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1. Research topic, objectives 

1.1 Introduction 

Filament-wound composites are frequently utilized in various industrial 

fields, i.e. transportation, aeronautics and aerospace applications, due to their high 

strength-to-weight ratio, stiffness-to-weight ratio and corrosion resistance. 
Besides, rubber gives the composite material high deformability and flexibility 

thus high fatigue resistance, which are all advantageous for railway braking and 

tire applications. Mechanical behaviour of filament-wound cord-rubber tubes is 

anisotropic (having different material properties in different directions) due to the 

composite reinforcement, and nonlinear because of the rubber matrix. Therefore 

in engineering practice, cord-rubber tubes are most often examined by finite 

element (FE) models. In these numerical models, reinforcement layers are 

modelled as linear elastic, homogeneous and transversely isotropic. The material 
properties of composite layers are approximated by rules of mixtures. The 

resulting material properties are weighted averages of the material properties of 

the components, the magnitude of the weights depend on the fiber volume fraction. 

These finite element models are called “macromodels” [1], which usually provide 

accurate results on a structural level, however, deformation, strain and stress 

results inside a reinforcement layer are not realistic. In order to overcome this 

issue, micromodels are created, which consider only a segment of the 

reinforcement layers. In these models, yarns and the matrix are handled separately 
with realistic geometry (the twisted nature of the yarns is mostly neglected) and 

different material models (yarns are mostly regarded as linear, transversely 

isotropic, while matrix is linear isotropic). Micromodelling is based on the 

displacement coupling technique, in which displacements are transferred from the 

macromodel to the boundaries of the micromodel. 

In case of railway brake tubes, such load cases may occur when with no 

internal pressure, the tubes undergo significant flattening due to bending. From the 

designers’ point of view, it is crucial to obtain realistic results and to determine 
possible failure modes. Numerical models currently used in practice handle this 

instability phenomenon with difficulties. 

The cross-section of the tube can be seen in Figure 1. The tube consists of 

four unidirectional composite reinforcement layers, an inner and an outer rubber 

liner (which are made of EPDM-EVA copolymer). The yarns are made of 

polyester, while the material of the matrix is identical to that of the liners. The 

layup of the reinforcement layers is balanced, with winding angles:  

+55°/-55°/+55°/-55°.  



2 
 

 
Figure 1. Cross-section of the examined tube 

1.2 Research objectives 

One purpose of the dissertation is the development of micromodels for the 

uniaxial tension of composite tube sample and test specimen. With the utilization 

of these micromodels, realistic deformation, strain and stress results can be 

obtained and determination of failure modes along with the detailed description of 

the load transfer mechanism can be achieved. 
This work also aims to analyse the instability of cord-rubber tubes due to bending and 

to provide postbuckling deformation, strain and stress results, so manufacturing of the 

tubes can be made more economical by determining their technical requirements based 

on these results. 

2. Literature overview 

Buckling of cord-rubber tubes, caused by bending, is a complex problem 

due to the anisotropy of reinforcement layers and the hyperelastic behaviour of 
rubber matrix. Bending of thin-walled circular cross-sectional tubes was addressed 

first by Kármán [2] assuming constant ovalization during the complete bending 

process. He introduced flexibility and stress intensity factors to modify the 

moment of inertia. Firstly, Lekhnitskii [3] dealt with bending of cylindrical 

anisotropic cantilevers, determining the radial stress distribution in a single-

layered anisotropic tube. Jolicoeur and Cardou [4] solved three-dimensional 

bending, torsional and tensile problems of anisotropic cylinders. Xia et al. [5] 

assessed bending of filament-wound composite sandwich tubes. They obtained the 
analytical solution of the aforementioned problem based on the classical laminated 

shell theory. The stress-strain state was determined and the deflection was 

calculated. They found that even the inner circle of the cross-section does not 

remain circle in case of pure bending. Shadmehri et el. [6] calculated equivalent 

stiffness of composite tubes by three-dimensional shell theory and calculated the 

load-strain function. Geuchy Ahmad MI and Hoa SV [7] examined bending of 

thick-walled filament-wound composite tubes and determined the bending 

stiffness, they validated the analytical model by an experiment. Brazier [8] 
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inspected instability and ovalization of elastic, isotropic tubes subjected to 

bending. He determined the point of instability and the bending moment related to 

that point. Saint-Venant’s theory of flexure supposed that there is a linear relation 

between bending moment and the resulting curvature of the centreline, 

nevertheless, Brazier’s solution took into account second order terms as well. 
Ovalization of the cross-section leads to a significant loss in the load-bearing 

capacity in certain cases. Karamanos [9] assessed this phenomenon by a nonlinear 

finite element model. He described prebuckling of initially straight and initially 

bent elastic tubes in detail. Li [10] predicted critical instability loads of orthotropic 

composite tubes under pure bending although his method was not able to take into 

consideration local bifurcations. 

