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Abstract


The use of expanded polymeric materials is becoming increasingly widespread in the industrial sector, not only for energy absorption purposes but also for structural applications. The most widely used approach to model the large strain elastic response of polymer foams in a finite element (FE) solution is the use of the Ogden–Hill hyperelastic material model. We performed a uniaxial and simple shear test to calibrate the model’s parameters. In this work, a compression test was performed on a component, entirely made of expanded polypropylene, from a commercial machine. The experimental results, measured through 3D image analysis, were then compared with the simulation ones. This study aims to verify whether the Ogden foam model accurately describes the material’s behavior when the component has a complex geometry and large dimensions.
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1. Introduction


Expanded polypropylene (EPP) is a closed-cell polymeric foam already widely used as energy absorber in sectors such as the automotive industry, personal protective equipment, and other fields [1,2]. These applications are due to its cellular structure, which provides the capability of crushing it up into large deformations with limited loads [3]. The two-phase structure of polypropylene foam, composed of solid polymeric material cells containing gas, typically air at ambient pressure, interconnected to form a complex grid, provides a low density, and good thermal [4] and acoustic insulation properties [5]. Additionally, the low cost of the material, combined with its ability to be molded into complex geometries, makes it appropriate for its use, in the form of expanded polypropylene, in the construction of load-bearing structures. This latter application will be the focus of the subsequent phases of this study.



Under axial loading conditions, the highly nonlinear behavior of the stress–strain curve is related to the different deformation mechanisms of the cells. Specifically, the deformation can involve cell wall bending, elastic buckling, or plastic yielding. In the case of closed-cell foams, like the one we are considering, the mechanical response to compression is characterized by three distinct phases. Figure 1 shows the stress–strain curve, considering positive values for compression, for an expanded polypropylene specimen subjected to a compression test, where the three phases are clearly distinguished.



In the first phase, for small strains (below 5%), cell walls bend or distort to accommodate deformation, leading to a linear elastic response in the stress–strain curve. The second phase is characterized by a plateau region, where large plastic or elastic deformations occur, depending on the foam’s base material, in response to small stress variations. This plateau region is critical for energy absorption, as it is governed by the elastic buckling of the cell walls. The third phase is called densification, which occurs when the foam cells are fully collapsed upon each other (around 60% engineering strain). In this final phase, the solid material of the cell walls interacts directly with the adjacent cell walls, leading to a rapid increase in stiffness. The densification strain corresponds to the strain in which the cell structure is thoroughly compacted. The foam material, when compressed beyond its densification strain, behaves more like its solid base material than a cellular one. The theoretical densification strain can be defined as the strain which corresponds to the zero-void volume state, and it is equal to the material porosity   ( 1 − ρ * /  ρ s  ) .   However, experimental tests show an increase in stiffness at a strain well below the theoretical value of the densification strain is reached. This can be defined as onset densification strain; in fact, at this deformation, cell walls and edges start to interact which each other. Gibson and Ashby propose an equation that properly predicts the onset densification strain using a correction factor in the porosity density law,


   ε  cd   =   1 − 1  . 4        ρ *     ρ s          



(1)




where εcd is the onset densification strain, and   ρ *   and    ρ s    are the foam and its solid base material densities, respectively [6].



To accurately describe the nonlinear behavior of foams, it is necessary to correctly characterize one of the nonlinear hyperelastic material models available in the literature. In this work, the Ogden foam model is used; it is based on the strain energy density function (W) and is affected by the shape deformation (λi) and volume change of the foamed sample (J) [7].


  W    λ 1     , λ   2     , λ   3    =   ∑    i = 1   N      μ i     α i        λ 1   α i       + λ   2   α i       + λ   3   α i    −  3 +    1   β i          J  −  α i   β i    − 1      



(2)




where λk (k = 1, 2, 3) represent the principal stretches, J denotes the volume ratio (determinant of the deformation gradient F), N is the order of the model, and μi, αi and βi are the hyperelastic material parameters. These parameters are obtained by fitting experimental data from several mechanical tests [8].



In this work, we performed a compression test on a component made entirely of expanded polypropylene, sourced from a commercial product. A large-sized component with a complex geometry was selected to induce a deformation state distinct from that observed during the experimental tests used to calibrate the hyperelastic model. The deformation field was measured using Digital Image Correlation (DIC) technology.



