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Abstract

Due to its elastic properties, juniper wood has often been used as raw material for 

bows for centuries. The tensile properties of common juniper (Juniperus communis) 

were investigated in this study. The main point of interest was the elastic region, 

where irreversible deformations have not occurred. The mechanical properties of 

common juniper were compared with the properties of compression wood and 

normal wood of Norway spruce (Picea abies).

The tests were executed with thin wood slices inside a climate room. The tensile 

force was applied parallel to the grain. Two kinds of tensile tests were performed: 

monotonie and cyclic. In the cyclic tests, the elastic region of the test specimens was 

examined using cycles of loading and unloading in tension. Three different moisture 

content levels were tested. The results were analyzed from stress-strain curves.

The results show that common juniper has a better energy absorption capacity, 

lower Young's modulus, and higher strain to fracture in comparison to spruce 

compression wood and spruce normal wood. Moisture content has a clear effect on 

the mechanical properties. The wetter wood specimens have a lower yield point and 

greater strain to fracture.

Keywords common juniper, Norway spruce, tensile test, monotonie, cyclic, yield point, 
energy
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Tiivistelmä

Vuosisatojen ajan katajaa on käytetty joustavien ominaisuuksiensa vuoksi jousien 

valmistusmateriaalina. Tässä työssä tutkittiin katajan (Juniperus communis) 

mekaanisia ominaisuuksia. Tärkein mielenkiinnon kohde oli kimmoisa alue, jossa 

pysyviä muodonmuutoksia ei ole tapahtunut. Katajan mekaanisia ominaisuuksia 

verrattiin kuusen (Picea abies) normaalipuun ja puristuspuun ominaisuuksiin.

Testit suoritettiin ohuilla koekappaleilla olosuhdehuoneessa. Vetokokeet toteutettiin 

puun syiden suuntaisesti ja niissä käytettiin kahta eri testaustapaa: monotoninen ja 

syklinen. Syklisissä vetokokeissa koekappaleiden kimmoisaa osuutta tutkittiin 

jännityksen lisäämisen ja vapauttamisen sarjoina. Testit suoritettiin kolmessa eri 

kosteuspitoisuudessa. Vetokokeiden tulokset määritettiin jännitys-venymä 

kuvaajista.

Tulokset osoittavat, että kataja kykenee varastoimaan enemmän energiaa kuin 

kuusen normaalipuu ja kuusen puristuspuu. Lisäksi katajalla on matalampi 

kimmokerroin ja suurempi murtovenymä kuin kuusen normaalipuulla ja kuusen 

puristuspuulla. Kosteuspitoisuudella on selkeä vaikutus mekaanisiin ominaisuuksiin. 

Kosteammalla puulla on matalampi myötöraja ja suurempi murtovenymä.

Avainsanat kataja, kuusi, vetokoe, monotoninen, syklinen, myötöraja, energia
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1 INTRODUCTION

1.1 Background

It is common knowledge that juniper wood (and also yew wood) can be 

used as raw material in order to build simple bows. Especially, self bows 

(longbow) that consists of only one wood piece (Figure 1). These 

longbows utilize heartwood on the compression side of the bow (belly of 

the bow) and sapwood on the tension side of the bow (back of the bow) 

(Insulander, 2002).

mvenuMBLOWER UM6
/ rnSck NOCK

relaxed bow

ВШУОЯР

BOWSTRNS

Figure 1. Structure of a longbow (Bergman and McEven, 1997, p.144).

In addition to self bows also two-wood bows that consist of two different 

wood species have been used. Within the northern European region two- 

wood bows were utilized by Finno-Ugrian tribes centuries ago. They used 

juniper on the compression side of the bow and birch on the tension side 

of the bow. It is also stated that a Saarni two-wood bow utilized birch and 

compression wood from conifers. (Insulander, 2002).
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Juniper wood has also been exploited in other regions than merely in 

northern Europe. Indians of Nevada also used juniper wood in their bows. 

They seasoned and harvested bow staves within living junipers and 

presumably utilized only straight-grained staves that consisted of both the 

sapwood and heartwood of juniper. (Wilke, 1988).

It is notable that the wooden staves utilized within bows require some 

special properties in order to be effective and durable. At least, certain 

stiffness and flexibility properties would be of importance. Thus, the 

behavior of juniper in the elastic region was of interest. Bows should also 

be usable in wide range on environmental conditions. Thus, within this 

study the effect of moisture content was also studied.

1.2 Objectives

The tensile properties of common juniper (Juniperus communis) were 

investigated in this study. Previously Hänninen et al. (2012) reported on 

bending tests that resulted in similar behavior in spruce compression wood 

and juniper. Thus, the objective of this study was to also research if the 

tensile behavior of spruce compression wood and juniper resembled each 

other. The mechanical properties of common juniper were compared with 

the properties of the compression wood and normal wood of Norway 

spruce (Picea abies).

1.3 Structure of this study

This thesis consists of four different parts. The first part is a literature 

review that includes relevant information on the factors affecting the 

mechanical properties of wood. The aspects of tensile tests are also 

discussed. The second part is materials and methods, where the test

8



procedures of this study are thoroughly explained. Subsequent to the 

materials and methods section Is the results and discussion section, 

where all the test results are discussed and compared to those in the 

literature. Monotonie tensile tests and cyclic tensile tests are first 

discussed separately and then compared to each other. The results of the 

juniper tests are compared to yew (Taxus Baccata) due to both being bow 

raw materials. It Is also notable that juniper and yew are both species that 

have narrow growth rings (Kärkkäinen, 2007, p.23). The final part is the 

conclusions, where all the Important findings are stated.

