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Abstract 

Some mechanical properties of DuraPulp, a bio-based, bio-degradable composite 

made from polylactic acid (PLA) and pulp fibers, were determined. Focus was put on 

the conditions during productions whereby three different press times were studied. 

Additionally, two different material compositions (PLA to fiber ratios) were used. 

Uniaxial tensile tests with two different load rates, one and 50 mm/min, were 

performed. An increase in maximum strength and E-modulus of DuraPulp was 

observed by increasing the press time, while PLA content decreased the maximum 

strength and E modulus. 

Key words: DuraPulp, polylactic acid (PLA), press time, load rate, mechanical 

properties, E-modulus, maximum strength. 
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1 Introduction 

Wood-plastic composites (WPC) are artificial materials based on wood 

fibers [1]. The fibers are combined with thermoplastic adhesive materials, 

which melt at temperature below 200∘C [2]. The ability of using a recycled 

thermoplastic material results in considering WPCs as environmentally 

friendly materials. In addition, using fillers will increase the stiffness of the 

WPC, which leads to lower production costs [1]. 

During recent years, using WPCs in industries such as the automotive and 

the construction industry has become popular. WPCs are more durable in 

comparison of wood materials. Comparing the life cost of corrival materials 

and environmental regulation reveals the feasibility of using WPCs [3]. 

DuraPulp is a composite material made mainly from specific pulp fibers and 

polylactic acid (PLA), a bio-based adhesive. The components of DuraPulp 

are come from sustainable raw materials. 

1.1 Background 

The tensile strength and modulus of sheet pilings made from WPC has been 

studied by tensile coupon tests [3]. The focus of this study was on the 

viability of using a new WPC material in the construction industry. In order 

to have better perception about the behavior of WPC the test results were 

compared with a commercial material (vinyl sheets). 

A micro-mechanical model was implemented to study and determine 

mechanical properties of DuraPulp [4]. Since it was impossible to find out 

all the properties of pulp fibers from background literatures, parameters such 

as Poisson’s ratios were assumed in decent intervals. 

The time-temperature effect is another field of research since these 

parameters are highly influencing the modulus of elasticity and modulus of 

rupture [5]. Polyvinyl chloride materials (PVC) were used as reference 

material in quasi-static and creep tests. The results showed that modulus of 

elasticity and modulus of rupture decrease with increasing temperature. 

1.2 Aim and Purpose 

The aim of this study is characterizing the mechanical properties of 

DuraPulp such as elastic behavior and failure load. 

The purpose of this study is helping the construction industry to use 

DuraPulp more in different structural applications. 
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1.3 Hypothesis and Limitations 

The main limitation in this research is using only a small number of 

specimens. This might cause some errors in the result and also inquires more 

attention to get correct results during experiments. The material is 

considered as isotropic in the loading plane which might be a 

oversimplification.  

1.4 Reliability, validity and objectivity 

There are many different standards defining the test procedure to 

characterize the mechanical properties of WPCs. Different studies have been 

done according to different standards [3], see Table 1. 

 

Table 1 Different studies according to different standards [3]. 

Researcher Year Standard Strain rate 

Dura 2005 ASTM 2003c 5% 

Dura 2005 ASTM 2002c 1% 

Slaughter 2004 ASTM 2002b - 

 

In order to have reliable empirical data, two different sets of tests with 

different strain rates have been done. The temperature and moisture content 

are controlled since both are decisive parameters on the behavior of WPCs 

[5], see Table 2. The total number of specimen is equal to 48. 

 

Table 2 Test conditions.  

Material Södra DuraPulp 

Variable PLA content, press time 

Strain rate 1/50 mm/min 

Repetition 4 specimens for each variation 
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2 Literature Review 

Usage of natural fibers in composite materials has widely increased in the 

last decade. Previous research has shown that composites with synthetic 

fibers have better mechanical properties than composites with natural fibers. 

However synthetic fibers have a longer decomposing time, hence natural 

fiber composites become more popular in different industries [6]. The 

uniaxial tensile test and three-point flexural test were applied on the coir 

composite. Coir fibers are lignocellulose processed from coconut shelter. 

The mechanical properties of coir composite are compared with a glass 

fiber-reinforced plastic (GFRP) [6], see Table 3. 

 

Table 3 Comparison of a coir-based composite and a GFRP (values in MPa). [6]. 

Composite type Tensile strength Flexural strength Impact strength 

Coir 17.86 31.08 11.49 

GFRP 85.35 132.39 52.66 

 

Kinloch, et. al [7] studied the effect of moisture content on a composite 

made of two different fibers (hybrid fibers). This composite is produced by 

resin infusion under flexible process (RIFT). It was shown that fracture 

energy deteriorates by increasing the amount of moisture content.  The 

results show 75% increase in fracture energy for the composite with dried 

fibers comparing to a GFRP made from the same adhesive. The interaction 

between the fibers and the adhesive also plays an important role in 

determining the properties of a NFC. This interaction can be enhanced by a 

surface treatment with a sizing agent. Moreover, this process could protect 

the fibers from breaking and melting during the manufacturing process. 

There is a high tendency to use hybrid fiber since achieving the desired 

mechanical properties is easier compared to using only one type of fiber [8]. 

Retnam, et. al studied furthermore the mechanical properties of bamboo 

fibers together with glass fibers combined with polyester as an adhesive. The 

fiber orientations affect the mechanical properties of the composite, where 

specimens with a 45° fiber orientation show higher tensile and flexural 

strength. 

Mechanical properties of composites made by Kenaf fibers have been 

studied [9], see Table 4. 
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Table 4 Densities and some properties of kenaf fiber [9]. 

