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Abstract 

Södra DuraPulp is a relatively new eco-composite, made from natural wood fibers 

and polylactic acid (PLA), which comes from corn starch. Until now, there are only 

few applications for DuraPulp, mainly in the area of design. To find new fields of 

application, more knowledge about its mechanical material properties are of great 

interest.  

This study deals with characterizing the mechanical properties of DuraPulp in an 

analytical way by means of micromechanical modeling and evaluation with help of 

Matlab. The mechanical properties for PLA were taken from scientific literature. Not 

all properties of the wood fibers could be found in literature (particularly Poisson’s 

ratios were unavailable). Therefore, they partly had to be assumed within reasonable 

boundaries. These assumptions are later validated regarding their influence on the 

final product.  

Figures and tables were used to present and compare the in- and out-of-plane E-

Moduli Ei, shear moduli Gij and Poisson’s ratios vij of DuraPulp. The calculated in-

plane E-Moduli were then compared to those obtained from an earlier study, where 

DuraPulp was tested in tension. The results showed that experimental and analytical 

values are very similar to each other.  

 

Key words:  Natural fiber composites (NFC), Polylactic acid (PLA), 

Micromechanical modeling, Modulus of Elasticity (MOE, Ei), Shear modulus (Gij), 

Poisson’s ratio (νij) 
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Sammanfattning  

Södra DuraPulp är en relativt ny eco-komposit, tillverkat av naturliga trä fibrer och 

polylactic syra som kommer från majsstärkelser. I dagsläget finns det få 

användningsområden för DuraPulp, huvudsakligen används det inom design. För att 

expandera användningsområdet behövs det mer kunskaper angående de mekaniska 

egenskaperna för materialet.  

Studien handlar om att karakterisera de mekaniska egenskaperna för DuraPulp på ett 

analytiskt sätt i form av mikro-mekanisk modellering och evaluering med hjälp av 

Matlab. De huvudsakliga mekaniska egenskaperna för PLA kunde hämtas från flera 

vetenskapliga källor, men de motsvarande mekaniska egenskaperna för fibrer kunde 

inte alla valideras. Delvis antogs dem i rimliga gränser och deras inverkan 

validerades med hjälp av en parameter studie.  

Figurer och tabeller användes för att presentera och jämföra in- och ut-plan E-

Moduler Ei, skjuvmoduler Gij och tvärkontraktionstalen vij av DuraPulp.  

De beräknade in-plan E-modulerna för DuraPulp jämfördes med motsvarande E-

moduler från en tidigare studie där DuraPulp genomgick dragtest. Resultatet visade 

att analytiska och experimentella värden överensstämmer bra med varandra.  
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List of Abbreviations 

 

𝔸𝑟  Concentration tensor of phase r  

𝕔𝑟 Stiffness tensor of phase r  

ℂhom Homogenized stiffness tensor  

𝔻 Compliance tensor  

𝔻hom Homogenized compliance tensor  

Ei  Modulus of Elasticity (also: Young’s modulus) 

 

𝐄 Homogenized strain tensor  

 

𝐄∞ Fictitious strain tensor at infinity  

fr   Volume fraction of phase r in a representative volume element   

Gij  Shear modulus  

 

𝕀 Fourth-order unity tensor  

NFC Natural fiber composites  

 

ℙ𝑟
𝑠  Hill tensor of phase r embedded in matrix material s 

PLA Polylactic acid 

RVE Representative volume element 

νij Poisson’s ratio  

𝜗 Distribution of the fibers  

 

𝜺𝑟 Average (microscopic) strain tensor of phase r 
 

𝛔𝑟 Average (microscopic) stress tensor of phase r  
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1. Introduction 

Nowadays, the waste of plastics has become a major problem. Due to their 

extensive production and use, the waste of plastics has increased 

enormously. To cope with this problem and to adhere to the European 

regulations for a safer and cleaner environment, extensive scientific research 

has been directed towards eco-composite materials that are biodegradable, 

such as natural fiber eco-composites [1].  

Natural fiber composites (NFC) are a combination of natural fibers and a 

polymer matrix. An eco-composite may contain natural fibers and a 

biodegradable natural matrix. Eco-composites are distinguished from other 

composites or plastics by its ecological and environmental benefits [1].  

DuraPulp is an example for an eco-composite, consisting of selected wood 

fibers and Polylactic acid (PLA) as a matrix material. The fibers used are 

softwood kraft pulp fibers, which provide strength and stiffness, a high 

cleanliness and are light-weight. The PLA is produced from a mixture of 

natural and bio-engineered corn starch. The specifications concerning the 

volume fraction of wood fibers and PLA within the composite may vary 

depending on the product application, as well as the customer needs. 

DuraPulp usually consists of 70% wood fibers and 30% PLA. However, the 

percentage of wood fibers may be increased in order to decrease the final 

cost, since PLA is rather expensive [2].  

DuraPulp is a product of the Swedish company Södra. Södra is an economic 

association with operation areas in forestry management, environmental 

conservation, accounting, sales and product development.    

DuraPulp is produced in an inactivated form, the so called “Pulp” (see 

Figure 1). In the inactivated form the fibers are loose without interaction 

between each other. The Pulp is shipped to the end-customers for further 

processing [3].To obtain DuraPulp in its activated state it must be exposed to 

heat of more than 170°C and pressure of over 30 bar. In the activated state it 

takes on strength and durability, has low water absorption and is dust free 

since the fibers are now embedded in the homogenous PLA matrix.  

The mechanical behavior of the activated form of DuraPulp is of interest for 

various possible applications. The composite shows comparably high 

strength and stiffness and high durability. Thus, it has great potential to 

compete against other non-natural based composites.  
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Figure 1: Inactivated DuraPulp 

1.1 Background 

The interest in NFCs is growing due to their high performance in terms of 

mechanical properties, chemical resistance, production advantages and their 

low cost/density ratio. From an environmental point of view, natural fibers 

are a clean and green alternative compared to conventional fibers like glass 

or carbon fibers [1].   

The mechanical properties of different NFCs have already been investigated 

by means of mechanical testing, which is documented in various scientific 

literatures (see Section 2.2). This study complements experimental 

investigations by analytical research giving new insight into properties of a 

new eco-composite material. 

1.2 Aim and Purpose 

This study aims at elaborating a mechanical characterization of DuraPulp by 

means of an analytical investigation, i.e. by means of micromechanical 

modeling. 

The purpose of this study is to gain better and broader knowledge of elastic 

properties of DuraPulp and to compare the results of the analytical study to 

those of a previously conducted experimental study.  

1.3 Hypothesis and Limitations 

The study will show that it is possible to describe the mechanical material 

properties of DuraPulp through mechanical relationships between 

components and composite.  

The limitations can be summarized as follows:  
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 Experimental data for input properties for the micromechanical model are 

limited, which limits the validation of the model. This leads to assuming 

the missing input values, however based on properties of similar 

materials and within reasonable boundaries.  

 Only elastic properties are investigated. They are presented in terms of 

elasticity moduli Ei, shear moduli Gij, and Poisson’s ratios vij.  

 The interphase between the fibers and the matrix is assumed to be rigid.  