9



2 LITERATURE REVIEW

2.1 Microfibril angle (MFA)

In the softwoods wood material mostly consists of tracheid cells. These 

tracheide form earlywood and latewood zones within growth rings. 

Latewood cell walls are significantly thicker than earlywood cell walls. The 

major components of cell walls are cellulose, lignin, and hemicellulose. 

(Kärkkäinen, 2007, pp. 22, 104). Figure 2 shows the basic structure of 

wood.
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Figure 2. Structure of wood. From left to right: growth rings, wood cells, and cell
wall (de Borst et al., 2012).
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Figure 3 demonstrates differences in the cell wall structure of mature 

(normal) wood, juvenile wood, and compression wood. A notable feature 

in Figure 3 is the high microfibril angle of the S2 layer in both juvenile 

wood and compression wood. This S2 layer is the thickest of the cell wall 

layers and the cellulose microfibrils, that are related to mechanical 

properties of wood, are located in the S2 layer (Stanzl-Tschegg, 2011). A 

significant difference between juvenile wood and compression wood is the 

fact that compression wood is completely missing the S3 layer of the cell

wall.
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ML

juvenile wood №

compression
wood

Figure 3. High MFA of juvenile wood and compression wood. Middle lamella 
(ML), primary wall (P), secondary wall layers (S-j, S2, S3). (Jozsa and Middleton,

1994, p.19).

Stiffness and strain properties of wood are affected by the microfibril angle 

(Stanzl-Tschegg, 2006). Burgert et al. (2004) state that the microfibril 

angle is the most important factor causing different kinds of mechanical 

performances of wood.

Table 1 presents microfibril angle values of normal wood and compression 

wood. Spruce NW seems to have MFA of around 5 degrees, whereas the 

MFA of spruce CW is significantly higher, being approximately 35 - 40 

degrees. The microfibril angle of juniper is in the same region as spruce 

CW of around 35 - 40 degrees. It is also notable that the MFA of 

earlywood and latewood differ. Table 2 presents the MFA values of spruce 

earlywood and latewood.
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Table 1. Microfibril angle (degree) of normal and compression wood. Standard 
deviation is inside brackets. (Note: * Cited in Heiterer et al., 1998)

Normal
wood

Compression
wood SourceMethodSpecies

Kantola and 
Seitsonen, 1961 *

Juniperus
communis XRD4037

Kantola and 
Kähkönen, 1963*

Juniperus
communis SAXS40-43

Juniperus
communis

Ollinmaa, 1959, p.29Microscopy24 37

Juniperus
communis Hänninen et al., 2012XRD35 (9)

Hänninen et al., 2012XRDPicea abies 0.2 (7) 35 (8)

Paakkari and Serimaa, 
1984XRDPicea abies 225

Ollinmaa, 1959, p.29MicroscopyPicea abies 26 34

Heiterer et al., 1998SAXSPicea abies 40

SAXS,
WAXS Andersson et al., 2000Picea abies 39

An interesting aspect of juniper wood is whether it has CW or not. For 

example, Kantola and Seitsonen (1961) reported MFA values for both 

juniper NW and juniper CW, whereas Hänninen et al. (2012) presented 

only juniper NW value. The values of juniper NW and juniper CW in Table 

1 seem to be remarkably close each other. Thus it is not possible to 

distinguish between juniper NW and juniper CW merely with the 

information about MFA.

Table 2. Microfibril angle (degree) of Picea abies earlywood and latewood. 
(Note: * Cited in Heiterer et al., 1998)

SourceLatewood MethodEarlywood

Jakob et al., 1994 *SAXS20<5

Sahlberg et al., 1997XRD9 8
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2.2 Growth rings

When a tree grows, it forms growth rings annually. These can be divided 

into two different kinds of parts: earlywood and latewood. Eder et al. 

(2009) state that within softwoods, the thick cell walls of the tracheids in 

the latewood are intended for the mechanical stability of the tree, whereas 

the thin cell walls of the tracheids in the earlywood enable intensive water 

transportation inside the cell lumens.

Keunecke (2008, p.77) reports notably high differences in the density of 

spruce earlywood (250-300 kg/m3) and latewood (900-1000 kg/m3) zones. 

Inside one growth ring in spruce, the change from earlywood into latewood 

occurs gradually (Eder et al., 2009).

The sizes of growth rings depend on different factors. There are variations 

between wood species, but also between the individual trees (i.e. some 

trees are slower to grow than others even within the same species). 

Juniper has extraordinarily narrow growth rings whereas spruce has 

clearly wider growth rings. The living environment and conditions also 

affect growth ring size. (Kärkkäinen, 2007, p.23).

Farruggia and Perré (2000) report differences in the tensile properties of 

earlywood and latewood. Their study states that in tangential tensile test, 

earlywood shows a lower value of Young's modulus than latewood. A 

notable point is also the high differences between radial and tangential 

Young's modulus and Poisson's ratio values in earlywood. The radial 

values are clearly higher than the tangential values.

During longitudinal tensile loading the thicker cell walls of latewood 

possess better resistance to fracture than the cell walls of earlywood. Due 

to long and narrow form of the tracheids, the longitudinal tensile strength 

and stiffness are greater than in the tensile tests of other directions. 