Buckling of filament-wound cord-rubber composite tubes (the 

combination of ovalization and local bifurcations) has not been examined in detail, 
so the relevant chapter of this PhD thesis aims to fill this void. 

Kocak and Pidaparti [11] developed a FE micromodel for unidirectional 

fibre-reinforced rubber parts, giving deformation and stress results. They studied 

the effect of fibre shape and thickness of rubber liners on the load-deformation 

characteristics. In their FE model, the rubber was modelled as linear, furthermore, 

they did not take into account geometrical nonlinearity (“large deformations”). 

Zhang et al. [12] established a nonlinear FE model for unidirectionally reinforced 

rubber, applying a new failure model for the reinforcement layers. 
Rosso and Váradi [13] used finite element analysis to model “transverse 

fibre bundle test” of a vinylester/carbon fibre composite, applying the 

“displacement coupling” technique. They found that the larger fraction of the total 

stress build-up is originated from thermal residual stresses related to curing. 

Behroozinia et al. [14] inspected failure of cord-rubber tires by an 

axisymmetric FE macromodel, which consisted of micromechanics-based 

composite elements. They studied effect of fibre volume fraction, layup and void 

volume fraction as well. Goda [15] examined failure mechanisms related to wear 
of unidirectional fibre-reinforced PEEK (polyether-etherketone)-steel sliding pair 

by FE macro- and micromodels at various fibre orientations. He discovered that 

shear-type debonding is the predominant mode of failure at various fibre 

orientations. His findings are based on a debonding micromodel, in which interface 

elements were situated between fibres and the matrix. 

Micromodels of this PhD dissertation serve as a means of studying load 

transfer mechanisms of composite tube sample and test specimen subjected to 

uniaxial tension utilizing findings of previous works.  

3. Materials and methods 

As a prerequisite of finite element modelling, material parameters of the 
cord-rubber tube had to be calculated. Firstly, a photograph has been taken of the 

end section of the filament-wound composite tube (Figure 2), then, using this 

photograph, material properties have been determined according to the flow 

diagram of Figure 3. End section of the yarns have been measured by KLONK 

digital image measurement software, then, fibre volume fraction and average 
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cross-section of the yarns have been calculated based on image measurement data. 

Afterwards, moduli of elasticity of the yarns in grainline and in transverse 

directions (Ef1, Ef2) have been determined with the utilization of average cross 

section of the yarns and the force-strain characteristics of the yarn provided by the 

manufacturer. In addition, constants of the two-parameter Mooney-Rivlin model 
of the rubber liners have been computed by the utilization of the curve fitting tool 

of ANSYS based on stress-strain curves provided by the manufacturer. Material 

properties of the transversely isotropic reinforcement layers have been calculated 

based on the moduli of elasticity of yarn, modulus of elasticity of rubber (which 

has been derived as the initial tangent modulus of the stress-strain curve of the 

two-parameter Mooney-Rivlin model) and fibre volume fraction by the utilization 

of formulae of rules of mixtures [16]. Material constants have been validated by 

uniaxial tensile tests of composite test specimen and tube sample, three-point 
bending test of a complete tube at room temperature and FE models. FE models 

have been created in ANSYS Workbench, experiments have been carried out at 

the Department of Polymer Engineering at the Budapest University of Technology 

and Economics.  

An FE macromodel has been developed for the examination of instability 

of composite tube subjected to bending and FE micromodels have been created for 

the inspection of test specimen and tube sample. Then, an FE macromodel has also 

been created for the analysis of composite tubes under extreme operating 

conditions (at -40°C, on a railway reverse curve). 