1.4 Reliability, validity and objectivity 

The results from the analytical study can be compared to a previous work 

that characterizes DuraPulp experimentally. However, the work has a 

limited set of experimental data, namely only in-plane elastic moduli Ei. 

Thus, the suitability of the prediction of all other previously mentioned 

elastic properties relies on the agreement of the in-plane moduli only.  

The result of this study is achieved by use of Mori-Tanaka analytical 

micromechanical modeling. This method is valid for this report since it is 

based on the standardized homogenization theory for continuum 

micromechanics for fiber-matrix composites.  

Personal opinions have no influence on the results since the method is based 

on an analytical study.  



4 
Al-Darwash & Nuss 

2. Theory 

In this chapter, the technical and analytical background of elasticity theory, 

composite materials and homogenization methods is introduced. This is 

complemented by a presentation and discussion of scientific literature used 

for this study. 

2.1 Elastic properties of composites 

Hooke’s law  

Hooke’s law describes the constitutive relationship between stresses and 

strains in case of a linear elastic material behavior. This relation is linear 

until the yield stress is reached. It can be written as follows: 

 𝛔 = 𝐜: 𝜺 , (1) 

where 𝐜 is the stiffness tensor, describing the relationship between the stress 

tensor 𝛔 and the strain tensor 𝜺. Elasticity is the property of a material to 

return to its original shape after the applied stresses are removed. 

Modulus of elasticity  

The modulus of elasticity, E-modulus or Young’s modulus Ei (with i=1,2,3), 

describes the property of a body to return to its original shape after the 

applied forces are removed. 

Shear modulus  

Shear modulus Gij (with i,j=1,2,3), is the ability of a material to withstand 

shear deformations. It is valid for the elastic behavior as long as the material 

can return to its original shape after the load is removed.  

Poisson’s ratio  

The Poisson’s ratio νij (with i,j=1,2,3), is the ratio between transverse strain 

𝜺𝑡𝑟𝑎𝑛𝑠 and longitudinal strain 𝜺𝑙𝑜𝑛𝑔 in case of a longitudinal load only.  

 𝑣𝑖𝑗  =  − 
𝜺𝑡𝑟𝑎𝑛𝑠 

 𝜺𝑙𝑜𝑛𝑔
= −

𝜺𝑖𝑖  

 𝜺𝑗𝑗
 . (2) 

Orthotropic materials 

The properties in orthotropic materials vary in three orthogonal directions. 

There are nine independent elastic constants in the constitutive matrix. The 

relationships  
𝑣12

𝐸2
=

𝑣21

𝐸1
 ,  

𝑣13

𝐸3
=

𝑣31

𝐸1
  and  

𝑣23

𝐸3
=

𝑣32

𝐸2
 apply due to symmetry 
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requirements of the stiffness and the compliance tensor 𝔻, which is the 

inverse of the stiffness tensor:    

 𝔻 = 𝕔−1. (3) 

In the following equation, a general description of the compliance tensor for 

orthotropic materials is given   

 

 

[
 
 
 
 
 
 

𝜺𝑥𝑥

𝜺𝑦𝑦

𝜺𝑧𝑧

√2 ∙ 𝜺𝑦𝑧

√2 ∙ 𝜺𝑧𝑥

√2 ∙ 𝜺𝑥𝑦]
 
 
 
 
 
 

=

[
 
 
 
 
 
 
 
 
 
 

1

𝐸1
−

𝑣12

𝐸2
−

𝑣13

𝐸3
0 0 0

−
𝑣21

𝐸1

1

𝐸2
−

𝑣23

𝐸3
0 0 0

−
𝑣31

𝐸1
−

𝑣32

𝐸2

1

𝐸3
0 0 0

0 0 0
1

2∙𝐺23
0 0

0 0 0 0
1

2∙𝐺31
0

0 0 0 0 0
1

2∙𝐺12]
 
 
 
 
 
 
 
 
 
 

∶

[
 
 
 
 
 
 

𝛔𝑥𝑥

𝛔𝑦𝑦

𝛔𝑧𝑧

√2 ∙ 𝛔𝑦𝑧

√2 ∙ 𝛔𝑥𝑧

√2 ∙ 𝛔𝑥𝑦]
 
 
 
 
 
 

 . 

(4) 

Transverse isotropic materials  

Compared to orthotropic materials, transverse isotropic materials have the 

same properties within one plane (e.g. 1, 2) and different properties in the 

direction normal to that plane (e.g. direction 3). The condition E1 = E2 ≠ E3 

applies for transverse isotropic materials in Equation (4). Consequently, five 

independent elastic constants describe the properties of the material [4].  

Isotropic materials  

Isotropic materials have properties which are the same in all directions, i.e. 

E1 = E2 = E3. In the compliance tensor there are two independent elastic 

constants, which are e.g. the elastic modulus E and a Poisson’s ratio v [5]. 

Thus, the constitutive equation Eq. (4) simplifies as follows, 

 

[
 
 
 
 
 
 

𝜺𝑥𝑥

𝜺𝑦𝑦

𝜺𝑧𝑧

√2 ∙ 𝜺𝑦𝑧

√2 ∙ 𝜺𝑧𝑥

√2 ∙ 𝜺𝑥𝑦]
 
 
 
 
 
 

=
1

𝐸

[
 
 
 
 
 

1
−𝑣
−𝑣
0
0
0

−𝑣
1

−𝑣
0
0
0

−𝑣
−𝑣
1
0
0
0

0
0
0

1 + 𝑣
0
0

0
0
0
0

1 + 𝑣
0

0
0
0
0
0

1 + 𝑣]
 
 
 
 
 

∶

[
 
 
 
 
 
 

𝛔𝑥𝑥

𝛔𝑦𝑦

𝛔𝑧𝑧

√2 ∙ 𝛔𝑦𝑧

√2 ∙ 𝛔𝑥𝑧

√2 ∙ 𝛔𝑥𝑦]
 
 
 
 
 
 

 . 

(5)  

2.2 Research regarding natural fiber composites  

As a consequence of the growing awareness of environmental impact issues 

and thus the change in industrial policies, compromises have to be made 

between the final product performance, the availability and the production of 

materials in an economic and environment friendly way [6]. Natural fibers 
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are a valuable source, since they can be obtained without competing with 

food sources, such as low-value agricultural byproducts like stalks [7]. 

Lightweight NFCs could be especially useful for the automotive industry, as 

the weight of the produced cars affects fuel consumption as well as the 

carbon footprint. The integration of the available natural fiber wastes can 

even lower the cost of the materials used.  But before it can be used in the 

production process, further knowledge about the mechanical and the physio- 

chemical behavior of the different NFCs has to be obtained. Their properties 

depend on the matrix and fiber type and on their interfacial reaction [6].  

Another advantage of natural fibers concerning the interior automotive 

industry is the superior acoustic damping feature of such materials compared 

to carbon and glass. Therefore such composites can be applied for noise 

reduction purposes [8]. 

However, NFCs have some deep-rooted issues regarding incompatibility. 

The strength is affected negatively by the combined hydrophilic behavior of 

natural fibers and by the hydrophobic behavior of the matrix components. 

