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Fiber networks, in which the natural or artificial fibers are randomly or
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Therefore, there have been extensive efforts to generate fiber network models
Keywords: in two and three dimensional space. As a contribution to the modelling efforts,
Fiber network, a fiber network model is introduced in the present study. The main goal is to
Nonwoven, understand the microstructural parameters including fiber length and cross-
Fibrous materials, section affecting the fiber network deformation and compute the mechanical
Microstructural properties of the aggregate. The present numerical advancement is believed to

guide researchers and designers to analyze fiber network characteristics more
efficiently and in shorter time spans.
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1. Introduction

Fiber networks, in which the natural or artificial fibers are randomly or directionally
aligned and bonded together through a chemical, mechanical and/or thermal processes,
form the structural foundations for various engineering materials. Some of these include
nonwoven fabrics used in hygiene products, car panels, building and roof coverings,
waddings and geotextiles; fiber mats and filters used in electromagnetic shielding and
fuel cell gas diffusion layers; sintered metallic fiber networks for prosthetics and metal-
matrix composite applications; felted or layered wood fiber networks used in paper and
packaging products [1-6]. Their deformation and failure characteristics are dependent on
the geometrical and spatial properties of constituents [7-9].

Due to direct correlation and accuracy, there have been extensive microstructural
modelling investigations on fiber networks in two and three dimensional space [10-15].
The earliest two dimensional network models were based on random line generation and
consolidation in transverse plane. Two dimensional models have been successfully used
to determine the in-plane properties where the specimen thickness is of order of one
tenth or less of average fiber length and negligible [5]. However, determination of three
dimensional properties necessitates an additional dimension, for which the fibers can be
deposited and bend on top of each other [16]. Hence, more realistic fiber network
structure can be generated with three dimensional models, which also gives a better
insight into microstructural properties.
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As a contribution to these efforts, a fiber network model is introduced so as to analyze
the effects of microstructural parameters including fiber length and cross-section on the
fiber network deformation and compute the mechanical properties of the aggregate. The
present numerical advancement is believed to guide researchers and designers to
analyze and test fiber network characteristics more efficiently and in shorter time spans.

2. Methodology
2.1. Geometric model

In the present study, fiber intersections are favored in contrast to the literature studies
mainly focusing on short fiber reinforcements and elimination of fiber collision [9].
Foundation of the present study follows daily practices such as long fiber reinforced
composite materials, paper and paperboards. Elements of the model consists of
geometrical description of fiber, planar projection, fiber trimming and intersection search
processes.

In XYZ-Cartesian coordinate system, each individual fiber was described in terms of its
spatial properties, i.e. centroid C(X;, Y;, Z;) with positive integer index i, in-plane and polar
fiber orientations 6, ¢, respectively, and geometry, i.e. length [ and cross-sectional
properties, width w, height h and wall thickness ¢t which was assumed to be same for all
cell walls. In addition to this, specimen was described as a rectangular prism with length
L, width W and thickness T, which is composed of layers with thickness Tiyer as seen in
Fig. 1.

(a) (b)

Tayer

Fig. 1 Fiber profile and distribution: (a) fiber spatial properties in global XYZ-Cartesian
coordinate system and geometrical properties in local xyz-Cartesian coordinate
system, (b) layered structure of specimen in global XYZ-Cartesian coordinate system.

After formation of fibers based on the geometrical description, fiber intersection search

process was executed and fiber network was formed, an example of which can be seen in
Fig. 2.
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Fig. 2 Specimen generated with the present model.

2.2. Mechanical model

In the present study, wood fibers forming a paper stripe was considered. The fibers were
modelled as eight noded linear brick elements denoted as C3D8 in commercial finite
element solver Abaqus CAE [17] where the fiber wall material was assumed to be linear
elastic and isotropic with Es,=10 GPa and vs,=0.3 [18]. Fiber intersections were modeled
as interfiber bonding sites for which hard contact approximation was used to overcome
fiber penetration and stick-slide formulation with maximum shear stress of 7.6 MPa
provided in [18] was used to define the in-plane shear at the bonding sites. Explicit
dynamic integration, i.e. forward Euler method, was used to solve the contact problem.

Uniform displacement boundary conditions were applied with multipoint constraints
where the formulation follows

i=r-eM;

i _ i+l i _ pni+l 1,
u; =u; ,49/.—0/. atQj,
i _ 0+l i _ pni+l 2,
up=u;", 0, =0"atQ;;

i={1,2...n}; j={X.Y.Z} .