 
Figure 2. Photograph of the cross-section of the tube, measured yarns circumscribed  
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Figure 3. Flow diagram of determination of material properties 

3.1 Experimental configurations  

It was required to perform uniaxial tensile tests on composite test 
specimen (according to ASTM D638) and tube samples and to carry out three-

point bending tests on a complete tube for the validation of the material parameters. 

 
Figure 4. Standard test specimen subjected to uniaxial tension  



6 
 

 
Figure 5. Geometry of the test specimen along with the fibre orientation of layer 1 (55°)  

Uniaxial tension of the test specimen has been carried out on a Zwick 
Z250 tensile testing machine at room temperature, with a preload of 1 N. A 

photograph has been taken of the experiment that can be seen in Figure 4. Axis of 

the test specimen is the same as the axis of the tube, the geometry of the test 

specimen can be observed in Figure 5. 

Three pieces of 110-mm-long tube samples have been subjected to 

uniaxial tension with a tensile speed of 5 mm/min. The samples have been fixed 

into the tensile jaws by the utilization of pins, which were bonded onto the inner 

lateral surface of the tubes. Moreover, pipe clamps tightened the tubes on these 

pins in order to avoid any slipping (Figure 6). 

 
Figure 6. Tube sample subjected to uniaxial tension at a displacement of 25 mm 

Furthermore, material properties have been validated by three-point 

bending tests and a manual bending test (Figure 7) according to standard EN 

15807:2011 related to air brake tubes. Three-point bending tests have been 

performed on a Zwick Z020 tensile testing machine with a crosshead travel speed 

of 30 mm/min. Diameter of the upper support has been 30 mm, while the diameter 

of the lower supports has been 18 mm. The lower supports have been situated 

500 mm from one another. The upper support descended 80 mm during the test. 
In the course of the manual bending test according to EN 15807:2011, the 

tube has been bent on a disc having a diameter of 180 mm and a thickness of 30 

mm and the reaction force has been measured in the position displayed in Figure 



7 
 

7. The average measured reaction force has been 121 N (of 10 measurements, with 

a standard deviation of 6 N). 

 
Figure 7. Measurement of reaction force during the manual standard bending test  

For the inspection of the buckling of the composite tube subjected to 

bending, and for the validation of numerical calculations, a compression/bending 

test has been performed at the Department of Polymer Engineering (Figure 8). 
Cylindrical pins plugged into the tube are fixed into the Zwick Z 250 tensile testing 

machine by a fixing assembly that can be modelled as a swivel joint. The upper 

tensile jaws descended with a speed of 100 mm/min, while the lower tensile jaws 

held their position. 

 
Figure 8. Arrangement of the compression/bending experiment 
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For the determination of material properties at -40°C, uniaxial tensile tests 

have been performed on test specimens and 150-mm-long tube samples. Uniaxial 

tensile tests have been carried out on tube samples with the aforementioned length 

at room temperature as well, for comparison. 

 
Figure 9. Schematic representation of reverse curve test track in top view [17] 

The applicability of the cord-rubber tube has also been examined under 

extreme operating conditions (at -40°C, on a railroad reverse curve- on such a 

railway track, the tube undergoes large deformations). Draw and buffing gear test 

results (Figure 9) of the MÁV Central Rail and Track Inspection Ltd. (MÁV-KFV 

Kft.) have been used for the determination of the positions of the suspension points 

of the tubes. 

3.2 Numerical models 

3.2.1 FE Macromodels 

For the validation of the elastic constants, FE models have been created 
for the uniaxial tension of the test specimen and the tube sample, and the three-

point bending test. These models take into account geometric nonlinearity and in 

case of rubber liners, material nonlinearity as well. Experimental and simulation 

results show good agreement in these cases. 

 
Figure 10. Loads and boundary conditions of the FE macromodel of the tube sample  
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In the FE model of the uniaxial tension of the tube sample, pipe clamps 

have been modelled by a constant pressure of 1.5 MPa. The left end surface of the 

left pin inserted into the tube sample is fixed, while the right end surface of the 

right pin translates 25 mm in direction X (Figure 10). 

The boundary conditions of the FE model of the three-point bending 
match entirely the boundary conditions of the test experiment, the upper support 

descends 80 mm.  

Arrangement of FE model of manual standard bending test (EN 

15807:2011) also matches that of the test experiment. Reaction force is 115.8 N in 

the simulation which shows good agreement with the mean reaction force of the 

experiment (121 N). 