 

Density 

(g/cm3) 

Tensile strength 

(MPa) 

Tensile Modulus 

(GPa) 

Elongation 

(%) 

1.45 930 53 1.6 

1.4 284-800 21-60 1.6 

1.5 350-600 40 2.5-3.5 
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3 Theory 

3.1 Polymer 

A polymer is made of long chains of molecules with primary or secondary 

bonds within the chains. The long molecular pattern results in a high 

strength ratio per weight, toughness, and low manufacturing cost. Polymers 

are categorized by their structures in two main groups: thermoplastics 

(linear) or thermosets (cross-linked) [10]. 

Polymers can be used in different ways in the construction industry 

according to their properties. Among different types of polymers adhesives 

are drastically expensive [10]. Mechanical properties of composites highly 

depend on adhesives formulation and dosage. Therefore, the mechanical 

properties of adhesives require decent studies [10] and [11]. Polymers also 

can be utilized as fibers to improve the mechanical properties of WPCs [1]. 

The environmental issues and legislations have forced manufacturers to 

consider the life-cycle of their productions. Therefore, bio-based materials 

are subject of research [12], [13] and [14]. Polylactic acid (PLA) is one of 

the encouraging biodegradable materials with low greenhouse effects, low 

environmental contamination, and low cost of production. These features 

make PLA a favorable material in industry [12]. PLA can be made of 

renewable natural sources such as corn, so it can help farming industry as 

well. PLA production needs carbon dioxide and it saves remarkable amount 

of energies. The physical and mechanical properties of PLA can be adjusted 

[14]. This makes PLA a versatile polymer in industry. 

PLA is one of the most well-known thermoplastic polymers [12]. The 

physical and mechanical properties of PLA polymers depend on their 

molecular structures. For instance, PLA adhesive which contains more than 

93% L-lactic acid is semicrystalline, while PLA adhesives which consist of 

50 to 93% L-lactic acid, is amorphous [14]. It is also reported, that PLAs 

made by LL-lactides have less thermal stability, where PLA with 98% L-

lactide lost 50% of its elastic modulus and storage modulus at 80°C [14]. 

Low water absorption is reported for two different types of PLA made of 

98% and 94% of L-lactide. [14]. Even though the elongation of the PLA, 

consisting of 98% L-lactide at yield point is higher than the PLA made of 

94% of L-lactide, PLA with less amount of L-lactide is more plastic than 

PLA made by high portion of L-lactide by showing 7 time bigger amount of 

strain at breaking stress [14]. 
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Figure 1 Procedure of manufacturing PLA (taken from [14]). 

Many researches have been done recently on polylactide mixtures. Also the 

properties of blends of PLA with other biodegradable and renewable natural 

materials such as starch ( [14] and [13]). Better mechanical properties such 

as low density, high toughness, and high thermal resistant are reported [13]. 

3.1.1 Pulp fibers 

Having a low weight and an economically reasonable production price, apart 

from being environmentally friendly, natural fibers are more and more used 

instead of synthetic fibers such as aramid and carbon fibers [15]. 

Nevertheless, natural fibers have some drawbacks like short operating life 

and low strength capacity in comparison to synthetic fibers [15]. 

Pulping is one way of extruding fibrous components from wood. During 

pulping, cellulosic fibers are extracted out from lignocellulosic. There are 

three different pulping procedures mechanical, semi chemical, and chemical 

[16]. 

The substratum of the natural fibers is somehow similar to composite 

materials, since it consists of matrix and reinforcement. Soft lignin and 

hemicellulose are playing the mold role, and the hard cellulose represents 

the reinforcement [15]. Natural fibers’ chemical, physical, and mechanical 

properties depend on several factors like, origin, taking out method, the soil 

they sprout, and the treatment before usage [15]. 

https://www.facebook.com/mohamed.alshihabi


7 

Hosseini Moghadam, Alshihabi. 

Cellulose content plays an important role in the fiber’s stiffness whereby the 

stiffness increases with the increase of the cellulose content. Table 5 

illustrates the physical and mechanical properties of different types of 

natural fibers. The fiber length affects widely the failure mode of the 

thermoplastic materials as in a specific length the fibers tend to be pulled out 

from the matrix instead of breaking [15]. 

 

Table 5 Properties of some natural fibers [15]. 

 

Fiber Density Diamet

er 

Strength Tensile 

Modulus 

Elongation at 

Break 

Price 

 g/cm3 μm MPa GPa % US$
/kg 

   Natural fibers   

Cotton 1.5_1.6 _ 287_800 5.5_12.6 7_8 0.4 

Jute 1.3_1.4

5 

25_200 393_773 13_26.5 1.16_1.5 0.3 

Flax 1.5 _ 345_1100 27.6 2.7_3.2 0.26 

Hemp _ _ 690 _ 1.6 _ 

Ramie 1.5 _ 400_938 61.4_128 1.2_3.8 0.29 

Sisal 1.45 50_200 468_640 9.4_22 7_3 0.36 

   Synthetic fibers   

Glass E 2.5 _ 2000_3500 70 2.5 3.2 

Glass S 2.5 _ 4570 86 2.8 3.25 

Aramide 1.4 _ 3000_3150 63_67 3.3_3.7 _ 

Carbon 1.7 _ 4000 230_240 1.4_1.8 500 

3.2 Viscoelastic constitutive relations 

Utilization of linear viscoelasticity theory is one of the latest applied 

phenomenon, where the utilization of modern materials with non-elastic or 

viscose behavior such polymers is developed. Elasticity is defined as the 

storing mechanical energy capacity without any dissipation. The response of 

these materials to impulsive constant load is a sudden constant deformation 

whereas the “Newtonian viscous fluid” indicates the ability of energy 

dissipation. The response of these materials to impulsive constant load is 

steady shear stress by a flow process. However, viscoelastic materials such 

as polymers respond to impulsive constant load instantaneously 

accompanied by steady flow manner [17]. 