To block the loss of strength, chemical and physical surface treatments of 

the fibers are required. These treatments will improve the fiber-matrix 

adhesion. Moreover, moisture issues should also be considered, particularly 

for applications at high humidity levels [8].  

The tensile properties of coconut fiber reinforced composites were 

determined in an article by Zaman et al. [9]. The composite consisting of a 

polyester matrix and coconut fibers had its tensile properties evaluated for a 

varying volumetric fiber amount up to 15%. As a result, the composite’s 

strength tends to get reduced with the amount of fibers, due to 

ineffectiveness regarding stress transfer between the fiber and matrix. On the 

other hand, it was found in a study by Khoathane et al. [10] that increasing 

the fiber amount in a hemp natural fiber composite results in an increase in 

tensile strength, flexural strength and E- modulus for the composite.       

In a study performed by Arab et al. [11], the stiffness of a short flax fiber 

reinforced PLA biopolymer was predicted using micromechanical modeling 

and a Mori-Tanaka mean field homogenization technique. The geometry- 

and orientation distribution of the fibers were taken into consideration in the 

homogenization. The homogenization results were than compared to 

experimental results in consideration to the fiber geometry distribution. It 

was found, that homogenization results are compatible with experimental 

results.  

2.3 Experimental testing 

A pre-study on the mechanical properties of DuraPulp [12] was used as a 

base for this study. Six specimens were cut in a dog-bone shape from an 
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original plate of activated DuraPulp and were subjected to uni-axial tension 

test using a MTS multi-purpose testing machine. As a result, a high non-

linear relation until maximum load was found (see Figure 2), followed by an 

abrupt loss of strength due to fracturing of the specimen. The obtained 

modulus of elasticity from the test is derived through a linear approximation 

of the stress-strain relationship, until approximately 25% of the maximum 

load (see Figure 2). The result in Table 1 shows that the stiffness, 

particularly considering the assumed purpose of the raw plate as a 

disposable plate, has high values compared to materials used for similar 

applications.  

Table 1: Result of the experimental pre-study for test specimens A to F [12] 

Specimen A B C D E F Mean 

E (N/mm
2
) 8467 8216 10017 9962 8599 8582 8974 

 

Figure 2: Stress-strain relationship in one of the tested specimens (taken 

from [12]) 

2.4 Micromechanical modeling 

Homogenization theory  

In this work, continuum micromechanical methods are used. This theory 

was developed for materials with heterogeneous-microstructures. In general, 

the microstructure of the material is too complex that it cannot be described 

in detail. Thus, quasi-homogeneous elements with known physical and 

mechanical properties such as volume fractions and stiffness, are depicted. 

These elements are so-called phases [13]. Thus, the material is considered to 

be filled with inhomogeneities, which build up a representative volume 



8 
Al-Darwash & Nuss 

element (RVE) with a characteristic length l. The characteristic length of the 

inhomogeneities is denoted as d. 

The mechanical properties of the overall macro-homogeneous material can 

be approached from the mechanical properties of the individual 

microstructural phases, their interactions, the volume fraction within the 

RVE and their characteristic shapes.  

The behavior of the homogenized material can be derived either from a 

number of Finite Element models or from matrix-inclusion problems derived 

from Eshelby’s solution, as it is done in this study.  

Separation of scales  

In continuum micromechanics, the representative volume element (RVE) 

and the equivalent homogeneous medium (EHM) are introduced. RVE and 

EHM need to be equivalent to each other from a mechanical point of view. 

This relation requires the length of the inhomogeneous particles and 

deformation mechanisms, denoted as d, to be much smaller than the length 

of the referred volume element, denoted as l. This makes the representative 

volume element of the material nondependent on its location within the 

body. Additionally, the length of the whole body, L, must be much larger 

than l. The same condition applies for 𝜆, which stands for the fluctuation 

length of the mechanical loading. Thus, the RVE must fulfill the following 

conditions:  

 d0≪d≪l≪L, (6) 

or  

 d0≪d≪ l ≪ 𝜆. (7) 

Continuum mechanical methods are not valid under the bound length d0, 

which means that it is important to note that compatibility must exist 

between d and the basic concepts of continuum mechanics [14].  

Mori-Tanaka method 

The Mori-Tanaka method was originally developed to calculate the mean 

internal stress in a matrix for materials subjected to eigenstrains. The method 

was reformulated to be suitable for composite materials. The boundary 

conditions 𝒖(𝑆) = 𝜺𝟎𝒙 and 𝛔(𝑆) = 𝛔0𝒏 help to define the effective 

stiffness- and compliance tensors of the composite material. 𝒖(𝑆) and 𝝈(𝑆) 

are the displacements respective traction vectors. S is the composite’s outer 

surface and n denotes the outer normal of the surface. The constant strain 

and stress tensors are denoted 𝜺𝟎 and 𝛔0respectively [15]. 
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General calculation path for the compliance tensor   

The homogenized compliance tensor 𝔻hom is composed of the desired 

material properties Ei, vij and Gij and is calculated as the inverse of the 

homogenized stiffness tensor ℂhom tensor, see Equation (3).  ℂhom is defined 

as follows:  

 ℂhom = 𝑓𝑚 ∙ 𝕔𝑚: 𝔸𝑚 + ∑ 𝑓𝑖 ∙ 𝕔𝑖: 𝔸𝑖
0

𝑖 , (8) 

with 𝑓𝑚 as the volume fraction of the matrix, and 𝑓𝑖 the volume fraction of 

the inclusions; 𝕔𝑚 and 𝕔𝑖 as the stiffness tensors of the matrix and the 

inclusions, respectively, and 𝔸𝑚 and 𝔸𝑖
0 as the so-called concentration 

tensors of the matrix and inclusions embedded into the matrix, respectively. 

The latter describe the concentration relationship between a macroscopic 

strain and the corresponding microscopic strain within the matrix and the 

inclusions. 
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3. Material and Method   

3.1 Micromechanical modeling of DuraPulp 

The heterogeneous microstructure of DuraPulp consists of pulp fibers and 

polylactic acid (PLA). The basic idea of micromechanics of composites is to 

predict their mechanical properties based on mechanical properties of the 

constituents. Thus, a characterization of pulp fibers and PLA is expected to allow 

for a prediction of DuraPulp properties. In Figure 3, the fibers and the PLA build 

up the representative volume element, with characteristic lengths of d = 2.2 mm 

and of l ≥ 10 mm.    

 

Figure 3: One-step homogenization of DuraPulp 

Mechanical properties of the fibers and the matrix have to be determined. In 

the following, the coordinate systems of the components and the composite 

are described. The wood fibers are assumed to have two weak directions (1 

and 2) and one strong direction (3). This results in a high stiffness in 

direction 3 and a lower stiffness in directions 1 and 2, see Figure 4a. 

DuraPulp itself has a higher stiffness in the in-plane directions 1 and 2, and a 

lower stiffness in the out-of-plane direction 3, see Figure 4b.  The latter is a 

result of the assumed distribution of fibers within the 1-2 plane. In the 

following a random distribution of fibers is assumed. 
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(A)                                                                                    (B)     

Figure 4: Coordinate axis for the fibers (A) and Coordinate axis for 

DuraPulp (B) 

As a consequence of the selected coordinate systems and the material 

orientations, G23 (=G31) is higher than G12, for the fibers while for DuraPulp, 

G12 is higher than G23 (=G31).  