 
Figure 11. Prescribed displacements of the nonlinear instability analysis  

In the nonlinear buckling simulation, which can be used to inspect 

instabilities occurring due to compression and bending as well, actuation of the 

tube is realised by pins inserted into the tube. Arrangement of this FE model 

matches arrangement of the compression/bending experiment. The left remote 

point situated in the centre of the hole of the left pin translates 641 mm in positive 

X direction, while the right remote point situated in the centre of the hole of the 

right pin maintains its X-coordinate throughout the simulation. The rigid pins can 

rotate around axes Z located in the centres of the holes, modelling swivel 
connection (Figure 11). The FE model makes use of the modified Riks-method 

(also known as the arc length method) [18]. The initial deviation of the shape from 

the straight line has been a deflection of L/200.  

3.2.2 FE micromodels 

For the examination of mechanical behaviour of composite reinforcement 
layers, micromodels have been created based on the macromodels of the uniaxial 

tension of the test specimen and the tube sample. The structure of the two 

micromodels are similar, so only the micromodel of the tube will be presented in 

this PhD booklet in detail.  

FE micromodel of the tube sample represents one-twenty-fifth of the tube 

in the tangential direction, with a central angle of 14.4° (Figure 12). In fact, 

reinforcement layers are modelled by a micromechanical approach, material model 
of the rubber liners is nonlinear two-parameter Mooney-Rivlin model. 

Reinforcement yarns are regarded as transversely isotropic, while matrix is 

modelled as nonlinear, hyperelastic, by the two-parameter Mooney-Rivlin model 

of the rubber liners. FE mesh of the yarns is shown in Figure 13. 

Boundary conditions of the micromodel have been determined based on 

the average displacements of the macromodel. The right boundary translates 2.79 
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mm in direction X, while displacement of the left boundary is 0 mm; on these 

boundaries, nodes can move freely to directions Y and Z. On the left and right 

meridian sections, nodes are not allowed to translate normal to these surfaces 

representing the periodical symmetry of the model in tangential direction (Figure 

12).  
The FE micromodel of the test specimen has a similar structure, but 

differences can be observed regarding the geometry and the boundary conditions 

compared to the micromodel of the tube sample. In line with Figure 14, side 

surfaces of the micromodel are parallel to the vertical midplane XY. Boundary 

conditions are prescribed to the left and right sides, while in directions Y and Z, 

no boundary conditions have been defined. Rigid body movement has been 

avoided by weak springs.  

 

 
Figure 12. Meshed geometry of the FE micromodel of the tube sample, the “core” of 

the micromodel (the reinforcement layers) shown in a red frame, a: cross-section of the 

tube, b: micromodel in axonometric view  
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Figure 13. FE mesh of the reinforcement yarns in the FE micromodel of the tube sample, 

matrix hidden  

 
Figure 14. FE micromodel of the test specimen  

4. New scientific results 

Firstly, a nonlinear buckling FE model has been created for the simulation of 

mechanical behaviour of the composite tube in case of compression/bending, from 

which I have obtained results of Brazier-force- slenderness ratio and oblateness 

parameter-dimensionless displacement curves and determined expected failure 

mode of the tube, presented in Thesis statement 1 in detail. I have also developed 
FE micromodels for the characterization of the internal mechanical behaviour of 

composite reinforcement layers of test specimen (Thesis statement 2) and tube 

sample (Thesis statement 3) subjected to uniaxial tension. In these micromodels, 

load transfer mechanism has been demonstrated in detail, emphasizing the 

predominant role of in-plane shear.  

Thesis statement 1: Based on the nonlinear buckling FE analysis of cord-

rubber tube validated by compression/bending experiment, I have drawn the 

following conclusions: 

a) expected failure of the cord-rubber tube is caused by the combination 

of delamination and yarn-matrix debonding. In the regions affected 

by cross-section instability, there are significant γ13 strains 
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(characteristic to delamination) and γ12 strains (characteristic to 

debonding), which are the dominant postbuckling strain components. 

 

Based on a parametric study on the slenderness ratio carried out on the 

aforementioned FE model, I have shown that:  

b) Brazier-force (F) is inversely proportionate to the slenderness ratio 

(λ)-Figure 15, Brazier force decreases with the increase in the 

slenderness ratio.  