In order to have better perception of viscoelastic behavior [17] two different 

sudden loads are applied on a specimen. After exerting the first load, the 

material responds to the load with the respect of magnitude and time, 

meanwhile, the second load is applied. After exerting the second load, the 

specimen is experiencing time-dependent manner due to first load and 

instantaneous response whit respect to the second load. This type of 

behavior is called as memory effect, which means the response of the 
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material is not only related to the total stress level, but also to the stress level 

state before. 

3.2.1 Polymers mechanical properties 

Time dependent behavior of polymers is demonstrated due to their 

molecular structure. There are many different ways to study this type of 

behavior in polymers. One of those for instance is relaxation test, where a 

constant amount of strain is exerted and kept constant during the test. For 

polymers, the level of stress to keep strain at the predefined level diminishes 

across the time [10]. As it is illustrated in Figure 2, the level of stress in 

ideal thermoset polymers goes down to a certain level (𝜎∞), while the stress 

level returns to zero in ideal thermoplastics. This difference can be 

interpreted due to different molecular connections. The relaxation modulus 

is obtained as  

 
𝐸(𝑡) =

𝜎(𝑡)

𝜖0
 

( 1 ) 

where 𝜎(𝑡) is stress function over time and ϵ0 is the strain level [10]. 

 

Figure 2 Descending stress level over time during a relaxation test [10]. 

Another type of test, which is utilized to characterize the mechanical 

properties of polymers, is called creep test. In this test, a constant level of 

predefined stress is exerted on the specimen. During the loading phase (𝑡 <
𝑡1), the specimen experiences increasing strain [10], see Figure 3. 
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a) b) 

Figure 3 Typical creep test with a) stress input and b) strain response [10]. 

The amount of residual strain after unloading is an important parameter to 

characterize the polymer’s mechanical properties. As it is illustrated in 

Figure 3 b, thermoset polymers turn back to the undeformed shape, while 

some amount of strain remains in thermoplastic polymers (𝜀𝑝). With respect 

of time dependent behavior of polymers, a new parameter can be defined as 

 𝐷(𝑡) =
𝜖(𝑡)

𝜎0
= 𝐶𝑟𝑒𝑒𝑝 𝐶𝑜𝑚𝑝𝑙𝑖𝑎𝑛𝑐𝑒, ( 2 ) 

where 𝜎0 is the predefined stress level and ϵ(𝑡) is the strain function over 

time [10]. Creep is also the reason for the curvature in the stress strain 

diagrams [18]. Creep is divided into two parts, see Figure 4 a. 

 

 

a B 

Figure 4 a) Strain-time graph according to Burger’s model. b) Burger’s model which simulates the stress-

strain-time behaviour of non-metalic material [18]. 

The first part is called recoverable creep, which is because of a delay in 

elastic strain (Kelvin unit). The second part is called irrecoverable strain, 
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which is the reasoned for viscous flow (Maxwell unit), see Figure 4 b. The 

difference between Kelvin and Maxwell unit will be defined later on. 

3.2.2 Mechanical models of relaxation and creep 

There are many different spring dashpot models to describe viscoelastic 

behavior, see Figure 5 and Figure 6. The Maxwell model is recommended 

for viscoelastic fluid materials [17]. 

 

Figure 5 Maxwell spring dashpot model [17]. 

The dashpot viscosity of the Maxwell model, C, is equal to 𝐺0𝑡1, and the 

stiffness of spring, K, is equal to 𝐺0. The differential equation of the 

Maxwell model under simple shear displacement can be written as  

 1

𝑡1
𝜎12(𝑡) +

𝑑𝜎12(𝑡)

𝑑𝑡
= 𝐺0

𝑑𝜖12(𝑡)

𝑑𝑡
, ( 3 ) 

where 𝐺0 is the amplitude, 𝑡1 is a time constant to show the rate of 

diminishing, 𝜎12 and 𝜖12 are the shear stress and the corresponding shear 

strain [17]. In order to have a certain amount of creep the viscosity of the 

dashpot should increase during time [18], see Figure 4 a. 

A parallel system of a spring and a dashpot is offered by Kelvin to represent 

the behavior of viscoelastic solid materials see, Figure 6. In a Kelvin model, 

𝐶 is equal to 
𝑡1

𝐽0
⁄  and 𝐾 is equal to 1 𝐽0

⁄ , where 𝐽0 is an amplitude [17]. The 

differential equation of the Kelvin model under simple shear load can be 

derived as  

 𝐽0𝜎12(𝑡) = 𝜖12(𝑡) + 𝑡1
𝑑𝜖12(𝑡)

𝑑𝑡
., ( 4 ) 
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Figure 6 Kelvin model [17]. 

Models with a free spring such as the Maxwell model respond rapidly to 

sudden strain increase. This type of model will experience infinite creep 

under constant load. The Kelvin model will resist against a sudden increase 

in strain due to the parallel dashpot. Creep is limited to a constant amount. 

This model matches with thermoset polymer behavior.  