Multiple measure zones were defined to observe the overall component’s behavior under force stress. Stereo DIC, involving a pair of cameras for each zone, led to full-field displacement maps. This technique entails the definition of a reference subset with sufficient gray intensity variations picked up from the reference image. Then, by means of a predefined criterion and a certain optimization algorithm, the DIC technique searches the deformed image for the deformed subset, the intensity pattern of which is of maximum similarity with the reference subset [9].



Experimental results were compared with numerical simulations in regions where the displacement was most significant, with the aim of validating the Ogden foam model. The goal of this study is to verify and assess the capability of using this properly calibrated model to simulate structural behavior of expanded polypropylene for industrial applications.




2. Material and Experimental Procedures


In this work, parallelepiped samples of closed-cell expanded polypropylene foam were tested to characterize the constitutive behavior of the material. The EPP foam samples were taken from two different components of the same company product, with a nominal density of 50 kg/m3.



EPP foam components generally comprise smaller beads, molded into shape. Polypropylene (PP) pellets are pressurized and expanded into foamed beads, typically measuring 2–4 mm in diameter. These beads are then further expanded in a mold where higher temperatures allow the PP to melt, sintering the beads into the final shape of the components.



2.1. Uniaxial Compression and Tensile Tests


Uniaxial compressions and tensile tests were performed in a static material tensile machine (ZwickRoell 50,) with a calibrated 5 kN load cell. For compression tests, foam samples had a nominal 25 mm × 25 mm square section, the length of samples was 20 mm and specimens were placed between two parallel plates, as shown in Figure 2a. For tensile tests, the prismatic samples (15 × 15 × 25 mm) were bonded to aluminum supports, which were gripped by the tensile machine. In both cases, the crosshead velocity was imposed in order to always conduct the tests at a 10−3 s−1 strain rate. From each sample, when necessary, a 5 mm layer was removed to eliminate the skin left on the piece during production by the mold walls.




2.2. Simple Shear Tests


A good description of the mechanical behavior of foam materials under complex loading conditions requires different mechanical tests, beyond the commonly used uniaxial test. For this reason, we also performed simple shear tests; briefly, the tests were conducted by bonding a prismatic specimen between two aluminum supports [10]. Once gripped by the testing machine, roughly parallel and opposite movements were applied to the supports moving the machine test’s crosshead, in order to generate a shear stress state in the center of the specimen (Figure 2b). This type of test is very simple but can introduce some experimental problems:




	
The shear stress distribution is not homogeneous over the sample;



	
During the test, the material close to two opposite corners of the sample is subjected to transverse tension, while the material close to the other two corners is subjected to compression.








In order to minimize these issues as much as possible, the specimens were prepared with a length-to-width ratio (L/h) major of 10 to reduce the inhomogeneity in the shear stress state [11]. Additionally, deformations were recorded using Digital Image Correlation in the central area of the specimen to also minimize edge effects.





3. Model Responses for Specific Deformations


As mentioned in the introduction, this work considers the hyperelastic model formulated by Ogden. This model is available in the most commonly used finite element analysis software and is suitable for modeling both the static and time-dependent response of polymer foams. The model is based on the strain energy function, which depends on principal stretches, defined as    λ =      L f     L 0     = 1 + ε  .


  W    λ 1     , λ   2     , λ   3    =   ∑    i = 1   N      μ i     α i        λ 1   α i       + λ   2   α i       + λ   3   α i    −  3 +    1   β i          J  −  α i   β i    − 1      



(3)




where N is the order of the model, J denotes the volume ratio (a determinant of the deformation gradient F), and μi, αi, βi are model parameters: μi has the unit of stress; in fact, it is directly correlated with the initial shear modulus G. On the other hand, αi and βi are both dimensionless; in particular, αi represents the hardening or softening exponent of the model and βi is related to the effective Poisson’s ratio ν.