In case of lower slenderness ratios, higher oblateness parameters 

belong to the same dimensional displacements. In addition, it can be 

concluded that cross-section instability occurs at lower dimensionless 

displacements in case of lower slenderness ratios. Ovalization of the 

cross-section begins at a dimensionless displacement of 0.15 regardless of 
slenderness ratios. Dimensionless displacement δ shown in Figure 16 is 

the proportion of displacement e and the initial distance of the centres of 

the holes of the pins inserted into the tube (D0).  

 

 
Figure 15. Brazier force-slenderness ratio 

 𝛿 =
𝑒

𝐷0
, (1) 

where 𝐷0 = 𝐿 + 2 ∙ 50 𝑚𝑚, 

L is the overall length of the tube. 

Oblateness parameter is the proportion of the change in the inner diameter and the 

initial diameter: 

 𝜁 =
𝑑1−𝑏

𝑑1
 (2) 

where b is the minor axis of the cross-section  

d1 is the initial inner diameter 

 
Ovalized cross-sections can be seen in Figure 17. As it can be observed in 

Figure 16, in the first stage of the process, the ovalization of the cross-section takes 
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place, followed by the cross section instability at the end of the simulation, when 

a local bifurcation appeared on the compressed side. Cross-section instability 

causes significant flattening and high Huber-Mises-Hencky strains in the outer 

rubber liner (Figure 17).  

 
Figure 16. Oblateness parameter-dimensionless displacement  

 

Figure 17. Huber-Mises-Hencky equivalent strain at the point of cross-section 

instability in plane YZ, in 1:1 scale 

In the nonlinear buckling simulation, reinforcement layers are modelled 
as linear elastic transversely orthotropic, while rubber liners are modelled by a 

two-parameter Mooney-Rivlin model, which all have been validated by uniaxial 

tensile tests and three-point bending tests. 

 
Related publications: [SG1], [SG2], [SG3], [SG4] 

 
Thesis statement 2: Based on the nonlinear (with respect to geometrical 

and material aspects) FE micromodel of the cord-rubber test specimen subjected 

to uniaxial tension, I have drawn the following conclusions:  

a) Stress in material direction 1 (σ1) is transferred from the matrix to 

the yarns partially, in diagonal bands, so the stiffness-increasing 
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effect of the yarns is limited. This can be originated from the short 

yarn-reinforced nature of the test specimen, so uniaxial tension of the 

test specimen does not characterize structural behaviour of the 

composite tube appropriately. Figure 18 shows normal stress in material 

direction 1 in layer 1 between 
x= -4 mm and x= 4 mm. Material direction 1 is shown in red in the 

coordinate triad situated in the lower left corner of the model, while 

material direction 2 is shown in green in the same triad. Regions outside 

this area are affected by the boundary effect (with high stress 

concentration).  

 

b) There is a significant difference in shear strains (γ12) between yarns 

and the matrix. This implies that in-plane shear is predominant in the 

mechanical behaviour of the composite test specimen and that 

probable failure mode is debonding.  

 

Shear strains (γ12) are higher than strain components ε1 and ε2 along the 

whole length of the path of Figure 20.  

Results of the FE micromodel (in case of E2=80 MPa) show good 

agreement with uniaxial tensile test results (Figure 21) as a result of the right 

choice of the estimated elastic constants. Elastic constants of the micromodel are 
E2=80 MPa, G12=33 MPa and G23=27 MPa. For the characterization of the 

estimation of material parameters, cases of E2=200 MPa; E2=10 MPa and 

G12= 5 MPa; and E2=10 MPa and G12= 3 MPa have been considered. It can be 

clearly seen that in the case of E2= 200 MPa, force-displacement results are far 

from experimental results, while results of the other three cases (elastic constants 

in the ranges of E2= 10…80 MPa, G12=3…33 MPa) approximate experimental 

results well enough. Based on this, it can be concluded that E2=80 MPa, G12=33 

and G23=27 MPa are acceptable for the modelling of uniaxial tension of the test 
specimen.  

Displacement coupling has been realised in a simplified form; 

displacement boundary conditions of the micromodel have been determined based 

on average displacements of the boundaries of the macromodel. 