Although models such Maxwell and Kelvin are good to study the behavior 

of viscoelastic materials, they usually are not accurate enough to simulate 

the real behavior of polymers. This drawback results in more complicated 

models like “four-parameter fluid” [10], see Figure 4 b. The governing 

equation of such a four-parameter model is 

 𝜀(𝑡) = 𝜎0 [
1

𝐸0
+

1

𝐸1
(1 − 𝑒−𝑡

𝜏⁄ ) +
𝑡

𝜇
], ( 5 ) 

where 𝐸0 is the modulus of elasticity of the free spring and 𝐸1 is modulus of 

elasticity of the spring in the Kelvin part. 𝜏 =
𝜇1

𝐸1
⁄ , where 𝜇1 is the 

viscosity of the Kelvin unit’s dashpot and 𝜇 is the viscosity of the free 

dashpot [10]. 

3.2.3 Linear behavior of viscoelastic material 

The synchrony of strain and stress is an important issue, which can be 

determined whether a polymer behaves linearly or not. For this, the 

independency of stress-strain curves under predefined stress (𝜎0) or strain 

(𝜖0) needs to be studied accurately [10], see Figure 7. 
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Figure 7 Stress and strain measments of three different specimn at three different time points [10]. 

As it is shown in Figure 7, stress and strain should be measured at three 

different time points for three different predefined loading cases. By plotting 

these time-categorized data in a stress-strain coordinate system and 

surveying the obtained curves, linearity can be studied [10] (see Figure 8). 

 

Figure 8 stress-strain data according to time points [10]. 

3.3 Composite 

The “composite material” term is generally applied to any compounds, but 

mostly it is applied to express that thin fibers have been embedded into a 

plastic matrix [19]. The mechanical properties of the composites are related 

to the type and volume fraction of the fibers and the interaction between the 

fibers and the matrix [19]. It is assumed that the mechanical properties of the 
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composite in fiber direction are entirely due to the fibers’ mechanical 

properties and primarily the polymer part transfers the load between adjacent 

fibers. This means, that in transversal direction of the fibers, the mechanical 

properties of the composite are dominated by the matrix properties [19]. 

Except for transferring loads, the matrix materials are supposed to keep all 

the materials together as a solid part, and also to protect the fibers from 

abrasion [19]. 

3.3.1 Elastic modulus 

In a laminated composite, the fibers are oriented in arbitrary directions, so 

that the material properties of composites direction-dependent. In order to 

study the effect of the fiber orientation on the composite, two principal 

directions are defined: a longitudinal direction, which is parallel to the 

fibers, and a transverse or perpendicular direction. Since the fibers normally 

align in the sheet’s longer direction, the width of the sheet is considered as 

the transverse direction.  

The material properties of a composite are also related to the mixture content 

of the composite. It is assumed that the interaction between the fibers and 

the matrix stays intact during load exertion [19]. The perfect interaction 

between the fibers and the matrix results in equal strains 𝜀 in each 

constituent. Hence the stresses in each component can be computed as  

 𝜎𝑓 = 𝐸𝑓𝜀, ( 6 ) 

 𝜎𝑚 = 𝐸𝑚𝜀, ( 7 ) 

where the subscripts 𝑓 and 𝑚 stand for fibers and matrix [19].  

The total applied force 𝐹 is equal to 

 𝐹 = 𝜎𝑐𝑜𝑚𝑝𝐴𝑐𝑜𝑚𝑝, ( 8 ) 

where 𝐴 is the area of each component and subscript 𝑐𝑜𝑚𝑝 refers to the total 

composite element. Since the total amount of strain for each constituent and 

composite is equal, Eq. 8 can be written as 

 𝐸𝑐𝑜𝑚𝑝𝐴𝑐𝑜𝑚𝑝 = 𝐸𝑓𝐴𝑓 + 𝐸𝑚𝐴𝑚. ( 9 ) 

Since the area proportion is equal to the volume proportion 𝑣, Eq. 9 can be 

written as 

 𝐸𝑐𝑜𝑚𝑝 = 𝐸𝑓𝑣𝑓 + 𝐸𝑚𝑣𝑚. ( 10 ) 

Meanwhile, the total amount of strain in transverse direction is the sum of 

the strain in each constituent. The stress in transverse direction directly 

transfers to each of the components. Consequently, they withstand the same 

amount of stress. The strain in each constituent is defined as [19] 
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 𝜀𝑓 =
𝜎

𝐸𝑓
=

𝐸𝑐𝑜𝑚𝑝𝜀𝑐𝑜𝑚𝑝

𝐸𝑓
, ( 11 ) 

 𝜀𝑚 =
𝜎

𝐸𝑚
=

𝐸𝑐𝑜𝑚𝑝𝜀𝑐𝑜𝑚𝑝

𝐸𝑚
. ( 12 ) 

The total amount of deformation in width direction is 

 ∆𝑤 = 𝜀𝑐𝑜𝑚𝑝𝑤 = 𝜀𝑓𝑣𝑓𝑤 + 𝜀𝑚𝑣𝑚𝑤, ( 13 ) 

where w is the width of the specimen. Solving Eq. 13 by using the definition 

of strain in Eq. 11 and Eq. 12 results in the elastic modulus of composite 

[19] 

 𝐸𝑐𝑜𝑚𝑝 =
𝐸𝑓𝐸𝑚

𝐸𝑚𝑣𝑓+𝐸𝑓𝑣𝑚
. ( 14 ) 
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4 Method 

All tests were executed in the laboratory of Linnaeus University, 

Department of Building Technology. 

4.1 Testing machine 

A uniaxial testing machine of type MTS 810 with a load capacity of 

±100 KN and a stroke capacity of ±75 mm was used. Different parameters 

such as displacement, force, and time can be controlled and measured by this 

machine, see Figure 9. 

 

Figure 9 MTS810 uniaxial testing machine. 

4.2 Specimens 

Södra provided six plates in two different mixture portions and three 

different press times, see Table 6.  