(Stanzl-Tschegg, 2011).

13



The wider growth rings in spruce and the differences between earlywood 

and latewood mechanical properties mean that the results of tensile tests 

might be greatly affected by the ratio of earlywood and latewood. In the 

case of juniper test pieces that posses narrow growth rings, the growth 

rings should not affect as greatly as for spruce.

2.3 Wood material with high MFA

2.3.1 Compression wood

Softwoods form compression wood in order to change the direction of 

growth, when the living environment (such as heavy winds) has caused 

anomalies from the vertical orientation (Hänninen, 2011, p.23). The living 

conditions of a tree affect the microfibril angles (MFA) of compression 

wood, and thus individual trees have great variations in the MFA of the S2 

layer (Andersson et al., 2000).

The distinctive features of compression wood are extraordinarily high 

MFA, complete absence of S3 layer, and abnormally round tracheids 

(Burgert et al., 2004). It is also notable that compression wood possesses 

a high lignin content and high hemicellulose content (Hänninen et al., 

2012). In comparison to normal wood, compression wood has a darker 

color (Kärkkäinen, 2007, p.291). Timell (1986, p.4) describes the color of 

compression wood as reddish-brown.

The density of compression wood can be as much as two times higher 

than that of normal wood within the same stem (Timell, 1986, p.4). Figure 

4 shows how wider growth rings of spruce compression wood possess 

lower density than notably narrower growth rings. G rye and Horácek 

(2007) reported that the density of spruce compression wood increases

14
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Figure 5. The density variation of spruce (moisture content 12 %) in relation to 

the amount of compression wood (Gryc and Horácek, 2007).
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Figure 4. The density variation of spruce compression wood (moisture content 12 

%) in relation to the width of growth rings (Gryc and Horácek, 2007).
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There are various types of compression wood structures, such as mild 

(notably close to normal wood), moderate, and severe (fully developed 

compression wood) (Timell, 1986, p.69). Gryc and Horácek (2007) 

demonstrated that a higher amount of compression wood (in percentage 

of wood sample) causes higher density of spruce. Density changes within 

spruce stem due to various amounts of compression wood can be seen in 

Figure 5.

within the radial growth direction, whereas higher stem heights cause a 

reduction in density.
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Timell (1986, p.4) states that the structure of fully developed compression 

wood growth rings is similar in both earlywood and latewood. Frequently, 

however, there is a narrow and light-colored area of first-formed tracheide 

in the beginning of earlywood parts (Timell, 1986, p.90).

2.3.2 Juvenile wood

Juvenile wood exhibits some similar characteristics to compression wood. 

These properties are high MFA, high lignin content, low cellulose content, 

shorter tracheide, and high longitudinal shrinkage. Juvenile wood can be 

found near the pith of the wood. Usually the first 5-20 growth rings consist 

of juvenile wood. It is also notable that the wood material changes 

gradually from juvenile wood to mature wood. (Kärkkäinen, 2007, pp.298- 

299).

A significant difference between juvenile and compression wood is the 

density. Juvenile wood has a lower density than normal wood (Gryc, 

2011), whereas compression wood is denser than normal wood (Timell, 

1986, p.4). Saranpää (2000) states that the density of juvenile wood within 

Norway spruce is around 20-30 kg/m3 lower than the density of normal 

wood within the same stem.

Juniper has high MFA, high lignin content, and high hemicellulose content 

(Hänninen et al., 2012). It is notable that these are all characteristics of 

juvenile wood (Kärkkäinen, 2007, p.299). Hänninen et al. (2012) state that 

spruce normal wood and juniper possess a similar ratio of lignin and 

cellulose within the cell wall. It seems reasonable to assume that there is a 

possibility of juniper being some kind of juvenile wood because the 

chemical structure of juniper is close to that of spruce normal wood, 

although the MFA is high.
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2.4 Moisture content of wood

Wood is a hygroscopic material. This means that the moisture content of 

wood is adapting according to the environmental humidity changes. 

Eventually, wood reaches the so called equilibrium moisture content, when 

the adsorption of water equals desorption of water. It is notable that 

equilibrium moisture content is higher when wood is drying (desorption) 

than when it is moistening (adsorption). The fiber saturation point of wood 

is around a moisture content of 30 %. This is the maximum amount of 

water that wood can absorb inside its cell walls. (Kärkkäinen, 2007, 

pp.177-178).

The chemical structure of wood affects the absorption of water. 

Hemicellulose can absorb more water than cellulose and lignin. Cellulose 

absorbs more water than lignin. (Kärkkäinen, 2007, p.187). Thus, the 

equilibrium moisture content might be different within the test samples of 

this study because the chemical structure of normal wood and 

compression wood differs. It is also notable that a high amount of 

extractives causes a lower equilibrium moisture content (Keunecke, 2008, 

p.56). Spruce and juniper possess different amounts of extractives: spruce 

NW 0.9 %, spruce CW 1.7 %, and juniper 5.8 % (Hänninen et al., 2012).

Higher moisture contents in wood results in weaker mechanical 

performance of strength and stiffness properties (Stanzl-Tschegg, 2006). 