The following equations describe the analytical steps to obtain the 

homogenized compliance tensor 𝔻hom for DuraPulp, which gives access to 

the sought elastic properties. 

In a first step, an infinitely large matrix, subjected to a uniform far-field 

strain 𝐄∞, is assumed. Thus, the strain in the matrix  𝜺𝑚 is equal to the far-

field strain 𝐄∞, reading as  

           𝜺𝑚 = 𝐄∞. (9) 

The average strains within an inclusion, i.e. within a fiber, are then derived 

as  

 𝜺𝑓 = [𝕀 + ℙ𝑓
𝑚: (𝕔𝑓 − 𝕔𝑚)]−1: 𝐄∞, (10) 

with 𝕀 as the fourth-order unity tensor, ℙ𝑓
𝑚 as the Hill tensor, 𝕔𝑓 the stiffness 

of the inhomogeneity (fiber), and with 𝕔𝑚 as the stiffness tensor of the 

matrix. The Hill tensor holds the information about the shape and the 

distribution of fibers embedded into the isotropic matrix material. In 

Appendix 1 equations for the Hill tensor for cylindrical inclusions embedded 

into an isotropic matrix are given. Since fibers are oriented in different 

spatial orientations within the 1-2 plane, Equation (10) is written for 

different orientations, i.e. with different Hill tensors. 

Hooke’s law in stiffness form for the inclusions (fibers) and for the matrix 

(PLA) can be written as follows  

 𝛔 = 𝕔: 𝜺 . (11) 

The components 𝛔, 𝕔 and 𝜺 in Equation (11) are expressed as follows in 

tensor form (Kelvin Mandel representation):  
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[
 
 
 
 
 
 

𝛔11

𝛔12

𝛔13

√2 ∙ 𝛔23

√2 ∙ 𝛔31

√2 ∙ 𝛔12]
 
 
 
 
 
 

=

[
 
 
 
 
 
𝕔1111 𝕔1122 𝕔1133 0 0 0
𝕔2211 𝕔2222 𝕔2233 0 0 0
𝕔3311 𝕔3322 𝕔3333 0 0 0

0 0 0 2 ∙ 𝕔2323 0 0
0 0 0 0 2 ∙ 𝕔3131 0
0 0 0 0 0 2 ∙ 𝕔1212]

 
 
 
 
 

:

[
 
 
 
 
 
 

𝜺11

𝜺12

𝜺13

√2 ∙ 𝜺23

√2 ∙ 𝜺31

√2 ∙ 𝜺12]
 
 
 
 
 
 

 .  (12) 

The relationship between the stiffness tensor 𝕔 and compliance tensor 𝔻 for 

each phase is the same as for the homogenized material DuraPulp, as shown 

in Equation (13).  

𝜺 = 𝔻:𝛔 → 𝕔 = 𝔻−1. (13) 

In a next step, the macroscopic strain 𝐄 is calculated as the volume 

average of microscopic strains (fibers and PLA)  

 

𝐄 = 𝑓𝑓 ∙  𝜺𝑓 + 𝑓𝑚 ∙  𝜺𝑚 . (14) 

This equations gives access to the far field strain 𝐄∞. Inserting 

Equations (9) and (10) in (14) yields  

 

 
𝐄 = 𝑓𝑓 ∙ [𝕀 + ℙ𝑓

𝑚: (𝕔𝑓 − 𝕔𝑚)]
−1

∙ 𝐄∞ + 𝑓𝑚 ∙ 𝐄∞. (15) 

𝐄∞ is solved from Equation (15) as 

 𝐄∞ = {𝑓𝑚 ∙ 𝕀 + 𝑓𝑓 ∙ [𝕀 + ℙ𝑓
𝑚: (𝕔𝑓 − 𝕔𝑚)]−1}

−1
: 𝐄 . (16) 

Consequently, the average strain within the fibers and within the matrix is 

given by inserting Equation (16) into Equations (9) and (10).  

𝜺𝑓 = [[𝕀 + ℙ𝑓
𝑚: (𝕔𝑓 − 𝕔𝑚)]−1: {𝑓𝑚 ∙ 𝕀 + 𝑓𝑓 ∙ [𝕀 + ℙ𝑓

𝑚: (𝕔𝑓 − 𝕔𝑚)]−1}
−1

] ∶ 𝐄 = 𝔸𝑓: 𝐄  (17) 

𝜺𝑚 = [{𝑓𝑚 ∙ 𝕀 + 𝑓𝑓 ∙ [𝕀 + ℙ𝑓
𝑚: (𝕔𝑓 − 𝕔𝑚)]−1}

−1
] ∶ 𝐄 = 𝔸𝑚: 𝐄  (18) 

𝔸i
0 are the concentration tensors, that describe the relationship between 

the macroscopic loading E and the average strain within a phase i. 

Equations (14-18) have been formulated for a two phase composite. The 

random orientation of fibers in DuraPulp is considered by a discrete 

number of orientations within the 1-2 plane, which is expressed by 

means of a sum of inclusions. Thus, the concentration tors for each fiber 

inclusions embedded into the matrix material can be written as  

 

𝔸i
0 = [𝕀 + ℙf

m: (𝕔f − 𝕔m)]−1: {fm ∙ 𝕀 + ∑fi
i

∙ [𝕀 + ℙf
m: (𝕔f − 𝕔m)]−1}

−1

. (19) 
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Inserting the concentration relationships in Equations (17-18) into the 

constitutive relationship in Equation (11), yields the sought 

homogenized stiffness tensor ℂhom , 

 

 ℂhom = fm ∙ 𝕔m: 𝔸m + ∑fi ∙ 𝕔i: 𝔸i
0

i

 , (20) 

where the sum over inclusions i represents the different orientations of fibers 

as related to the random distribution. 

The stiffness tensor ℂhom is dependent on 𝑓𝑖, 𝕔𝑖 and 𝐴𝑖
0 of each inclusion i. 

Thus, the computational procedure outlined above gives access to the 

dependence of the composite material on its microstructural and 

micromechanical properties. 

The homogenized elastic properties are finally calculated from the 

compliance tensor.  

 𝔻hom = ℂhom−1
. (21) 

 

𝔻hom =

[
 
 
 
 
 
 
 
 
 
 
 
 
 
 

1

𝐸1
ℎ𝑜𝑚 −

𝜐12
ℎ𝑜𝑚

𝐸2
ℎ𝑜𝑚 −

𝜐13
ℎ𝑜𝑚

𝐸3
ℎ𝑜𝑚 0 0 0

−
𝜐21

ℎ𝑜𝑚

𝐸1
ℎ𝑜𝑚

1

𝐸2
ℎ𝑜𝑚 −

𝜐23
ℎ𝑜𝑚

𝐸3
ℎ𝑜𝑚 0 0 0

−
𝜐31

ℎ𝑜𝑚

𝐸1
ℎ𝑜𝑚 −

𝜐32
ℎ𝑜𝑚

𝐸2
ℎ𝑜𝑚

1

𝐸3
ℎ𝑜𝑚 0 0 0

0 0 0
1

2 ∙ 𝐺23
ℎ𝑜𝑚 0 0

0 0 0 0
1

2 ∙ 𝐺31
ℎ𝑜𝑚 0

0 0 0 0 0
1

2 ∙ 𝐺12
ℎ𝑜𝑚]

 
 
 
 
 
 
 
 
 
 
 
 
 
 

, (22) 

with the homogenized elastic properties 𝐸𝑖
ℎ𝑜𝑚, 𝐺𝑖𝑗

ℎ𝑜𝑚 and 𝜐𝑖𝑗
ℎ𝑜𝑚, respectively.  