 

Table 6 Different PLA content and curing time of materials. 

 

PLA content (%) Curing time (minute) 

15 3 6 9 

30 3 6 9 

 

The manufacturing process of those plates was done in two steps. In the first 

step, all plates have been heated up to (60 °C) from the upper surface and 
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pressed for 60 seconds, i.e. all the plates had the same conditions. In the 

second step the plates were pressed at 220 °C on top and 200 °C on the 

bottom with three different press times 3, 6, and 9 minutes. The intensity of 

the pressure varied over time. Table 7 illustrates the variation of pressure 

over time for the 9 minutes pressing period. 

 

Table 7 Variation of pressure over time for 9 minutes press time. 

 

Time (s) 0 25 30 70 230 270 310 500 540 

Pressure (bar) 10 30 0 70 70 0 70 70 0 

 

The specimens were cut out using a laser cutting machine according to 

ISO 527-2, [20], which defines the dimensions of the specimens, Figure 10. 

 
 

Specimen type 1A 

Overall lenght l3 ≥ 150 

Length of narrow parallel-side portion l1 80 ∓ 2 

Radius r 20 𝑡𝑜 25 

Distance between broad parallel-sided portion l2 104 𝑡𝑜 113 

Width at ends b2 20 ∓ 0.2 

Width of narrow portion b1 10 ∓ 0.2 

Preferred thickness h 4 ∓ 0.2 

Gauge length l0 50 ∓ 0.5 

Initial distance between grips l 115 ∓ 1 

Figure 10 Specimen dimensions (in mm) acc. to ISO 527-2 [20]. 

The specimens were smooth on one side and coarse on the other side due to 

the pressing. All the specimens were stored in a climate room in order to 

control temperature and humidity. An initial curvature was observed in 

specimens with 30 % of PLA content and 3 minutes of press time (see 

Figure 11 to the right). All other specimens were flat.  
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Figure 11 Specimens in the climate room. 

4.3 Tests 

Three different load patterns were exerted. The first type is a tensile test 

where the machine is run automatically with at different loading rates (1, 50 

and 25 mm/min) till failure point, see Figure 12 a. 

The second loading type is executed with three unloading-reloading cycles. 

These tests are run in two different loading rates (1 and 50 mm/min). Three 

load levels (200, 350, and 500 N) are defined as the turning points for the 

loading. The unloading process continues till 40 N at each cycle, then the 

loading process continued till the next predefined load level and eventually 

the failure point, see Figure 12 b. 

The third loading type is a tension test with three relaxation cycles. The tests 

are run in two different loading rates (1 and 50 mm/min). Three different 

loading levels (260, 455, and 650 N) are predefined. The loading machine 

keeps the load constant at each predefined load level for 60 seconds. Then 

the loading process continued to the next level and eventually the failure 

point, see Figure 12 c. 

   

a) b) c) 

Figure 12 Different test procedures for the tension tests. 

The specimens were mounted symmetrically by means of the clamps with 

respect to the machine’s vertical and horizontal axes. One extensometer is 

attached on each side of the each specimen to measure the elongation, see 

Figure 13. Different test groups and specimen dimensions are shown in 

Table 8. 
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a) b) 

Figure 13 Mounting of the specimens showing the clamps and the extensometers a) side view, b) front view.. 

4.4 Processing of data 

All the obtained data from the testing machine is processed and analyzed 

using Matlab. 

4.4.1 Stress calculation 

The normal stress at each step of loading is calculated as  

 
𝜎 =

𝐹

𝐴
, 

( 15 ) 

where F is the applied load  and A is the cross sectional area. 

4.4.2 Strain calculation 

The corresponding strain at each loading step is calculated using 

 
ɛ =

∆𝐿

𝐿
, 

( 16 ) 

where ∆𝐿 is the specimen’s elongation, measured by the extensometers. ∆𝐿 

is the initial gauge length, see Figure 10. At first, the strain value is 

calculated separately for each extensometer from Eq. 16. Then the strains 

are averaged which gives the real strain value for each specimen at each 

step. 

The maximum stress and strain are defined as the first local maximum stress 

level observed during the test, and the corresponding strain value when the 

stress reaches its maximum level [21], see Figure 14. 
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Table 8 Tests properties 

 

Specimen number Press time PLA% content Rate mm/min Thickness Width 

1 6 30 1 3.04 9.80 

2 6 30 1 3.10 9.81 

3 6 30 1 3.05 9.80 

4 6 30 1 3.16 9.82 

5 6 30 1 3.13 9.80 

6 6 30 50 3.11 9.85 

7 6 30 50 3.14 9.78 

8 6 30 50 3.19 9.80 

11 6 15 1 2.87 9.78 

12 6 15 1 2.91 9.80 

13 6 15 1 2.82 9.82 

14 6 15 1 2.82 9.80 

15 6 15 50 2.91 9.83 

16 6 15 50 2.93 9.80 

17 6 15 50 2.94 9.74 

18 6 15 50 2.94 9.76 

21 3 30 1 3.04 9.84 

22 3 30 1 3.00 9.83 

23 3 30 1 2,94 9,81 

24 3 30 1 2,99 9,87 

25 3 30 25 2,94 9.78 

26 3 30 25 2.96 9.82 

27 3 30 25 2,99 9,87 

28 3 30 25 2.85 9.79 

31 3 15 50 2.08 9.67 

32 3 15 50 2.09 9.71 

33 3 15 50 2.10 9.69 

34 3 15 50 2.18 9.68 

35 3 15 1 2,14 9,68 

36 3 15 1 2,09 9,65 

37 3 15 1 2.13 9.65 

38 3 15 1 2.10 9.71 

41 9 15 1 2.61 9.78 

42 9 15 1 2.58 9.79 

43 9 15 1 2.59 9.84 

44 9 15 1 2.62 9.72 

45 9 15 50 2.59 9.77 

46 9 15 50 2.61 9.75 

47 9 15 50 2.63 9.79 

48 9 15 50 2.59 9.79 

51 9 30 1 2.92 9.83 

52 9 30 1 2.94 9.79 

53 9 30 1 3.04 9.78 

54 9 30 1 2.87 9.80 

55 9 30 50 2.91 9.79 

56 9 30 50 2.98 9.78 

57 9 30 50 2.90 9.82 

58 9 30 50 2.96 9.77 

59 9 30 1 2.94 9.79 
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Figure 14 Maximum stress and corresponding strain in a tensile test. 