Modulus of elasticity decreases when the moisture content of wood 

increases until the fiber saturation point of wood is reached. During tensile 

loading the area that can absorb water within wood increases and thus 

causes higher equilibrium moisture content. (Kärkkäinen, 2007, pp.187, 

220).
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2.5 Effect of defects

Tensile properties of wood are highly dependent on the amount of defects 

caused during the microtome slicing of wood. A high amount of defects will 

eventually result in weaker tensile properties. (Biblis, 1970). Therefore, 

when the tensile properties of wood samples that are notably thin are 

tested, it is important to examine the quality of slicing.

The structure of sliced samples with particularly low thickness can be 

observed with a microscope before the tensile tests are performed. 

Although some defects can be clearly seen already without a microscope, 

some might not be seen as easily.

The thickness of wood slices greatly affects the tensile properties. Higher 

thickness results in higher values of tensile strength and modulus of 

elasticity. (Biblis, 1970). Cut fibers of wood cause lower tensile strength if 

the thickness of microtomed slice is less than 0.160 mm (Frühmann et al., 

2003).

Cell wall dislocations are a frequent type of damage that may occur 

because of microtome slicing. However, there are also other stress origins 

that can cause defects to the structure of wood. These flaws can 

materialize already when the tree is still growing or during the handling of 

timber. (Dinwoodie, 1966).

The angle between the wood grain direction and the microtome blade 

should be low. A microtome slicing angle of 10°causes only some cell wall 

dislocations whereas an angle of 30° causes a great number of them. 

(Biblis, 1970; Dinwoodie, 1966). Figure 6 shows how the higher cutting 

angle of the microtome knife has resulted in remarkably higher amount of 

cell wall dislocations.

18
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Figure 6.The influence of microtome knife cutting angle (A: 45°, B: 15°) in the 
amount of cell wall dislocations in Scots pine (Dinwoodie, 1966).

The structure of wood is different within its various parts. It is noteworthy 

that this may affect the quality of slicing and, therefore, the results of the 

tensile tests performed. The tensile properties of latewood are much lower 

due to defects caused by higher slicing angles whereas in earlywood the 

influence of higher slicing angles is smaller (Biblis, 1970).

2.6 Tensile testing of spruce compression wood

Figure 7 shows how the microfibril angle of spruce compression wood 

changes during tensile loading. In the stress-strain curve two notably 

linear stages (biphasic behavior) can be seen and the MFA begins to 

decrease after the first linear stage. Burgert (2006) states that the MFA 

abruptly increased subsequent to fracture (the dot encircled within Figure 

7). During the second linear stage spruce compression wood seems to 

possess great strain to fracture.
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Figure 7. Wet spruce compression wood tensile test. Stress-strain curve (above, 
B) and MFA during tensile loading (below, C). (Burgert, 2006).

Figure 8 shows a cyclic test on spruce compression wood. It is evident that 

subsequent to initial yielding, plastic deformation materializes. Strain 

seems to increase, but the starting point of each cycle is further away from 

the initial start. Keckes et al. (2003) have created a so called 'stick-slip' 

theory that explains what occurs within Figure 8. In this theory microfibrils 

of the wood cell wall are first detached due to tensile stress and later 

reattached into new locations like Velcro connections. Thus, the MFA 

lowers as in Figure 7 and enables changes in the mechanical properties of 

wood to take place without damage to the structure.
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Figure 8. Wet spruce compression wood cyclic tensile test. Stress-strain curve 
(on the left, A) and orientation of MFA (on the right, B). "p" (on the left, A) 

demonstrates MFA of cell wall. (Burgert, 2006, Burgert et al., 2006).

1Stram [-]

Köhler (2000) explained similar kind of behavior in plant cell walls with 

lignin content and high MFA. He stated that the high amount of lignin in 

the cell walls enable changes within the MFA. Due to high lignin content, 

cellulose microfibrils can form more bonds in the cell wall.

2.7 Fracture pattern of spruce

Spruce normal wood and compression wood fracture differently under a 

tensile force applied parallel to the grain. Figure 9 shows the fracture 

pattern in spruce normal wood. Most of the fractures occur near wood rays 

and in the border areas of growth rings. Fracture materializes in clear 

phases and earlywood zones always fail before latewood zones. (Bodner 

et al., 1997a).

Figure 10 shows the fracture pattern in spruce compression wood. The 

fracture appears somewhat quickly and creates a notably linear pattern 

perpendicular to the grain. Complete failure of the wood material occurs 

without any transparent warning signs, such as small surface cracks.
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Unlike in normal wood, a fracture in compression wood does not usually 

materialize near wood rays and in the border areas of growth rings. In 

some cases, wood rays may initiate formation of cracks. (Bodner et al., 

1997b).

In Figure 9 and Figure 10, the fracture patterns are presented with black 

lines and wood rays with dotted lines. The numbers indicate the order of 

crack formation. The figures present growth ring border areas (GRB), side- 

cracks (SC), and heavily pitted areas (BP). Within normal wood, latewood 

zone (LW), earlywood zone (EW), and deviation of the grain (Dev) are also 

shown. Within compression wood, first-formed tracheide (FT) and wood 

ray with resin duct (WR+RD) are visible. (Bodner et al., 1997a, Bodner et 

al., 1997b).
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Figure 9. Fracture pattern of spruce normal wood (Bodner et al., 1997a).
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Figure 10. Fracture pattern of spruce compression wood (Bodner et al., 1997b).

Although fracture pattern of spruce compression wood within Figure 10 is 

notably linear and even looking, the reality on the surface of wood might 

be contrary. Reiterer et al. (2001) state that wood with high MFA exhibits 

heavily torn fracture surfaces, whereas smooth fracture surfaces are 

associated with low MFA wood.