3.2 Input properties  

The properties of DuraPulp are calculated analytically by using the software 

Matlab. Because DuraPulp is a two-phase material, the input values are 

subdivided into PLA and fiber data. The required input values for the 

calculations are the E-moduli, shear moduli, Poisson’s ratios and the volume 

fraction of PLA and pulp fibers in relation to the total volume of the 

composite.  
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3.2.1 Polylactic acid PLA (matrix material, m) 

Eco-efficient, biodegradable and sustainable plastics need synthetic 

biopolymers based on annually renewable resources. Polylactic acid (PLA) 

is derived from starch or sugars and can be processed on standard converting 

equipment to convert it e.g. to molded parts. It is biodegradable in the 

natural environment compost and can be used as a safe, non-toxic plastic for 

disposable consumer products like food packaging [16].  

The life-cycle of PLA starts with corn or other suitable plants. Therefrom 

starch is extracted which becomes a monomer through fermentation. By 

polymerization, the material then becomes a natural polymer which can be 

formed through thermoforming and molding to final products like food 

packaging. PLA can also be produced in form of a granular material, which 

can be used as a matrix material in eco- composites such as DuraPulp. After 

being used, PLA products can be recycled in bio-waste composting facilities 

[17]. 

The input values for E-moduli, shear moduli G and Poisson’s ratios v can be 

found in scientific publications as well as in reports about PLA (shown in 

Table 2). PLA is assumed to be an isotropic material. From the E-modulus 

and the Poisson’s ratio, the shear modulus is obtained by the isotropic 

relation in Equation (23).   

 
𝐺𝑚 =

𝐸𝑚

2(1 + 𝜈𝑚)
 . (23) 

Table 2: Properties of the matrix- material PLA 

Description Values Source 

E-modulus Em 3.5 [GPa] [18] [19] [20] [21] 

Shear modulus Gm 1.29 [GPa] [18] [19] 

Poisson´s ratio νm 0.36 [-] [18] [19] 

3.2.2 Softwood kraft pulp fiber (inclusions, f) 

According to Södra, the fiber material in DuraPulp is a selected cellulose 

kraft pulp [3] made of softwood.  

The pulping process reduces plant materials like wood to a fibrous mass in 

which the fibers are separated from the lignocellulose. By mechanical and 

chemical treatments the cellulosic fibers are separated from each other. 

Through mechanical pulping in grinders or refiners wood becomes pulp. As 

lignin or other unwanted wood components are not removed from the single 
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fibers by these processes, a mild chemical treatment must be carried out 

thereafter to achieve the desired properties [22].  

The characteristic mechanical properties of softwood fibers are close to 

those of glass-fibers used in early electronic applications. A disadvantage is 

that the range of their characteristic values is much higher than those of 

man-made material such as glass-fibers. Cellulose fibers can achieve an E-

modulus in longitudinal direction of up to 40 GPa [23].  The wood-pulp 

fibers are usually about 1 to 3 mm long and are therefore very hard to be 

tested with conventional methods [24].  

The fibers used in DuraPulp are mostly short, strong and thin-walled spruce 

fibers with an average length of 2.2 mm [3].  

In the literature at hand, only the E-modulus in fiber direction Ef3 can be 

found. For the study, a value of 35 GPa for Ef3 was chosen, while the E-

moduli perpendicular to the fiber direction, Ef1 and Ef2, were assumed to be 

2 GPa. The Poisson’s ratios in fiber direction are based on those of cellulose 

[25], with assumed perpendicular ratios twice as high. Hence, fibers are 

assumed to exhibit transversal isotropic material behavior. As the 

coordinates perpendicular to the fiber direction 1 and 2 show isotropic 

behavior to each other, the shear modulus of the weak fiber direction can be 

derived using the isotropic relation:  

 
𝐺𝑓12 =

𝐸𝑓1

2(1 + 𝜈𝑓12)
 . (24) 

The shear moduli with connection to the strong fiber direction Gf23 and Gf31 

are assumed to be 1.5 times higher than Gf12. The properties of the softwood 

fibers used in the analytical study are summarized in Table 3. 

Table 3: Properties of the fiber 

Description Values Source 

E-modulus Ef1, Ef2 2 [GPa]  

E-modulus Ef3 35 [GPa] [23] 

Shear modulus Gf12 0.83 [GPa]  

Shear modulus Gf23, Gf31 1.25 [GPa]  

Poisson’s ratio νf12 0.4 [-]  

Poisson’s ratio νf13, νf23 0.2 [-] [25] 
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3.2.3 Reference configuration for DuraPulp 

The composite DuraPulp is a mixture of the fibers and the matrix material 

PLA. According to Södra, the conventional volume fraction of DuraPulp is 

30% PLA and 70% fibers, therefore fm = 0.3 [3].  

As the reference configuration for DuraPulp in the analysis, the values from 

Table 2 and Table 3, together with the conventional volume fraction, are 

used. Furthermore, it is assumed that all fibers are homogeneously 

distributed within the 1-2 plane, meaning that the model is disregarding that 

some fibers can also be oriented out-of-plane. In the micromechanical model 

this distribution is considered by means of a sum of discrete inclusions, 

embedded in different orientations within the 1-2 plane in the composite. 

This is described by Equation (20). 
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4. Results 

The micromechanical model as developed in this thesis is a tool to access 

the elastic mechanical properties of DuraPulp, without the need of 

conducting laboratory experiments on the composite. Instead, a 

mathematical model for the relationship between micromechanical and 

microstructural properties of the components, namely the fibers and the 

matrix, and the composite is used. In the following, results obtained by this 

method are presented. 

4.1 Properties of the reference configuration 

The compliance tensor after the homogenization process of the fibers with 

PLA reads as 

 

𝔻hom =

[
 
 
 
 
 
0.1079 −0.026 −0.0167 0 0 0
−0.026   0.1079 −0.0167 0 0 0
−0.034 −0.034 0.3408 0 0 0

0 0 0 0.5105 0 0
0 0 0 0 0.5105 0
0 0 0 0 0 0.1339]

 
 
 
 
 

  [
1

𝐺𝑃𝑎
] . (25) 

The homogenized compliance tensor (25) shows an absence of symmetry 

due to the method used in this study. Previous research showed, that the 

stiffness- and compliance tensor, obtained by the Mori-Tanaka method is 

non-symmetric for composites with several different types of inclusions 

[26].  

𝔻sym
hom (26) is the symmetrical compliance tensor for DuraPulp, obtained by 

taking the averages from the off-diagonal values in (25). Therefrom the 

values of the different elastic properties of DuraPulp can be obtained, see 

Equation (22). The results are shown in Table 4.  