   G =    ∑    i = 1   N      μ i   α i   2            ν i  =     β i       1 + 2 β   i      



(4)







3.1. Stress Solution


Starting from a hyperelastic strain energy potential W, the first Piola–Kirchhoff stress tensor P, can be obtained as follows:


   P =    ∑    k = 1   3     ∂ W   ∂  λ k      n k  ⊗  N k   



(5)




where λk are the principal stretches, Nk and nk are the eigenvectors in the reference and the current configuration, respectively, and Pk represents the principal stresses [12]. Substituting the strain energy function expressed according to the Ogden model into the equation just derived, we obtain the relation for the principal nominal stresses of the hyperelastic model:


   P k  =   1   λ k       ∑    i = 1   N   μ i     λ k   α i    −  J  −  α i   β i      ,     k = 1 , 2 , 3  



(6)







The stress solutions for the deformation imposed during the experimental test are reported in the following paragraphs.




3.2. Uniaxial Stress


Considering the case of uniaxial deformation, and for simplicity, assuming the stretch along the loading direction is λ1 = λ, while the stretches in the other directions, i.e., the transverse ones, are λ2 = λ3 = λt, given that the material is isotropic, we can write the deformation gradient F and the volume ratio J as follows:


   F =       λ   0   0     0     λ t     0     0   0     λ t                        J =  det   F    =      λ λ   t 2   



(7)







Having measured a Poisson’s ratio of approximately zero through DIC during the compression test, we can further simplify the matrix since λt = 1, and thus J = λ. Taking this into account, we can express the stresses as follows:


    σ 1     = P   1  =   1   λ 1       ∑    i = 1   N   μ i     λ 1   α i    − 1       σ 2     = σ   3     = P   2     = P   3   = 0    



(8)








3.3. Shear Stress


In the case of the shear test, considering direction 1 as the one parallel to the imposed displacement and direction 2 as the normal one, perpendicular to the glued surface of the specimen, the deformation gradient in the case of simple shear can be expressed as follows:


   F =       1   γ   0     0   1   0     0   0   1       



(9)




from which the principal stretches, the function of   γ  , can be obtained considering a plane strain state, i.e., λ3 = 1 [13].


   λ 1   =      1 2        2 + γ   2   + γ       4 + γ   2        =   1 2      γ +     γ 2   + 4       



(10)






   λ 2   =      1 2        2 + γ   2  − γ      4 + γ   2        =   1 2     −  γ +     γ 2   + 4       



(11)







It should be noted that J = 1 implies that λ2 = 1/λ1. In accordance with Equation (6), the solution for the principal stress is as follows:


     τ = T    12   =         γ 2   +   1 2        γ 2   + 4        − 1       ∑    i = 1   N   μ i          γ 2   +   1 2        γ 2   + 4         α i    − 1    



(12)








3.4. Parameter Fitting


As can be seen from Equation (2), in the case of the third-order Ogden model (n = 3), nine parameters must be determined. These material parameters need to be chosen so that the model best describes the experimental behavior of the material.



To calibrate the parameters, we simultaneously fit both Equations (8) and (12), using the value of λt obtained from DIC experimental measurements [14]. Since during compression we have a stretch approximately equal to 1, it follows that the Poisson’s ratio can be assumed to be zero. Thus, the values of the parameters βi = 0 can be obtained, recalling the physical meaning that links them to Poisson’s ratio according to Equation (4). To simultaneously fit both the uniaxial and shear tests, error functions were defined, in which the error functions for the uniaxial tension and shear were summed up with equal weight. These are defined as follows:


     err   uniax   =       σ  exp   −  σ 1       n                 err   shear   =       τ  exp   −  τ 1       n          Err   tot      = err    uniax      + err    shear     



(13)




where σexp and τexp are, respectively, the experimental uniaxial and shear stress, while n is the number of points at which the deviation was calculated [15].



To minimize the total error function, we used the built-in function “minimize” in Matlab software R2024b. Thise function allowed us to find the set of parameters that would minimize the total error, while simultaneously satisfying the physical constrain of μi and αi:


   G =    ∑    i = 1   N      μ i   α i   2   > 0  



(14)







Since the initial shear modulus cannot take a negative value, we performed fitting over a reduced strain range, based on the expected structural use. The fitting results are reported in Table 1 and in Figure 3, where we show the model’s strain–stress curve, compared with the experimental results.





4. Test on Real Component


We decided to conduct a compression test on a large EPP component with a structural role, part of a more complex assembly, to validate the newly calibrated model. The aim was to create a complex stress and strain state through an actual geometry, differing from those of the experimental tests used to fit the parameters. In fact, one of the main issues of this calibration method is that it ensures accurate correspondence only in describing the mechanical behavior of the stress and strain states on which it was fitted [16].