Köhler (2000) reported similar behavior with plant tissues. He states that 

rough fracture surface is due to fibre pullout. This is typical for biphasic 

(two separate linear stages during tensile test) behavior, whereas smooth 

fracture surface is typical for those that have only one linear stage.
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2.8 Summary

Softwoods mostly consist of tracheids. The MFA within the Sa layer of the 

cell wall of the tracheids is a significant factor that enables different kind of 

mechanical performances of wood. It is notable that wood with a low MFA 

exhibits different kind of stiffness and strain properties than wood with 

higher MFA.

Spruce compression wood and juniper posses high MFA, whereas spruce 

normal wood has a notably low MFA. The high strain to fracture of spruce 

CW is reported to be due to the high MFA. The theory is that tensile stress 

causes changes in the MFA. Thus the wood material is adjusting itself, 

without damage to the structure of wood.

Higher moisture contents in wood results in lower strength and stiffness 

properties. Tensile properties of wood are also highly affected by possible 

defects within the wood material. In order to avoid defects during 

microtome slicing of wood, the angle between the wood grain direction 

and the microtome blade should be low. It is also notable that some 

defects can materialize to the structure of wood, when it is still growing.

The knowledge from the literature review section has been utilized within 

the aspects of the materials and methods section, where the test 

procedures of this study are next explained.
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3 MATERIALS AND METHODS

3.1 Wood material

The wood blocks used were sawn from frozen stems that were stored 

inside a freezer. Wood material was chosen in a way that the grain 

direction and growth ring areas would be as linear as possible in the final 

test specimens. The target was to get clear wood material that would not 

have any defects like knots because these might greatly alter the tensile 

test results.

Spruce stem was from southern Finland and juniper stem was from 

Solböle, south-western Finland. Spruce compression wood was taken 

from the same stem as spruce normal wood, but from a different height. 

Spruce CW was recognized by its darker color and round tracheids 

(checked with a microscope). Juniper samples were taken from growth 

rings of 45-55 and 63-73. Spruce compression wood samples were from 

growth rings 19-21 and 23-25. Spruce normal wood samples were from 

17-19 and 21-25.

In order to have a more linear grain structure in the slices that were cut 

with microtome, the idea was to chop off small pieces of wood with chisel 

or knife from the surfaces of wood blocks. Eventually, this kind of method 

was not used because the wood blocks were destroyed too much. Only 

compression wood blocks were successfully done using this kind of 

method.

The densities of the wood blocks were calculated from small wood cubes 

that were sawn near the area of wood blocks used. The dimensions and 

weight of these small cubes were measured in RFi 65 % conditions. 

Densities (p) were calculated with equation 1 (Kärkkäinen, 2007, p.139), 

where m is weight (kg) and V is volume (m3).
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(1)P = v

3.2 Microtome slicing

Wood blocks were kept under water before they were sliced with a 

microtome (MSE, London, UK). The first blocks were sliced after they had 

been under water for about 24 hours and the rest of the blocks were even 

longer under water. The microtome used can be seen in Figure 11.

О
л 3

Figure 11. Microtome with a wood block mounted.

The microtome slicing angle was about 15 degrees (Figure 12) in order to 

minimize the amount of possible slip planes (see Section 2.5) and a new 

knife was used in the microtome during the slicing. The settings of 

microtome were the same for all species and they were kept similar all the
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time. The knife was removed from the microtome between different 

species but was reattached as similarly as possible.

iJ

L
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Figure 12. Slicing angle of about 15 degrees between microtome knife and wood
block.

The target thickness of the slices was 200 pm, as common in the literature 

(Pot et al., 2013, Burgert et al., 2004, Frühmann et al., 2003). The 

thickness of the test specimens was over 160 pm and thus the quality of 

cut slices was not examined too closely (see Section 2.5). The surface of 

the wood block was moisturized with water between every cut. The 

thicknesses of the slices were checked from time to time with a digital 

sliding caliber (Mitutoyo, Kawasaki, Japan). Figure 13 demonstrates how a 

slice was cut from the wood block.
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Figure 13. Microtome slicing of spruce compression wood. The shining part in the 
uncut area is due to wet surface of wood.

The slices were divided into six testing categories. Table 3 shows the 

slicing order that was created in order to have specimens from every wood 

block in every moisture content groups (RH 40 %, RH 65 %, and Wet) and 

into both testing type groups (monotonie and cyclic). A total of ten slices 

were cut for each category. The slicing order required that a minimum of 

six slices per wood block was sliced. Thus the total amount of slices was 

60 per species (20 slices per moisture content and 10 slices per testing 

type).
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Table 3. Slicing order for every group of specimens: spruce normal wood, spruce
compression wood, and juniper.