 

𝔻sym
hom =

[
 
 
 
 
 
0.1079 −0.026 −0.025 0 0 0
−0.026   0.1079 −0.025 0 0 0
−0.025 −0.025 0.3408 0 0 0

0 0 0 0.5105 0 0
0 0 0 0 0.5105 0
0 0 0 0 0 0.1339]

 
 
 
 
 

  [
1

𝐺𝑃𝑎
]  (26) 
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Table 4: Homogenized properties of DuraPulp (reference configuration) 

E-moduli 𝑬𝟏
𝒉𝒐𝒎 = 𝑬𝟐

𝒉𝒐𝒎 𝑬𝟑
𝒉𝒐𝒎 

 
9.26 GPa 2.93 GPa 

Shear moduli 𝑮𝟏𝟐
𝒉𝒐𝒎 𝑮𝟐𝟑

𝒉𝒐𝒎 = 𝑮𝟑𝟏
𝒉𝒐𝒎 

 
3.73 GPa 0.98 GPa 

Poisson's ratios 𝝂𝟏𝟐
𝒉𝒐𝒎 𝝂𝟏𝟑

𝒉𝒐𝒎 = 𝝂𝟐𝟑
𝒉𝒐𝒎 

 
0.24 0.07 

4.2 Parameter study 

Due to a limited set of validated input data and in order to study the 

sensibility of the composite properties on the input data, a parameter study is 

conducted. Thus, the properties of the homogenized DuraPulp 𝐸𝑖
ℎ𝑜𝑚, 𝐺𝑖𝑗

ℎ𝑜𝑚 

and 𝜈𝑖𝑗
ℎ𝑜𝑚 are studied in relation to the amount of PLA as well as in relation 

to mechanical properties of the fibers and the matrix material. Table 5 gives 

an overview on the varied parameters and their respective range of variation.  

The parameter study shows how strong (or weak) the influence of each input 

property is on the elastic properties of DuraPulp. Hereby it can be 

determined where future research should focus on. 

For each input property, three graphs show how the E-moduli, the shear 

moduli and the Poisson’s ratios of DuraPulp react to its change. In each 

graph a red vertical line refers to the reference configuration (see Table 4).  

Table 5: Input parameters for the parametric study 

 Parameter Unit Range  

Volume 

fraction 

fm % 0-100 Volume fraction of PLA 

Matrix material Em (GPa) 2-5 E-Modulus of the matrix 

material 

Matrix material νm - 0.2-0.5 Poisson’s ratio  

Fibers Ef1 = Ef2 (GPa) 0-4 E-Modulus in cross direction 

Fibers Ef3 (GPa) 20-50 E-Modulus in longitudinal 

direction 

Fibers νf12 - 0-0.5 Poisson’s ratio in plane 1-2 

Fibers νf23= νf13 - 0-0.5 Poisson’s ratio in plane 2-3 and 

1-3 

Fibers Gf12 (GPa) 0-4 Shear modulus in plane 1-2 
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4.2.1 Change in the volume fraction of the matrix fm 

  

(A) E-moduli   (B) Shear moduli  

 

             (C)  Poisson’s ratios            

Figure 5 A-C: Homogenized properties in dependence of the volume 

fraction of PLA 

The study of the change in the volume fraction of the matrix fm shows how 

the values of 𝐸𝑖
ℎ𝑜𝑚, 𝐺𝑖𝑗

ℎ𝑜𝑚 and 𝜈𝑖𝑗
ℎ𝑜𝑚 change with different contents of PLA 

in the composite, see Figure 5. The red vertical line displays the original 

input value, here at a volume fraction with a share of 30% PLA.  

Figure 5A shows that the in-plane E-moduli (𝐸1
ℎ𝑜𝑚 and 𝐸2

ℎ𝑜𝑚) are 

decreasing steadily with a growing PLA content. With the conventional 

share of 30% PLA and 70% fibers this E-moduli are 9.26 GPa. At a PLA 

content of 100%, all E-moduli are 3.5 GPa, which represents pure PLA. 

Likewise, Figure 5B shows that the in-plane shear modulus 𝐺12
ℎ𝑜𝑚 is also 

decreasing, with a value of about 3 GPa at a PLA content of 30%.  

While the E-Moduli and the shear modulus in-plane are decreasing with an 

increasing PLA content, Figure 5C shows increasing Poisson’s ratios in- as 

well as out-of-plane. At a PLA share of 30% 𝜈12
ℎ𝑜𝑚 reaches a value of 0.24.  

All out-of-plane properties increase over an increasing content of PLA, 

however with lower values than pure PLA.  
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4.2.2 Change of the E-Modulus of the matrix material Em  

 

(A) E-moduli   (B) Shear moduli  

 

             (C)  Poisson’s ratios            

Figure 6 A-C: Homogenized properties in dependence of the matrix E-

modulus Em 

Increasing the E-Modulus of the matrix material PLA Em leads to slightly 

decreasing in-plane E-Moduli in the composite, shown in Figure 6A. At an Em of 

3.5 GPa, 𝐸1
ℎ𝑜𝑚 and 𝐸2

ℎ𝑜𝑚 become about 9.26 GPa, which is the reference result 

value (see Table 4).  

The shear modulus 𝐺12
ℎ𝑜𝑚 decreases slightly, too. At an Em of 3.5 GPa, 𝐺12

ℎ𝑜𝑚 

reaches its reference value of 3.73 GPa, shown in Figure 6B.  

The Poisson’s ratio in-plane in Figure 6C shows a very small decrease over an 

increasing Em. When Em reaches 3.5 GPa, 𝜈12
ℎ𝑜𝑚 has a value of 0.24.  

Figures 6A-C show that an increasing Em causes the out-of-plane E-modulus, the 

shear moduli as well as Poisson’s ratios to increase at a low rate, however always 

having lower values than the ones in-plane.  
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4.2.3 Change of the Poisson’s ratio of the matrix material νm  

   

(A) E-moduli   (B) Shear moduli  

 

             (C)  Poisson’s ratio            

Figure 7 A-C: Homogenized properties in dependence of the Poisson’s ratio 

νm of the matrix material 

Figures 7A-C show that a change of νm has only a rather small influence on 

the homogenized material properties. Thus, the in-plane E-moduli 𝐸1
ℎ𝑜𝑚 and 

𝐸2
ℎ𝑜𝑚 in Figure 7A stay almost at a value of 9.26 GPa of the reference 

configuration while the out-of-plane E-modulus increases slightly, but stays 

more than 5 GPa below the in-plane E-moduli.  