4.4.3 Calculation of the modulus of elasticity  

The modulus of elasticity is defined as a linear interpolation of the stress-

strain curve in the boundaries of 0.0005 and 0.0025 strain [21], see Figure 

15. Since the start point of unloading or relaxation occurs in the defined 

interval for some specimens, the upper strain boundary is changed to 0.0022 

in order to be able to calculate the E modulus. This is done for all 

specimens.  

 

Figure 15 Linear interpolation for the stress-strain curve. 
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5 Results 

Specimens are classified in six different clusters due to PLA content and 

press time and two groups due to load rate. 

5.1 15% PLA and 3 minutes press time 

The total stress-strain curves of specimens with 15% PLA content and 3 

minutes press time are illustrated in Figure 16 a. The elastic interval is 

plotted in Figure 16 b. The unloading-reloading process is applied on this 

group of specimens. 

The stress-strain graphs of the specimens are mostly laid upon each other in 

the elastic range. This phenomenon can be also observed in Table 9, where 

the difference between the lowest and the biggest modulus of elasticity is 

9.69%. 

The maximum stress and E modulus have increased by 0.55% and 4.78% 

with the load rate increasing (Table 9). 

  

a) Full range of unloading-reloading test b) Elastic interval 

Figure 16 Stress-strain diagrams. 

 

Table 9 Maximum stress, maximum strain and E-modulus. 

 

Specimen Maximum Stress (MPa) Maximum Strain E-modulus (MPa) 

Load rate 1 mm/min 

035 29.37 0.0408 3248 

036 23.18 0.0398 2594 

037 26.39 0.0390 2961 

038 29.02 0.0519 2998 

Average 26.99 0.0428 2950 

Load rate 50 mm/min 

031 28.22 0.0534 3081 

032 26.86 0.0512 3004 

033 28.32 0.0530 3227 

034 25.14 0.0397 3053 

Average 27.14 0.0493 3091 
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5.2 15% PLA and 6 minutes press time  

The total stress-strain of specimens with 15% of PLA content and 6 minutes 

of press time is illustrated in Figure 17 a. The elastic interval is plotted in 

Figure 17 b. The simple loading procedure is applied on this group of 

specimens. 

The stress-strain graphs of the specimens are mostly laid upon each other in 

elastic range. This phenomenon can be also observed in Table 10, where the 

difference between the lowest and the biggest module of elasticity regard 

less of load rate is 12.56%. 

The maximum stress has decreased 3.46% and E modulus has increased 

3.43% by the load rate increasing Table 10. 

  

a) Full range of loading test b) Elastic interval 

Figure 17 a) the total stress-strain diagram. b) Stress-strain diagram for the elastic range. 

 

Table 10 Maximum stresses, maximum strains, and modulus of elasticity. 

 

Specimen Maximum Stress (MPa) Maximum Strain E-modulus (MPa) 

Load rate 1 mm/min 

011 34.82 0.0507 3695 

012 33.56 0.0377 3914 

013 32.76 0.0560 3402 

014 32.79 0.0526 3477 

Average 33.49 0.0492 3622 

Load rate 50 mm/min 

015 35.01 0.0551 3811 

016 33.64 0.0537 4005 

017 30.76 0.0637 3635 

018 29.90 0.0419 3534 

Average 32.33 0.0536 3746 
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5.3 15% PLA and 9 minutes press time 

The total stress-strain of specimens with 15% of PLA content and 9 minutes 

of press time is illustrated in Figure 19 a. The elastic interval is plotted in 

Figure 19 b. The relaxation test was applied on these specimens. The data 

related to specimen number 042 is lost. 

The maximum stress and E modulus have increased 2.79 % and 1.11% by 

the load rate increasing Table 11. 

  

a) Full range of relaxation test b) Elastic interval 

Figure 18 a) the total stress-strain diagram. b) Stress-strain diagram for the elastic range. 

 

Table 11 Maximum stresses, maximum strains, and modulus of elasticity. 

 

Specimen Maximum Stress (MPa) Maximum Strain E-modulus (MPa) 

  Load rate 1 mm/min 

041 40.01 0.0352 4589 

042 - - - 

043 40.45 0.0382 4561 

044 33.40 0.0461 3605 

Average 37.95 0.0398 4252 

  Load rate 50 mm/min 

045 40.99 0.0550 4256 

046 35.82 0.0458 3854 

047 37.93 0.0315 4408 

048 41.33 0.0343 4678 

Average 39.01 0.0416 4299 
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5.4 30% PLA and 3 minutes press time: 

The total stress-strain of specimens with 30% of PLA content and 3 minutes 

of press time is illustrated in Figure 19 a. The elastic interval is plotted in 

Figure 19 b. The normal loading test was applied on these specimens. 