With this test, we aim to assess the feasibility of using a calibration system that requires only few experimental tests, while still ensuring the ability to simulate even complex structural problems.



4.1. Component Preparation


All additional parts of the component were made of metal or solid polymer, disassembled and removed, resulting in a structure entirely composed of expanded polypropylene, EPP, with a density of 50 kg/m3.



At this point, the areas in which to measure deformation during the test, using DIC image analysis, were selected. We chose regions with easy optical access and as flat a distribution as possible, both to enable cameras to focus on a larger area and to ensure easier processing of the experimental data collected. The areas were chosen on different faces of the tested component, where significant and design-relevant deformations could be measured. Once identified and located, the areas were spray-painted and speckled to create a random pattern of black dots on a white background.



Before conducting the test, the protruding areas that allowed for assembly were removed from the part to simplify the geometry, also in view of the upcoming simulation. All the protrusions needed for the mounting and positioning of components were removed from both the base and the upper face, in order to ensure that there was a stable support on the bottom and a more uniform pressure distribution on the top face between the component and the loading plate.




4.2. Experimental Setup


The compression test was performed by placing the part to be tested on a base fixed to the lower crosshead of the tensile machine, as shown in Figure 4. The test was conducted in displacement control mode, applying a 10 mm downward displacement of the crosshead at a speed of 1 mm/min. To distribute the pressure on the upper surface, we used an aluminum plate that conformed to the shape of the part.



The cameras were positioned to capture one of the side faces of the part, half of the back, as shown in Figure 5a, and three internal areas of the circular opening, as shown in Figure 5b.



The measurement of deformations during the test was carried out using digital image correlation on five measurement areas [17,18]. Since these areas were located in distant regions and on perpendicular faces of the part, as shown in Figure 5, there was no overlapping in the fields of view of the cameras [19]. Therefore, to obtain a 3D measurement of the deformations, ten cameras were used, two for each monitored area. Each system, consisting of a couple of cameras, was calibrated separately. All data and calibration results of camera couples are reported in Table 2.




4.3. Processing of DIC Results


From the image processing performed with the MatchID software 2024 2.0, we obtained point clouds that represent the centers of the subsets. Associated with these points, we exported the displacement data measured during the test in the three directions (u, v, z). The coordinates of the points that define the measured areas were calculated relative to a fictitious reference system associated with each camera pair, defined in the software as “central camera”. Obviously, since the central camera reference systems differ for each camera pair, the maps of the measured areas were not aligned with each other as in the actual shape. As we did not know the relative position of these five reference systems, we were unable to reconstruct the actual mutual position of the areas where the measurement was performed.



To achieve this, it was necessary to define a global reference system: for this purpose, the 3D CAD reference system was chosen. The part’s geometry was represented, in a 3D graph, by plotting the position of the mesh nodes, generated in Ansys.



At this point, on the map of the measured area, a point, P’, with local coordinates (X’, Y’, Z’) was identified. The physical counterpart, P, of this point, in the real geometry, was known through geometric considerations. Point P has coordinates (X, Y, Z) relative to the chosen global reference system.



Based on this geometric relationship, it was possible to define a transformation matrix that allowed conversion from the local reference system into a global one.



By applying this method to all five point-clouds obtained from the deformation measurements, the results could be visualized within a global reference system, and even attached on the part’s geometry, as shown in Figure 6.





5. Results and Discussion


This section presents the corresponding numerical simulation conducted using Finite Element (FE) analysis after we performed the compression test. The aim was to compare the experimental results with the numerical data to assess their accuracy and consistency.



The numerical simulation allowed us to examine the behavior of the material under controlled conditions that closely replicate the experimental setup. Furthermore, it enabled us to identify potential discrepancies or correlations between the two methods. Such comparative analysis will not only validate the FE model’s accuracy but also provide deeper insights into the material’s mechanical properties and performance under compression.



In the following sections, we will delve into the specifics of FE analysis, detailing the parameters, boundary conditions, and material properties used in the simulation. The results will be critically compared with the experimental data to ensure consistency and precision in our findings.