The Poisson’s ratio νm has no significant influence on the homogenized 

shear moduli in Figure 7B. In-plane, 𝐺12
ℎ𝑜𝑚 is almost constant at about 

3.7 GPa, while the out-of-plane shear moduli stay at about 1 GPa.  

Figure 7C shows that the homogenized Poisson’s ratios in-plane and out-of-

plane decrease over an increasing Poisson’s ratio of PLA. However, the 

influence on the in-plane Poisson’s ratio is higher as on the ones out-of-

plane.  
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4.2.4 Change of the E-Modulus of the fibers in cross direction Ef1 = Ef2  

 

(A) E-moduli   (B) Shear moduli  

 

             (C)  Poisson’s ratios            

Figure 8 A-C: Homogenized properties in dependence of the fiber E-

modulus in cross direction Ef1  

The change of the cross-direction E-moduli Ef1 = Ef2 have following 

influences on the other properties: 

The E-Moduli in-plane, 𝐸1
ℎ𝑜𝑚 and 𝐸2

ℎ𝑜𝑚, in Figure 8A show increasing 

values with an increasing Ef1. Between an Ef1 of 2 GPa and 4 GPa, the E-

Moduli of the composite in-plane rise by about 3 GPa.  

Similarly, the shear modulus in-plane increases over a growing Ef1, shown in 

Figure 8B. At an Ef1 of 2 GPa, the 𝐺12
ℎ𝑜𝑚 is 3.73 GPa and at a Ef1 of 4 GPa it 

has a value of about 4.7 GPa.  

The out-of-plane homogenized E-modulus and the shear moduli increase 

over an increasing Ef1. 

Figure 8C shows that the in-plane Poisson’s ratio 𝜈12
ℎ𝑜𝑚 is almost constant at 

0.24 over an increasing Ef1. On the other hand, the out-of-plane Poisson’s 

ratios increase from 0 to more than 0.1.  
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4.2.5 Change of the E-Modulus of the fibers in longitudinal direction Ef3  

   

(A) E-moduli   (B) Shear moduli  

  

             (C)  Poisson’s ratio            

Figure 9 A-C: Homogenized properties in dependence of the fiber E-

modulus in longitudinal direction Ef3  

As seen in Figure 9A, the E-Moduli 𝐸1
ℎ𝑜𝑚 and 𝐸2

ℎ𝑜𝑚 of the composite 

increase linearly over an increasing Ef3. Between values for Ef3 of 35 GPa 

and 40 GPa it rises from 9.26 GPa to over 10 GPa.  

Figure 9B shows that the in-plane shear modulus 𝐺12
ℎ𝑜𝑚

 also increases 

linearly over a growing Ef3. From 35 GPa to 40 GPa it shows an increase of 

about 0.4 GPa, from 3.7 GPa to 4.1 GPa.  

The Poisson’s ratio 𝜈12
ℎ𝑜𝑚 in Figure 9C stays almost constant over Ef3.  

For 𝐸3
ℎ𝑜𝑚, 𝐺31

ℎ𝑜𝑚 and 𝐺23
ℎ𝑜𝑚, which are the out-of-plane properties, an 

increasing Ef3 does barely change their values. On the other hand, the 

Poisson’s ratios out-of-plane 𝜈13
ℎ𝑜𝑚 = 𝜈23

ℎ𝑜𝑚 decrease over an increasing Ef3.   



24 
Al-Darwash & Nuss 

4.2.6 Change of the fiber Poisson’s ratio νf12 

   

(A) E-moduli   (B) Shear moduli  

  

             (C)  Poisson’s ratios            

Figure 10 A-C: Homogenized properties in dependence of the fiber 

Poisson’s ratio νf12 

Figure 10A shows that in a range of 0 to 0.5 for νf12 the E-Moduli in-plane 

𝐸1
ℎ𝑜𝑚 and 𝐸2

ℎ𝑜𝑚 decrease slowly with values between 9.9 GPa and 9 GPa. 

Likewise, the shear modulus 𝐺12
ℎ𝑜𝑚 in Figure 10B decreases slightly from 

about 4 GPa to 3.6 GPa in the shown range. 

While the in-plane E-moduli are decreasing, the out-of-plane E-modulus is 

slightly increasing. The out-of-plane shear moduli decrease similar to the 

one in-plane.  

The in-plane Poisson’s ratio in Figure 10C decreases slightly from about 

0.26 to 0.25. The out-of-plane Poisson’s ratios 𝜈13
ℎ𝑜𝑚 = 𝜈23

ℎ𝑜𝑚, on the other 

hand, increase from 0.09 to 0.1 in the displayed range.  
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4.2.7 Change of the fiber Poisson’s ratio νf23= νf13 

   

(A) E-moduli   (B) Shear moduli  

  

             (C)  Poisson’s ratios            

Figure 11 A-C: Homogenized properties in dependence of the fiber 

Poisson’s ratio νf23 

The E-Moduli in-plane of the composite 𝐸1
ℎ𝑜𝑚 and 𝐸2

ℎ𝑜𝑚 in Figure 11A stay 

almost constant over an increasing νf23, as well as the Poisson’s ratio 𝜈12
ℎ𝑜𝑚 in 

Figure 11C.  

The homogenized shear modulus 𝐺12
ℎ𝑜𝑚 in Figure 11B, on the other hand, 

decreases slightly over an increasing νf23.  

Regarding the out-of-plane properties, the E-modulus decreases slowly, 

while the shear moduli stay constant at about 1 GPa over an increasing νf23. 

The homogenized out-of-plane Poisson’s ratios 𝜈13
ℎ𝑜𝑚 = 𝜈23

ℎ𝑜𝑚 stay constant 

at about 0.1.  
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4.2.8 Change of the shear modulus of the fibers in cross direction Gf12  

   

(A) E-moduli   (B) Shear moduli  

  

             (C)  Poisson’s ratios            

Figure 12 A-C: Homogenized properties in dependence of the fiber shear 

modulus Gf12 

Figures 12A-C show that the shear modulus Gf12  across fiber direction 

neither has influence on the homogenized E-moduli, nor on the 

homogenized Poisson’s ratios.  

Figure 12A shows that the E-moduli in-plane are constant at 9.26 GPa, the 

one out-of-plane constant at 2.93 GPa.  

Likewise, the in-plane shear modulus of the composite 𝐺12
ℎ𝑜𝑚 in Figure 12B 

does not alter its values and stays constant at 3.73 GPa. Gf12 has only 

influence on the out-of-plane shear moduli. They increase over an increasing 

Gf12, but with lower values as the in-plane shear modulus.  

The in-plane homogenized Poisson’s ratio 𝜈12
ℎ𝑜𝑚 is constant at 0.24 and the 

ones out-of-plane at 0.07, as shown in Figure 12C. 
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5. Analysis  

The comparable parameter in this chapter is the in-plane E-modulus of 

DuraPulp, 𝐸𝑒𝑥𝑝, as it has been investigated by tension tests in the laboratory 

[12]. The mean value for the E-modulus obtained from the test (meanexp) is 

8.974 GPa with a minimum value (minexp) of 8.22 GPa and a maximum 

value (maxexp) of 10.02 GPa (see Table 6). These values are used as a 

reference and compared with results of the analytical study.  

Table 6: Results of the experimental study [12] 

𝑬𝒆𝒙𝒑 [GPa] minexp maxexp meanexp 

  8.22 10.02 8.97 

In the analytical parameter study, eight different parameters were changed to 

observe the behavior of the homogenized composite properties. With the 

reference configuration (see Chapter 3.2), the result of the E-moduli of 

DuraPulp in the plane 𝐸1
ℎ𝑜𝑚 = 𝐸2

ℎ𝑜𝑚 are 9.26 GPa. The minimum and 

maximum values for these E-moduli were obtained by studying the variation 

of ±20% of the original input values of Ei, Gij and νij.  