WetRH 40 % RH 65 %
CyclicMonotonie Cyclic Monotonie Cyclic Monotonie

1 3 4 5 61 2
2 1210 117 8 9
3 1813 15 16 1714
4 20 21 22 23 2419
5 3028 2925 26 27
6 3631 32 33 34 35
7 41 4237 38 39 40
8 4843 44 45 46 47
9 5451 52 5349 50
10 59 6055 56 57 58

Additional slices were made to be used in moisture content analysis and in 

case of need for extra specimens. Moisture contents (MC) were calculated 

with equation 2 (Kärkkäinen, 2007, p.182), where mi is the weight (g) of 

wood slices in the testing conditions and m0 is the weight (g) of oven dried 

wood slices.

m1-m0
MC = x 100% (2)

m0

3.3 Preparation of test specimens

The slices for testing in conditions of 20 °C, RH 40 % and 20 43, RH 65 % 

were conditioned for a few days in a climate room where the temperature 

was 20 43 and relative humidity 65 %. These slices were stored between 

paper sheets as in the literature (Frühmann et al., 2003). In addition, 

plywood pieces were placed on top of paper sheets. Without the plywood 

on top, the wood slices would not have stayed straight. Especially 

compression wood and juniper were prone to curve when beginning to dry 

a little.
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The specimens for the wet category were stored under water inside a 

refrigerator until they were tested. The reason for this was to have 

samples that were in as green a condition as possible. The wet test 

specimens were tested in a climate room (20 °C, RH 65 %).

The final test specimens were cut with razorblades from the wood slices 

with the assistance of a set square. The target dimensions of specimens 

were 0.2 (tangential direction) x 5 (radial direction) x 60 (longitudinal 

direction) mm3. Spruce normal wood growth rings were cut as in literature: 

one latewood zone and two earlywood zones (Frühmann et al., 2003). 

Spruce compression wood and juniper samples were not possible to cut in 

exactly same way as spruce normal wood samples. Especially some of 

juniper specimens contained more latewood zones than spruce 

specimens.

It was considered to have a cutting tool made from razorblades but 

eventually it was faster and simpler to cut the samples without any self 

built tools. The set square offered a good solution and the cut specimens 

were very near the measurements wanted. Figure 14 shows the cutting 

tools that were used.

ей

_ -

Figure 14. On the left 5 mm width and 60 mm long juniper specimen that has 
been cut with razorblade. Set square was used to measure and keep the cut area 
straight. On the right 5 mm width compression wood specimen has been cut from 

the center of the slice. This sample still needs to be cut shorter for the desired
value of 60 mm long.
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The thicknesses of the specimens were measured from four points that 

were inside the testing span area of 35 mm. These measurements were 

performed similarly as in the literature (Pot et al., 2013). The accuracy of 

dial gauge (Mitutoyo, Kawasaki, Japan) was 1 pm. The width of 

specimens was 5 mm and the diameter of the measuring head was 4.10 

mm. The dial gauge applied a constant force on the test samples and thus 

reduced the possibility of thickness measuring errors. Figure 15 shows the 

dial gauge and the measuring head used.

Л
Ш

11,^я

Figure 15. On the left dial gauge that was used to measure thicknesses of test 
specimens. On the right compression wood specimen is being measured with the 

dial gauge (4.10 mm measuring head attached).

The width and length of some of slices were inspected with a digital sliding 

caliber. These measurements were not very precise in order to keep the 

specimens intact. If not done properly, the digital sliding caliber might have 

harmed the specimens. The length and width measurements were 

impossible to take with the same device as thickness because the spring 

of dial gauge would have shattered the samples.

The RH 65 % samples were kept overnight in the testing room before the 

tests. The room settings were 20 °C and RH 65 % but these conditions 

fluctuated up and down somewhat. During testing the conditions were
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inspected with a handheld humidity and temperature measuring device 

(HMI41, Vaisala, Vantaa, Finland).

The RH 40 % test specimens were cut from slices in the RH 65 % 

condition. These samples were then put into 20 °C, RH 33 % chamber 

overnight before they were moved into the actual testing room which had 

20 °C, RH 40 % conditions, that were not remarkably constant. There 

these specimens were conditioned again overnight prior to tests.

RH 40 % and RH 65 % test samples were weighed with a balance (205 A 

SCS, Precisa, Dietikon, Switzerland) prior to tensile tests. These actual 

test specimens were never dried. Moisture contents were calculated with 

extra slices that were approximately three times larger in size than the 

actual test specimens. Moisture content slices were weighed three times: 

first time prior to tensile tests, second time on the following day, and third 

time subsequent to the slices were dried two days in an oven (103 °C).

3.4 Tensile tests

The machine used for the tensile tests was a Deben Dual Leadscrew 

tensile testing stage with 200N loadcell (Deben UK Ltd, Brickfields 

Business Park, Old Stowmarket Road, Woolpit, Bury St Edmunds, Suffolk 

IP30 9QS). The span chosen for all the specimens was 35 mm. The 

Deben was operated within a controlled environment where it was 

possible to implement specific temperature and relative humidity. Initially 

the idea was to use climate chambers for the testing but eventually the 

tests were performed in a climate room. Figure 16 shows the machine 

used and how the specimens were attached to the grips of the machine.
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Figure 16. On the left Deben machine and on the right used grips with a 
compression wood specimen attached to them.

Some preliminary testing was performed in changing office room 

conditions prior to actual tests in the climate room. Mainly the varied ways 

of conducting cyclic testing was researched and various speeds were 

tried, but due to the literature (Pot et al., 2013) a speed of 1.0 mm/min was 

finally implemented.

Preliminary tests also showed that there would be an initial force of 0-3N 

when sample was attached with the grips of the Deben. These grips were 

smooth in the attaching surface in order to avoid breaking of specimens. In 

the actual tests the initial forces were not eliminated by moving the grips 

inwards because it was seen important to keep the same span of 35 mm 

for every specimen.