The maximum stress and E modulus have increased 3.22 % and 6.28% by 

the load rate increasing Table 12. Low modulus of elasticity and maximum 

stress are recorded for this group of specimens. 

  

a) Full range of loading test b) Elastic interval 

Figure 19 a) the total stress-strain diagram. b) Stress-strain diagram for the elastic range. 

 

Table 12 Maximum stresses, maximum strains, and modulus of elasticity. 

 

Specimen Maximum Stress (MPa) Maximum Strain E-modulus (MPa) 

Load rate 1 mm/min 

021 18.15 0.0290 2338 

022 19.31 0.0330 2316 

023 17.36 0.0409 2039 

024 16.05 0.0224 2288 

Average 17.72 0.0313 2245 

Load rate 50 mm/min 

025 16.45 0.0362 2053 

026 20.63 0.0333 2529 

027 18.78 0.0167 2774 

028 17.28 0.0362 2189 

Average 18.29 0.0306 2386 
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5.5 30% PLA and 6 minutes press time 

The total stress-strain of specimens with 30% of PLA content and 6 minutes 

of press time is illustrated in Figure 20 a. The elastic interval is plotted in 

Figure 20 b. As it is shown in Figure 20 the normal loading test was applied 

on these specimens. 

The stress-strain graphs of the specimens are mostly laid upon each other in 

elastic range. This phenomenon can be also observed in Table 13, where the 

difference between the lowest and the biggest module of elasticity regard 

less of load rate is 12.24%. 

The maximum stress and E modulus have increased 6.77 % and 4.49% by 

the load rate increasing Table 13. 

  

a) Full range of loading test b) Elastic interval 

Figure 20 a) the total stress-strain diagram. b) Stress-strain diagram for the elastic range. 

 

Table 13 Maximum stresses, maximum strains, and modulus. 

 

Specimen Maximum Stress (MPa) Maximum Strain E-modulus (MPa) 

Load rate 1 mm/min 

001 33.49 0.0434 3549 

002 31.21 0.0345 3593 

003 33.47 0.0314 3979 

004 28.57 0.0320 3464 

005 31.55 0.0398 3502 

Average 31.66 0.0362 3617 

Load rate 50 mm/min 

006 35.22 0.0479 3646 

007 34.71 0.0449 3888 

008 31.47 0.0339 3806 

Average 33.8 0.0422 3780 
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5.6 30% PLA and 9 minutes press time 

The total stress-strain of specimens with 30% of PLA content and 9 minutes 

of press time is illustrated in Figure 21 a. The elastic interval is plotted in 

Figure 21 b. 

The maximum stress and E modulus have increased 4.48 % and 2.55% by 

the load rate increasing Table 14. 

  

a) Full range b) Elastic interval 

Figure 21 a) the total stress-strain diagram. b) Stress-strain diagram for the elastic range. 

 

Table 14 Maximum stresses, maximum strains, and modulus. 

 

Specimen Maximum Stress (Mpa) Maximum Strain E-modulus (Mpa) 

  Load rate 1 mm/min  

051 34.44 0.03 3896 

052 32.52 0.04 3652 

053 35.69 0.03 4012 

054 33.98 0.04 3635 

Average 34.16 0.04 3799 

  Load rate 50 mm/min  

055 35.76 0.04 3844 

056 39.09 0.03 4381 

057 36.55 0.04 3907 

058 31.34 0.04 3451 

Average 35.69 0.04 3896 
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6 Analysis  

The results have been studied due to the change in one of the variables, 

while the other variables are kept constant. 

6.1 Comparison by PLA content 

It can be seen that specimens with lower press times have lower modulus of 

elasticity and strength, see Figure 22. This effect can obviously also be 

observed for the specimens with higher PLA content (Figure 22 c and d). 

  

a) Full range for PLA=15% b) Elastic range for PLA=15% 

  

c) Full range for PLA=30% d) Elastic range for PLA=30% 

  

Figure 22 Stress-strain curves with the same PLA content.  

By comparing Figure 22 a and c, it can be that a lower PLA content leads to 

a more ductile behavior. Table 15 shows the average amount of change in 

elastic modulus, maximum stress and maximum strain for specimens with 

constant amount of PLA. 

The maximum stress, elastic modulus and maximum strain of the material 

with the same press time under different load rate decrease by increasing the 
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PLA content (see Table 15). These changes in the specimens with the 

3 minutes of pressing are more than the changes in specimens with the 6 and 

9 minutes of pressing. 

 

Table 15 Changes in strain, stress and E-modulus due to PLA content (changes in percent). 

 

PLA content 15 to 30 15 to 30 % 

load rate 1 50 mm/min 

press 

time 

3 -27 -38 

strain 6 -26 -22 

9 -10 -12 

press 

time 

3 -34 -33 

stress 6 -5 5 

9 -12 -7 

press 

time 

3 -24 -23 

E modulus 6 0.00 1 

9 -12 -8 

 

Figure 23 shows the effect of the PLA content changes on the maximum 

stress of each group of specimens. The increase in PLA content reduces the 

maximum stress of specimens. The highest change can be seen for the 

specimens with 3 minutes press time, see Table 15 and Figure 23. The only 

exception is the specimens with 6 minutes press time and high load rate 

where the maximum stress of specimens with 30% of PLA content is higher 

than for specimens with 15% of PLA content. 

 

Figure 23 Effect of PLA content change on maximum stress. 