1)

Here, # is the displacement vector, 7 is the relative position vector, eM is the
macroscopic constant strain, Q stands for the boundaries. In Fig. 3, multipoint
constraints are represented for the opposing boundaries along X-direction.

Multipoint constraint 1

Ql

X

[eo% Multipoint constraint 2

X

Fig. 3 Representation of constraints and boundaries.

Then, macroscopic (effective) compliance C" was obtained from the relationship
between the given macroscopic infinitesimal strain eM and computed macroscopic stress
sM so that [19, 20]

eV =CcM:sM, (2)
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3. Results

The main goal of the simulation experiments was to understand the microstructural
parameters including fiber length and cross-section affecting the fiber network
deformation and compute the mechanical properties of the aggregate. Therefore, L=5
mm, W=1 mm and 7=0.060 mm with Tiayer=0.020 mm were designated as the specimen
dimensions. For each specimen, in-plane fiber orientation 6 was taken to be uniformly
distributed within #15° range while polar orientation ¢ was taken to be null. For each
fiber, fiber wall thickness t was kept constant with the value of 0.0025 mm whereas fiber
width w was taken to be 0.025 mm. As a case study, effects of fiber length and height on
normalized elastic modulus Ex/Es» were studied, design of experiments of which is shown
in Table 1. In these experiments, each set was tested for three times.

Table 1 Design of experiments

Untrimmed fiber length [ Fiber height

Set (mm) h (mm)

1 1.0 0.010

Fiber length 2 1.5 0.010
3 2.0 0.010

4 2.0 0.005

Fiber height 5 2.0 0.010
6 2.0 0.020

As seen in Fig. 4, there is a direct relationship between fiber length and normalized
elastic modulus Ex/Esb. This relationship can be explained in terms of the number of
crossings (bondings) per fiber. As shown in the right hand side of Fig. 4, this quantity
increases with fiber length, which results in stiffer fiber network.

°
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Fig. 4 Effect of fiber length on normalized elastic modulus Ex/Ef.

In case of fiber height analysis shown in Fig. 5, it is seen that there is an inverse effect on
normalized elastic modulus Ex/Esb. This is again due to decrease in number of crossings
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per fiber as a result of decreasing number of fibers in predefined specimen volume
LxWxT.

Effect of fiber height on E,/Ey, s e s e
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Fig. 5 Effect of fiber height on normalized elastic modulus Ex/Efp.

4. Discussions and conclusions

In the present investigations, a fiber network model was introduced so as to analyze the
effects of microstructural parameters including fiber length and cross-section on the fiber
network deformation. Geometrical description of the model was used to mimic long
fibers used in paper and packaging products. Eight noded linear brick elements were
used to generate the finite element mesh whereas a contact model was described at
interfibre bonding sites. Uniform displacement boundary conditions were used with
multipoint constraints under homogenization framework. The problem was solved by
means of explicit dynamic integration in Abaqus CAE. By using the introduced
methodology, a case study was carried out to understand the effects of fiber length and
height on the normalized elastic modulus Ex/Esp. It was deduced that fiber length has
positive impact on Ex/Ean whereas latter has negative effect. The present numerical
advancement is hence believed to guide researchers and designers to investigate fiber
network characteristics more efficiently and in shorter time spans.

Acknowledgments

The author gratefully acknowledges the support of Aalto University-PuuPostdoc research
fund, Finland.

55



Karakog / Research on Engineering Structures & Materials 2 (2016) 51-57

References

[1] Kulachenko A, Uesaka T. Direct simulations of fiber network deformation and failure.
Mechanics of Materials, 2012; 51:1-14.
http://dx.doi.org/10.1016/j.mechmat.2012.03.010

[2] Karakog¢ A, Santaoja K, Freund J. Simulation experiments on the effective in-plane
compliance of the honeycomb materials. Composite Structures, 2013; 96:312-320.
http://dx.doi.org/10.1016/j.compstruct.2012.09.021

[3] Freund ], Karako¢ A. Computational homogenization of regular cellular material
according to classical elasticity. Composite Structures, 2014; 78:56-65.
http://dx.doi.org/10.1016/j.mechmat.2014.07.018

[4] Russell S. Handbook of nonwovens. The Textile Institute: Woodhead Publishing Ltd,
CRC Press, 2007; Boca Raton, Florida.

[5] Sampson W. Modelling Stochastic Fibrous Materials with Mathematica. Springer-
Verlag, 2009; London.