Examples of the monotonie and cyclic tests performed are shown in Figure 

17. In the cyclic tests the software used (Deben Microtest Version 5.5.27) 

was not able to do automatically what was desired and thus the Deben 

was operated manually. This caused mainly two kinds of unwanted 

situations: human errors and machine errors. The former happened in the 

cyclic testing where the force increments were not often equally similar 

and in some cases a loop was skipped. The latter was evident when the 

machine often jumped into negative values causing blank points in the 

cyclic test graphs.
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Figure 17. On the left load-displacement curve of one (RH 65 % juniper) 
monotonie tensile test sample. On the right load-displacement curve of one (RH 

65 % juniper) cyclic tensile test sample.

Due to the initial force (0-3N), the Deben was operated in a way that 

before each loop the return point was set as 1 N. Wet specimens were kept 

as moist as possible during the cyclic testing. Wet paper was used to 

moisturize the specimens when Deben had returned to 1N force. Thus 

there was small pause (about 10-15s) every time a loop was completed. 

The first three loops were performed without additional watering and thus 

had shorter pauses. Relative humidity 40 % and 65 % testing had similar 

pauses in order to have the same kind of procedures.

Although the cross-head displacement speed was chosen to be 1.0 

mm/min, the return speed in cyclic tests from loop maximum value to 1 N 

was faster being approximately 1.5 mm/min. Beginning from the initial 

force, within each cycle about 5 N force increments (1-5 N, 1-10 N, 1-15 N, 

1-20 N etc.) was performed until the sample eventually fractured.

3.5 Analysis of test curves

Load-displacement curves were transformed into stress-strain curves. 

Load (N) was divided by cross-sectional area (mm2) in order to get the unit
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0.2% offset strain Young's modulus50-, 50-

40- 40-
0.2% offset line

30- 30-

Yleld pointго- го-

/ Slope before yield point 

Inlercept - 1.59234, Slope = 4430 28876

to to-

0 0
0.000 0.002 0.004 0 006 0.008 0.010 0.012 0.014 0.016

Strain (-)
0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014 0 016

Strain (-)

Figure 18. On the left determining yield point (yield stress and yield strain) with 
0.2 % offset line. On the right slope of first linear part forms value for Young's 

modulus (RH 65 % spruce CW sample).

Clearly varied curves were disqualified and thus were not included in the 

results. The average curves were made from the main bunch of the curves 

(disqualified curves removed). Reasons for disqualification were varied 

density in normalization, too thick specimen, and abnormal behavior of 

sample (possible NW to CW transition zone).
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of stress, MPa (N/mm ). Area in this case was the measured thickness 

(mm) of the test sample multiplied by width of test sample (5 mm). 

Displacement (mm) was divided by the span of 35 mm in order to get 

strain. Monotonie tensile test results include stress-strain curves and 

normalized (see Section 3.5.1, equation 3) stress-strain curves. The cyclic 

tensile test analysis consists of merely stress-strain curves.

3.5.1 Monotonie tensile tests

The yield point of the material was analyzed from the stress-strain curves 

with the 0.2 % offset line as in the literature (Shackelford, 2005, pp.190- 

191). The slope before yielding is Young's modulus (Shackelford, 2005, 

p.191 ). Young's modulus was determined from the most linear part of the 

curve (before the 0.2 % offset yield point). Figure 18 shows 0.2 % offset 

line and slope.
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Figure 19. On the left energy absorption of linear-elastic region. On the right 
energy absorption of total work of fracture (RH 65 % spruce CW sample).

Stress-strain curves were normalized for the density of the test samples. 

Normalization was performed with equation 3 (Gindl and Teischinger, 

2002), where cr* is the calculated stress of cell wall (MPa), 1500 (kg/m3) is 

the density of cell wall, p is density of test sample (kg/m3), and a is stress 

of test sample (MPa). Wet test curves and RH 40 % test curves were 

normalized with the help of RH 65 % test sample densities.

1500
(7* = (3)a

p
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40- 40

Figure 19 shows the energy absorption of the test specimen. This was 

calculated as the energy per volume as in the literature (Reiterer et al., 

2001). The area underneath the curve from the beginning point to the yield 

point equals the energy absorption of the linear-elastic region. The 

complete area underneath the curve equals the energy absorption of the 

total work of fracture. These areas are marked with the grey color in Figure

19.
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3.5.2 Cyclic tensile tests

Energy absorption during cyclic loading was determined. The area inside 

every loop within a cyclic test was calculated. All the areas of the loops 

within a cyclic test were then formed into a curve. Yielding region analysis 

of these curves consists of three points: point one (P1), point two (P2), 

and point three (P3).

Yielding region analysis can be seen in Figure 20. P1, P2, and P3 present 

certain points within the cyclic test curves, where something noteworthy 

occurs. P1 is before any yielding (at the end of the first linear part of the 

curve). P2 is the center of points P1 and P3. P3 is located before strain 

increases drastically. Thus the P1 - P3 region covers the initial yielding 

subsequent to the first linear part of the curve.

30 0.0210 15 20 25 35 40 0.00 0.01 0.03 0.04 0.05 0.06
Loop max stress (MPa) Strain (-)

Figure 20. On the left yielding region of cyclic test was analyzed with three points: 
P1, P2, and P3. On the right yielding region was further examined by locating 

these same points on the actual test curve (RH 65 % juniper sample).
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4 RESULTS AND DISCUSSION

4.1 Test specimens

Table 4 shows the measured densities of the wood material that was used 

in tensile testing. The average density of the test samples is clearly lower 

than the average density of the wood cubes. The reason for this might be 

the point where the cubes were taken from. Wood cubes were sawn near 

the area of the test sample blocks. Thus the density of wood cubes may 

not represent the correct density of the wood material used.