An increase in the PLA content reduces the E-modulus of specimens with 3 

and 9 minutes press time, see Figure 24. For the specimens with 6 minutes 

of press time, a small increase is observed, see Figure 24 and Table 15. 
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Figure 24 Effect of PLA content change on E-modulus. 
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6.2 Comparison by press time 

By comparing the behavior of specimens with different press time (Figure 

25), an increase in maximum stress and modulus of elasticity can be 

observed. It can be said that increasing the press time from 3 to 6 minutes 

results in more increase in modulus of elasticity and maximum stress than an 

increase from 6 to 9 minutes. 

  

a) Full range for 3 minute of pressing b) Elastic range for 3 minute of pressing 

  

c) Full range for 6 minute of pressing d) Elastic range for 6 minute of pressing 

  

e) Full range for 9 minute of pressing f) Elastic range for 9 minute of pressing 

  

Figure 25: Stress-strain curves with the same press time.  
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Studying the effect of press time on strain with constant amount of PLA 

content with different load rates shows that by increasing the press time 

from 3 minutes to 6 minutes maximum strain increases. The maximum 

increase (+38%) is recorded for specimens with 30% PLA content under at 

high load rate. in contrast to that, the maximum strain decreases by 

extending the press time from 6 to 9 minutes.  

Stress and E-modulus also increase with press time, while the rate of 

changes dramatically decreases (Table 16). 

Maximum stress and modulus of elasticity increase due to the increase of 

press time, while the increase from 3 to 6 minutes is more than the increase 

from 6 to 9 minutes under the constant load rate (see Table 16). 

 

Table 16.Changes in strain, stress and E modulus due to press time (changes in percent).. 

 

PLA content 15 30 % 

press time 

change 

load rate load rate mm/min 

1 50 1 50 
 

3 to 6 15 9 16 38 
strain 

6 to 9 -19 -21 -2 -12 

3 to 6 24 19 79 85 
Stress 

6 to 9 14 21 6 8 

3 to 6 23 21 61 58 
E modulus 

6 to 9 17 15 4 4 

 

Figure 26 and Figure 27 show the effect of press time changes on the 

maximum stress and modulus of elasticity of each group of specimens. The 

only exception are the specimens with 15% PLA content under fast loading, 

where the increase in press time from 3 to 6 minutes has less effect on the 

maximum stress of the specimens then the increase from 6 to 9 minutes. 
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Figure 26 Effect of press time change on maximum stress. 

 

Figure 27 Effect of press time change on E-modulus. 
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6.3 Comparison by load rate 

Comparing the behavior of the material tested at two different load rates, the 

low sensitivity of material to load rate can be deduced, whereby specimens 

with higher PLA content have lower modulus of elasticity and lower stresses 

(see Figure 28). 

  

a) Full range for low rate loading b) Elastic range for low rate loading 

  

c) Full range for high rate loading d)Elastic range for high rate loading 

  

Figure 28 Stress-strain curves with the same loading rate.  
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By considering the Table 17, the low sensitivity to load rate changes can be 

deduced for the specimens with the same press time. The maximum stress, 

elastic modulus and maximum strain barely change by changing the load 

rate in specimens with constant amount of PLA. The maximum stress of the 

specimen with 15% PLA content and 6 minutes of press time, decreases due 

to the load rate increase by 3 percent  

 

Table 17 Changes in strain, stress and E modulus due to load rate (changes in percent).. 

 

load rate change 1 to 50 1 to 50 mm/min 

PLA content 15 30 % 

press 

time 

3 15 -3 

Strain 6 9 16 

9 6 4 

press 

time 

3 1 3 

Stress 6 -3 7 

9 3 8 

press 

time 

3 5 6 

E modulus 6 3 4 

9 1 5 

 

Figure 29 and Figure 30 show the effect of the load rate changes on the 

maximum stress and module of elasticity for each group of specimens. The 

increase in the load rate leads to an increase of the maximum stress and 

modulus of elasticity of specimens. The only exception is the specimens 

with 15% of PLA content and 6 minutes of pressing, where the increase in 

the load rate decreases the maximum stress of the specimens, see Figure 29 

and Table 17. 
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Figure 29 Effect of load rate change on maximum stress. 

 

 

Figure 30 Effect of load rate change on E-modulus. 
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7 Discussion 

It can be observed that by increasing the press time, the load capacity 

increases, while with an increase in PLA content the load capacity decreases 

(Figure 31). Meanwhile load rate has small effect on the maximum stress. 

Furthermore, by increasing the press time the modulus of elasticity 

increases, while with an increase in PLA content the modulus of elasticity 

decreases (Figure 31). Meanwhile load rate has small effect on the E-

modulus. 

 

Figure 31 Comparison between maximum stresses and E-modulus for different test specifications. 

The maximum strain regarding to the maximum stress has a different trend. 

The maximum strain increases by increasing the press time from 3 to 6 

minutes, while it decreases by increasing the press time from 6 to 9 minutes. 

An increase in PLA content reduces the maximum strain. The specimens 

with higher load rate have the higher maximum strain (Figure 32). 
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Figure 32 Comparison between maximum strains for different test specifications. 
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8 Conclusions 

The mechanical properties and time dependency of DuraPulp with different 

PLA content and three different press times were studied. Uniaxial tensile 

tests with two different load rates (1 and 50 mm/min) were performed. 

Before testing, the specimens were kept in climate room to control the 

moisture content and temperature.  

The maximum strength, E-modulus and maximum strain of the material 

reduce with increased PLA content. An increase in press time increases the 

maximum strength and E-modulus of material, where more change were 

observed by changing the press time from 3 to 6 minutes than from 6 to 9 

minutes. The increase in the maximum strain due to press time is not 

continuous, where an increase is observed by increasing the press time from 

3 to 6 minutes and a decrease by increasing the press time from 6 to 9 

minutes. The load rate has a small effect on the specimen’s response. 
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