5.1. Numerical Simulation


For the FE analysis, Ansys Workbench 2024 R2 software was used. A static structural analysis was conducted, and the material model used was the nonlinear third-order Ogden hyperfoam model, within which the parameters of the calibration, shown in Table 1, were inserted. To reproduce real operating conditions as faithfully as possible, two more pieces, in addition to the principal component, were simulated. The first one was the wood support piece, and the second one was the aluminum plate used for loading, as shown in Figure 4. Furthermore, we calibrated the stiffness of the support in order to be closer to real conditions.



Both types of contact were chosen to be frictional, and the friction coefficient was set to 0.2 between the component and the upper plate, while the friction coefficient was set to 0.5 between the component and the lower support [20].



All the components were meshed with the tetrahedral element. Following a mesh sensitivity analysis, we found that a 15 mm mesh size could fit the model well. Since the plates were not a major structure during the test, a 20 mm mesh size was selected for both lower and upper plates.



In the contact area where the support was placed on the machine’s crosshead, the fixed support constraint was applied in Ansys, while a vertical displacement of 10 mm was imposed on the loading plate. The results of the compression analysis will be compared to the results of the experimental test obtained through DIC.




5.2. Comparison of Results


The first comparison focuses on the force results, which are illustrated in Figure 7. This figure features two distinct curves: one representing the experimental force measured during the compression test and the other corresponding to the force developed during the FEM simulation. Upon examining the curves, it is evident that the deviation between the experimental and numerical results is minimal, indicating a high degree of correlation between the two methods.



This close alignment suggests that the FEM simulation effectively captures the mechanical response of the material, validating the accuracy of the numerical model.



The experimental and numerical results were thoroughly analyzed and compared, with a particular emphasis on the most representative areas to ensure the accuracy of the most critical regions of the tested component.



Figure 8 and Figure 9 compare the displacement results along the X axis and the Y axis, respectively, for the back zone, highlighting the correspondence between the experimental and simulated data in this key area.



Figure 10 and Figure 11 provide a detailed comparison of the displacement results along the X axis and Y axis, respectively, for the lateral zone of the component.



The results of the comparison, presented in Figure 8, Figure 9, Figure 10 and Figure 11, show an excellent correlation between the experimental and numerical strain data. Any discrepancies observed are attributable to the difficulty in precisely replicating the boundary conditions applied during the test in the simulation.





6. Conclusions


In this paper, we present the calibration of a hyperelastic material model, Ogden foam, using experimental data obtained from uniaxial and simple shear tests. This model was employed in the simulation of a compression test performed on an industrial component made entirely of expanded polypropylene (EPP). Experimental strain measurements were obtained using Digital Image Correlation.



From the comparison between the results obtained through an optical analysis of the experimental test and those from the simulation, we can affirm that uniaxial and simple shear tests are sufficient to calibrate a hyperelastic model capable of describing the structural behavior of expanded polypropylene with reasonable accuracy even in complex deformation states.
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Figure 1. Stress–strain curve for a compression load. 
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Figure 2. Representation of (a) uniaxial compression test, P1 and P2 are principal stresses; (b) simple shear test, T12 is shear stress. 
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Figure 3. Plot of fitting results. 
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Figure 4. Compression test on the component. 
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Figure 5. Setup: (a) positioning of cameras to grab the external speckled areas; (b) positioning of cameras to grab the internal speckled areas. 
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Figure 6. (a) Initial spatial orientation of displacement map; (b) displacement maps attached to CAD geometry, after applied transformation. 
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Figure 7. Comparison between experimental test force and numerical simulation force. 
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Figure 8. X displacement in frontal zone for (a) experimental test; (b) numerical simulation. 
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Figure 9. Y displacement in frontal zone for (a) experimental test; (b) numerical simulation. 
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Figure 10. X displacement in lateral zone for (a) experimental test; (b) numerical simulation. 
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Figure 11. Y displacement in lateral zone for (a) experimental test; (b) numerical simulation. 
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Table 1. Fitting coefficients of the third-order Ogden hyperfoam model.
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	μ1
	μ2
	μ3
	α1
	α2
	α3
	βi





	14.94
	20.87
	74.05
	−1.85
	0.22
	0.42
	0










 





Table 2. Information and calibration results of camera couples.






Table 2. Information and calibration results of camera couples.