[6] Veyhl C, Fiedler T, Jehring U, Andersen O, Bernthaler T, Belova IV, Murch GE. On the
mechanical properties of sintered metallic fibre structures. Materials Science and
Engineering: A, 2013; 562:83-88. http://dx.doi.org/10.1016/j.msea.2012.11.034

[7] Alava M], Niskanen K. The physics of paper. Reports on Progress in Physics, 2006;
69:669-723. http://dx.doi.org/10.1088/0034-4885/69/3 /R03

[8] Karako¢ A, Freund ]. Statistical strength analysis for honeycomb materials.
International ~ Journal of  Applied  Mechanics, 2013; 5(2):1350021.
http://dx.doi.org/10.1142/S175882511350021X

[9] Pan Y, lorga L, Pelegri AA. Analysis of 3D random chopped fiber reinforced
composites using FEM and random sequential adsorption. Computational Materials
Science, 2008; 43:450-461. http://dx.doi.org/10.1016/j.commatsci.2007.12.016

[10] Curto JMR, Concei¢do ELT, Portugal ATG, Simoes RMS. Three dimensional modelling
of fibrous materials and experimental validation; dreidimensionale modellierung von
fasermaterialien und experimentelle validierung. Materialwissenschaft Und
Werkstofftechnik, 2011; 42:370-374. http://dx.doi.org/10.1002 /mawe.201100790

[11] Provatas N, Haataja M, Asikainen ], Majaniemi S, Alava M], Nissila AT. Fiber
deposition models in two and three spatial dimensions. Colloids and Surfaces A, 2000;
165:209-229. http://dx.doi.org/10.1016/S0927-7757(99)00417-3

[12] Liu Q, Lu Z, Hu Z. Finite element analysis on tensile behaviour of 3D random fibrous
materials: Model description and meso-level approach. Materials Science and
Engineering: A, 2013; 587:36-45. http://dx.doi.org/10.1016/j.msea.2013.07.087

[13] Réaisdnen VI, Alava M], Nieminen RM. Failure of planar fiber networks. Journal of
Applied Physics, 1997; 82:3747-3753. http://dx.doi.org/10.1063/1.365737

[14] Wu XF, Dzenis YA. Elasticity of planar fiber networks. Journal of Applied Physics,
2005; 98: 093501. http://dx.doi.org/10.1063/1.2123369

[15]Ostoja-Starzewski M, Stahl DC. Random Fiber networks and special elastic
orthotropy of paper. Journal of elasticity and the physical science of solids, 2000;
2:131-149. http://dx.doi.org/10.1023 /A:1010844929730

[16] Lavrykov S, Singh KM, Ramarao BV. Elasticity and stiffness of paper: A model based
study of the influence of fibers. Progress in Paper Physics Seminar, 2011:35-40.

[17] Abaqus (2011). ABAQUS Documentation. Providence, RI. Dassault Systémes.

[18] Lavrykov S, Lindstrom SB, Singh KM, Ramarao BV. 3D network simulations of paper
structure. Nordic Pulp and Paper Research Journal 2012; 27:256-263.
http://dx.doi.org/10.3183 /NPPR]-2012-27-02-p256-263

[19] Karakog¢ A, Freund ]. Experimental studies on mechanical properties of cellular
structures using Nomex honeycomb cores. Composite Structures, 2012; 6:2017-2024.
http://dx.doi.org/10.1016/j.compstruct.2012.01.024

56


http://dx.doi.org/10.1016/j.mechmat.2012.03.010
http://dx.doi.org/10.1016/j.compstruct.2012.09.021
http://dx.doi.org/10.1016/j.mechmat.2014.07.018
http://dx.doi.org/10.1016/j.msea.2012.11.034
http://dx.doi.org/10.1088/0034-4885/69/3/R03
http://dx.doi.org/10.1142/S175882511350021X
http://dx.doi.org/10.1016/j.commatsci.2007.12.016
http://dx.doi.org/10.1002/mawe.201100790
http://dx.doi.org/10.1016/S0927-7757(99)00417-3
http://dx.doi.org/10.1016/j.msea.2013.07.087
http://dx.doi.org/10.1063/1.365737
http://dx.doi.org/10.1063/1.2123369
http://dx.doi.org/10.1023/A:1010844929730
http://dx.doi.org/10.3183/NPPRJ-2012-27-02-p256-263
http://dx.doi.org/10.1016/j.compstruct.2012.01.024

Karakog / Research on Engineering Structures & Materials 2 (2016) 51-57

[20] Karakog A, Freund J. A direct simulation method for the effective in-plane stiffness of
cellular materials. International Journal of Applied Mechanics, 2013; 5:1350034.
http://dx.doi.org/10.1142/S1758825113500348

57


http://dx.doi.org/10.1142/S1758825113500348

	resm2015.17ma0825C
	resm2015.17ma0825M

