-bearing components. 

 

Figure 6.5. Normal stress in material direction 1 (ů1) in fibre coordinate system, ply 1 

Normal stress distribution in material direction 1 in fibre coordinate system is identical to normal 

strain distribution in the same direction; normal stress values (Figure 6.5) are considerable. Shear stress 

(Figure 6.6) tends to be the predominant stress component along with transverse normal stress (ů2) 

having the same distribution. 

 

Figure 6.6. Shear stress in plane 12 (Ű12) in fibre coordinate system, layer 1  

Average stress values can be observed in Table 3. The maximum values can be found in layer 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 adjacent layers, because the layup is balanced, 

similarly as in case of strains. 

Table 3. Average stresses in reinforcement layers in the vertical midplane 

layer no. ůx [MPa] ů1 [MPa] ů2 [MPa] Ű12 [MPa] 

1 7.39 2.78 4.35 -3.41 

2 7.56 3.55 4.26 3.52 

3 7.57 3.57 4.26 -3.5 

4 7.38 2.73 4.36 3.43 
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Figure 6.7. Longitudinal stress (ůx) in the cross-section in the global coordinate system at a displacement of 25 mm  

At the end of tension, longitudinal stress in the reinforcement layers at a displacement of 25 mm 

is approximately 7.5 MPa (Figure 6.7) in the global coordinate system. Overall cross-sectional area of 

the reinforcement layers is 9 mm2 (width: 3.1 mm, height: 2.9 mm). The respective average longitudinal 

stress value for the rubber liners is 1.8 MPa. Total cross-sectional area of rubber liners equals 11.8 mm2 

(width: 3.1 mm, height: 1.9 mm). Hence, the force exerted to the cross section is 88.74 N. Reaction force 

queried at this load step is 89.84 N.  

Figure 6.8 illustrates experimental data and simulation results of tensile test as force-displacement 

curves. There is good agreement between finite element results and experimental data in the initial 

section of the force-displacement curves regarding the operating range. However, after a displacement 

of 10 mm, in the course of the failure procedure, substantial difference can be noticed between 

experimental and simulation results because failure mechanisms are not taken into account in the FE 

macromodel. 

 

Figure 6.8. Force-displacement curves of standard test specimen 

 

6.1.2 Uniaxial tension of tube sample at room temperature 

Figure 6.9 shows experimental data of uniaxial tension of tube sample with the mean values along with 

simulation results. Simulation results and experimental data are in good agreement, difference between 

simulation results and mean experimental data is less than 10% of mean experimental data, moreover, 

simulation results are located between minimum and maximum of experimental data at all data points 

(Figure 6.9). 
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Figure 6.9. Force-displacement curves of tube sample  

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

 

Figure 6.10. Strain (Ůx) at a prescribed displacement of 25 mm in the global coordinate system  

Tube sample elongates as much as 0.33 (Figure 6.10) at a displacement of 25 mm, which is 

considered significant. The deformed shape of Figure 6.10 is noticeably similar to the deformed shape 

after tensile testing, shown in Figure 4.2. 












































































