 
Figure 18. Normal stress in material direction 1 in layer 1, between x=-4 mm and x=4 

mm [MPa] 
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Figure 19. Strain components along the path in the middle of layer 1, shown in Figure 

20, results of x<-4 mm and x>4 mm shown by dashed lines 

 
Figure 20. Path in the middle of layer 1  

 
Figure 21. Force-displacement curves of the test specimen: FE macromodel, 

experiment, FE micromodel at various elastic constants E2 (10 MPa with G12=5 MPa 

and 80 MPa, 200 MPa), and E2=10 MPa with G12=3 MPa 

Related publications: [SG3], [SG4], [SG5] 
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Thesis statement 3: Based on the nonlinear (with respect to geometrical 

and material aspects) FE micromodel of the cord-rubber tube sample subjected to 

uniaxial tension, I have drawn the following conclusions:  

a) The mechanical behaviour of the reinforcement layers is 

dominated by shear. Apart from tension of the yarns, there are 

significant intralaminar shear strains and stresses in plane 12 in 

the matrix (Figure 22). Material direction 1 is shown in red in the 

coordinate triad situated in the lower left corner of the model, while 

material direction 2 is shown in green in the same triad.  

 

Figure 22. Shear stress in plane12 in layer 1 [MPa] 

b) There is a significant difference in strains in plane 12 between yarns 

and the matrix, which implies that the dominant mode of load 

transfer is shear in the reinforcement layers and that probable 

failure mode of reinforcement layers is yarn-matrix debonding.  

According to Figure 23, shear strain values (γ12) are higher 

along the whole length of the longitudinal path of Figure 20 than strain 

components ε1 and ε2.  

 

Figure 23. Strain components along the path in the middle of layer 1, shown in Figure 

20, results of  

x<-4 mm and x>4 mm shown by dashed lines 

c) Yarns are substantially compressed at locations where parts of the 

yarns of adjacent layers overlap one another. (Figure 24). Load is 
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transferred from layer 1 to the matrix of layer 2 with the occurrence 

of high strains in material direction 1 (Figure 25, Figure 26). In 

Figure 25, yarns of layer 1 are hidden, while in Figure 26, they are 

shown. Normal strains in material direction 1 occur at locations where 

yarns of layer 1 are above matrix of layer 2. Material direction 1 is 
shown in red in the coordinate triad situated in the lower left corner of 

the model, while material direction 2 is shown in green in the same triad. 

 

Figure 24. Normal stress in material direction 3 (perpendicular to the reinforcement 

layer) between layer 1 and layer 2, at the top of layer 2 (in top view) [MPa] 

 

Figure 25. Normal strain in material direction 1 between layer 1 and layer 2, at the top 

of layer2, with yarns of layer 1 hidden [MPa] 

 

Figure 26. Normal strain in material direction 1 between layer 1 and layer 2, an the top 

of layer2, with yarns of layer 1 visible [MPa] 

FE micromodel results and experimental results are in good agreement as 

a result of the right choice of the estimated elastic constants (Figure 27). Apart 



18 
 

from results related to E2= 80 MPa, Figure 27 contains results related to E2=200 

MPa as well. It can be observed that results of the latter model differ considerably 

from experimental results, to an unacceptable extent.  

Displacement coupling has been realised in a simplified form; 

displacement boundary conditions of the micromodel have been determined based 
on average displacements of the boundaries of the macromodel. 

 

 

Figure 27. Force-displacement curves of the tube sample: FE macromodel, experiment, 

FE micromodel in case of, E2=80 MPa and E2=200 MPa  

Related publications: [SG3], [SG6], [SG7], [SG8] 

5. Applications of the results 

Results of FE models created in the course of the research have been 

useful for Knorr-Bremse Rail Systems Ltd. with special regard to the instability 

analysis validated by the compression/bending experiment, the uniaxial tensile 

tests at sub-zero temperature and the simulation of operation under extreme 

conditions (railroad reverse curve, -40°C). These results could provide useful 

information regarding strains and stresses occurring during operation and 

applicability of tubes under such conditions. In addition, technical requirements 
could be revised according to these simulations. 

FE micromodels of uniaxial tension of test specimen and tube sample, 

which take into account geometrical and material nonlinearity, give realistic strain 

and stress results inside reinforcement layers. Furthermore, by the utilization of 

these models, designers of cord-rubber tubes gain insight to the load transfer 

mechanism inside the reinforcement layers. Results of the micromodel of the tube 

sample can be used even more effectively to describe realistic mechanic behaviour 

on a structural level than results of the micromodel of the test specimen.  
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