Table 7 shows, how much the single input properties change the value of 

𝐸1
ℎ𝑜𝑚 = 𝐸2

ℎ𝑜𝑚, when changing the input values by -20% (minhom) and +20% 

(maxhom). Then, the deviation from the reference value (refhom) shows, which 

input value has the highest influence.  

Table 7: Results of the analytical study 

  𝑬𝟏
𝒉𝒐𝒎 = 𝑬𝟐

𝒉𝒐𝒎 [GPa]  

 Parameter minhom maxhom  refhom Change 

Volume fraction fm 8.6 9.8 9.26 ±6% 

Matrix material Em 9.4 9.1 9.26 ±2% 
Matrix material νm 9.26 9.26 9.26 ±0% 

Fibers Ef1 = Ef2 8.5 9.75 9.26 ±7% 
Fibers Ef3 7.75 10.5 9.26 ±15% 
Fibers νf12 9.2 9.3 9.26 ±0.5% 
Fibers νf23 = νf13 9.26 9.26 9.26 ±0% 
Fibers Gf12 9.26 9.26 9.26 ±0% 

Making a change of about ±15%, the E-modulus in fiber direction, Ef3, is the 

most decisive property for estimating minimum and maximum values of the 

composite. The minimum value is 7.75 GPa and the maximum value is 

10.5 GPa for the homogenized E-moduli in-plane of the analytical study. 

These values are further used for the comparison of experimental and 

analytical tests of DuraPulp in Figure 13.  
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From the parameter study, high changes can be found for varying the 

different E-moduli of the fibers in all directions as well as for changing 

volume fraction of PLA in DuraPulp. After Ef3, the cross-fiber E-moduli 

Ef1 = Ef2 make the second highest change with ±7% of 𝐸1
ℎ𝑜𝑚 = 𝐸2

ℎ𝑜𝑚. That 

means that it is more important to know the value of the fiber E-modulus, 

which is acting in the fiber direction, than the values acting perpendicular to 

it. Fortunately, a value for Ef3 can be found easier in reliable sources than the 

other ones.  

 

Figure 13: Experimental results compared with analytical results 

The third highest change with ±6% of 𝐸1
ℎ𝑜𝑚 = 𝐸2

ℎ𝑜𝑚 is found by studying the 

variation of the volume fraction fm. Increasing the content of fibers in 

DuraPulp will therefore give higher stiffness of the material. Thus, this study 

comes to the same result as Khoathane et al. [10]. As PLA is the most 

expensive component in DuraPulp, a lower amount of it could make 

DuraPulp-products less expensive. For instance, with a volume fraction of 

15% PLA and 85% fibers, the E-moduli in-plane of DuraPulp will increase 

by about 1 GPa to around 10.3 GPa.  

Changing the E-modulus of PLA Em by ±20% from its input value has an 

effect of ±2% on the in-plane E-moduli of DuraPulp 𝐸1
ℎ𝑜𝑚 = 𝐸2

ℎ𝑜𝑚.  

The homogenized shear modulus in-plane, 𝐺12
ℎ𝑜𝑚, increases, decreases or 

stays constant together with the homogenized in-plane E-moduli 𝐸1
ℎ𝑜𝑚 =

𝐸2
ℎ𝑜𝑚. The out-of-plane shear moduli 𝐺31

ℎ𝑜𝑚 and 𝐺23
ℎ𝑜𝑚 show a relatively 

independent behavior and lower values than the in-plane ones. 

A change of Poisson’s ratios on the input side has only very low impacts on 

the E- and shear moduli and on the Poisson’s ratios of DuraPulp. 
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Nevertheless, the Poisson’s ratio of PLA νm has influence on the out-of-

plane E-modulus of DuraPulp as well as on the in-plane Poisson’s ratios. For 

the in-plane E-moduli, νf12 is the only notably changing Poisson’s ratio. Its 

change of ±20% results in variations of the homogenized E-moduli in-plane 

of about ±0.5%.  

Figure 13 shows how close the mean value of the laboratory tests and the 

result from the analysis lie together. It can be seen that the deviation is small 

and that both values lie between the minimum and maximum values of each 

other. This shows that the homogenized values of the analysis with 

microstructural and micromechanical input properties are very close to the 

experimental observations. Also, minimum and maximum values 

determined by changing input data of the model by ±20% are very close to 

the variation determined by experimental testing. Thus, the experimental 

variation could, e.g. be explained by a corresponding variation of the 

longitudinal fiber modulus.  
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6. Conclusions and perspectives 

The results obtained through the analysis are consistent with the outcomes 

from an experimental test campaign [12]. The E-moduli of DuraPulp, as 

shown in the analytical study, barely differ from the E-moduli of activated 

DuraPulp in the experimental study in the laboratory. The calculated E-

moduli of DuraPulp in-plane are 9.26 GPa, whereas the mean value of the 

experimental E-modulus is 8.97 GPa. The result also shows that there is 

potential to increase the stiffness of DuraPulp by decreasing the amount of 

PLA in DuraPulp.  

Furthermore, the analytical study shows that homogenized in-plane 

parameters (E1, E2, G12 and v12) are higher than the respective out-of-plane 

parameters. Hence, activated DuraPulp behaves much weaker in the out-of-

plane direction. 

To validate the analytical model of this study it is furthermore important to 

perform a more extended laboratory experiment with activated DuraPulp, as 

the tests made before just included six specimens. Moreover, additional 

research on the mechanical properties of the fibers used in DuraPulp will 

help to increase the reliability of the model and the accordance between the 

analytical model and experiments.  

Further studies could also include a review on manufacturing methods and 

processes in order to demonstrate economically optimized applications for 

DuraPulp.  
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Appendixes 

APPENDIX 1: The Hill tensor   

Calculation of Hill tensor components for cylindrical inclusions of fibers 

embedded into an isotropic matrix material. 

 𝑃cyl,1111
PLA = 𝑃cyl,2222

PLA = 1/8(5𝑐PLA,1111 − 3𝑐PLA,1122)/𝑐PLA,1111/𝒟,  (27) 

 𝑃cyl,1122
PLA = 𝑃cyl,2211

PLA = −1/8(𝑐PLA,1111 + 𝑐PLA,1122)/𝑐PLA,1111/𝒟, (28) 

 𝑃cyl,2323
PLA = 𝑃cyl,1313

PLA = 1/(8𝑐PLA,2323), (29) 

 𝑃cyl,1212
PLA = 1/8(3𝑐PLA,1111 − 𝑐PLA,1122)/𝑐PLA,1111/𝒟, (30) 

whereby 

 𝒟 = 𝑐PLA,1111 − 𝑐PLA,1122, (31) 

 𝑐PLA,2323 = 1/2(𝑐PLA,1111 − 𝑐PLA,1122), (32) 

The four numbers in the scalar 𝑃cyl,1111
PLA  give the location of the scalar within 

the Hill tensor. 𝑐PLA,𝑖𝑖𝑗𝑗 are the components of the stiffness tensor of the 

isotropic matrix material. 
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