	

	
COUPLE 1

	
COUPLE 2

	
COUPLE 3

	
COUPLE 4

	
COUPLE 5






	
CMOS camera

	
FLIR BlackflyS BFS-U3

	
Pixelink®PL-B741F

	
Lucid PHX0 16S-MC

	
Lucid PHX0 16S-MC

	
Lucid PHX0 16S-MC




	
Lens

	
25 mm C-mount

	
16 mm C-mount

	
12 mm C-mount

	
12.5 mm C-mount

	
25 mm C-mount




	
Image resolution

	
4096 × 2160, 8 bit

	
1280 × 1024, 8 bit

	
1440 × 1080, 8 bit

	
1440 × 1080, 8 bit

	
1440 × 1080, 8 bit




	
Field of view

	
90 × 50 mm

	
80 × 65 mm

	
35 × 25 mm

	
35 × 25 mm

	
20 × 15 mm




	
Pixel to mm

	
1 pixel = 0.022 mm

	
1 pixel = 0.062 mm

	
1 pixel = 0.024 mm

	
1 pixel = 0.024 mm

	
1 pixel = 0.013 mm




	
Stereo-angle

	
19.69°

	
5.78°

	
12.76°

	
8.13°

	
7.53°




	
Pattern technique

	
Matt white spray paint base coat with black




	
DIC technique

	
Stereo correlation




	
DIC software

	
MatchID, version 2024.2.0




	
Image filtering

	
Gaussian, 5 × 5 pixel kernel




	
Subset size

	
45 pixels

	
11 pixels

	
35 pixels

	
27 pixels

	
35 pixels




	
Step size

	
10 pixels

	
3 pixels

	
10 pixels

	
10 pixels

	
10 pixels




	
Shape function

	
Affine




	
Matching criterion

	
Zero-normalized sum of square differences




	
Interpolant

	
Bi-cubic spline




	
Stereo transform

	
Affine

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2025 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg
Force [N]

1200

1000

800

600

= = =Experimental test
Numerical simulation

3 4 5 6 7 8 9
Displacement [mm]

10





media/file4.png





media/file18.png
-1.6427
-3.596
__4-“
-5.5493 l 3:
3 A
§
> 5
8
-7.5026 % /
-9.4559
300.00 -
X 150.00 -
(b)

-11.4092





media/file21.jpg
20






media/file3.jpg
e,

P

(b)

(a)





media/file22.png
-0.8265

-2.2992

-3.7719

-5.2447

-6.7174

-8.1901

0.00 600.00 (mm)

150.00 450.00

(b)





media/file19.jpg
e

11 70138
90204 |
™
1
30508
o0ss
o
2018

@





media/file7.jpg





media/file23.png





media/file10.png





media/file14.png
Force [N]

1200

1000

800

600

400

200

= = =FExperimental test

Mumerical simulation

4 5 B 7 B 9
Displacement [mm)]

10





media/file11.jpg
(@ (b)





media/file6.png
Stress [MPa]

0.5

I I
o""

P Uniaxial Experimental Test

' Ogden Model, Uniaxial

--------- Simple Shear Experimental Test
Ogden Model, Shear

03—
0.2 -
0:7:= Tomannnnansenen |

O g oy
01 F |
_0‘2 - 7
0.3 | | | | | | | | |

-0.06

-0.04

-0.02

0
Strain [mm/mm]

0.02

0.04

0.06

0.08

0.1





media/file15.jpg
@





nav.xhtml


  engproc-85-00029


  
    		
      engproc-85-00029
    


  




  





media/file16.png
8.176

6.1688

4.1616

2.1544

0.1472

-1.86

-3
~
3
({4

KANITTITTI Iy
R Lo

P AT A T VL U
S

450.00

(b)

600.00 (mm)





media/file2.png
Stress [MPa]

1.4

1.2

o
o

-
()

‘J/‘ Linear elasticity |

1

| Plateau region I

L

1

L 1 A 1

Densification

']

1

0.1

0.2

0.3 0.4 0.5
Strain [mm/mm)]

0.6

0.7

0.8





media/file20.png
12.0052

9.0204

6.0356

3.0508

Y
0.066
F
) 600.00 (mm)
-2.9188 150,00 450,00

(a) (b)





media/file5.jpg
a0

o0

3

Swmin pronter]

o0z

008

08





media/file1.jpg
Stress [MPa]

14

12

°
®

°
>

0.4

0.2

Plateau region

Linear elasticit