It is also possible that there has been a systematic error in the dimension 

measurements of the test samples. Spruce NW, spruce CW, and juniper 

all possess the lower density of the test samples. Thus the systematic 

error might have caused lower density values in the calculations. Another 

cause for lower density values within the test samples is earlywood / 

latewood ratio. A low amount of latewood within the test samples causes 

lower density values. In Table 4 there is no standard deviation for spruce 

compression wood cubes because only one cube was measured.

Table 4. Average densities of wood material (RH 65 %). Densities have been 
measured in two ways: from actual test samples and from small wood cubes. 

Standard deviation is inside brackets.

Average density of 
wood cubes 

(kg/m3)

Average density of 
test samples 

(kg/m3)

423.46 (22.33)355.07 (38.18)Spruce normal wood

Spruce compression 
wood 693.27 (-)544.87 (26.67)

504.55 (42.66)432.66 (60.34)Juniper

The average thicknesses of the test samples are given in Table 5. Spruce 

normal wood has about two times greater standard deviation than that of 

juniper and spruce compression wood. Juniper and spruce compression
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wood test specimens are both very constant in thicknesses and juniper’s 

values are closest to desired target value of 0.200 mm. It seems that 

varied types of wood were cut into various thicknesses, although the setup 

of microtome was same for all sliced wood blocks. Standard deviation is 

relatively small for all the test samples.

Table 5. Average thicknesses of test specimens. Standard deviation is inside
brackets.

Spruce compression 
wood

Spruce normal 
wood

Juniper

Average thickness 0.212 (0.007)0.234 (0.006)0.225 (0.013)(mm)

Table 6 presents the average moisture contents of the test specimens in 

the climate room conditions of relative humidity 40 % and 65 %. Relative 

humidity 40 % resulted in a moisture content of about 10 %, whereas a 

relative humidity 65 % caused a MC of about 15 %. A notable aspect is 

the lower MC of spruce normal wood, which was approximately 14 % in 

relative humidity 65 %.

At RH 40 % spruce normal wood was at the same level as spruce 

compression wood and juniper. The variation in MC at RH 65 % might be 

due to the sorption / desorption properties (see Section 2.4) of spruce 

normal wood. Different chemical structure (see Section 2.4) might be the 

reason for lower MC of spruce NW.

Table 6. Average moisture contents in relative humidity 40 % and 65 %. Standard
deviation is inside brackets.

RH 65 % 
Average MC (%)

RH 40 % 
Average MC (%)

14.19 (0.50)10.43 (0.33)Spruce normal wood

Spruce compression 
wood

15.63 (0.23)10.65 (0.49)

15.05 (0.40)10.19 (0.66)Juniper
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Figure 21. Stress-strain average curves. RH40% spruce NW n=7, spruce CW 
n=6, juniper n=10. RH65% spruce NW n=7, spruce CW n=7, juniper n=10. Wet 
spruce NW n=7, spruce CW n=7, juniper n=10. ("n" is the amount of samples.)
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4.2 Monotonie tensile test results

4.2.1 Stress-strain curves

Figure 21 illustrates average stress-strain curves at different RH. At all RH, 

spruce compression wood (high MFA, see Section 2.1, Table 1) is 

somewhat stiffer than juniper (high MFA, see Section 2.1, Table 1) 

although the all-around curve shape is similar with both species. Juniper is 

remarkably ductile at all moisture contents. Spruce normal wood seems to 

be stiffer and behaves in a totally different way to the others. Spruce NW 

(low MFA, see Section 2.1, Table 1) has only about 0.5 % strain to 

fracture. The literature supports these test results. Reiterer et al. (2001) 

demonstrated that a change in MFA from 5 degrees to 50 degrees causes 

strain to fracture to increase from 0.5 % to 11 %.
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The notably small difference between Spruce NW at RH 40 % and at RH 

65 % in Figure 21 is due to some density differences. (Within the 

normalized curves of Figure 23, there is a small gap between spruce NW 

at RH 40 % and at RH 65 %.) It is also notable that the MC of spruce NW 

was lower at RH 65 % (see Section 4.1). Thus the gap between the curves 

of spruce NW at RH 40 % and at RH 65 % should be somewhat smaller 

(when compared to the gaps of spruce CW and juniper at RH 40 % and at 

RH 65 %).

Table 7 and Table 8 show specified data from the stress-strain curves. 

Spruce normal wood RH 65 % Young’s modulus is 8935 MPa. This is 

somewhat lower than Keunecke (2008, p.98) reported (9100MPa and 

10700 MPa, spruce densities of 500 and 510 kg/m3). He had denser 

spruce than used in this study.

Keunecke (2008, p.98) also tested yew normal wood. His test results for 

Young's modulus were 6200 MPa (density 690 kg/m3) and 7700 MPa 

(density 660 kg/m3) at 20 ”0, RH 65 % conditions. These yew normal wood 

specimens were stiffer than spruce CW (4653 MPa) and juniper (3476 

MPa) used in this study.

Spruce NW Young’s modulus St. Dev. values are greater than spruce CW 

and juniper values. Although spruce NW at RH 40 % and at RH 65 % 

average curves are close, spruce NW RH 40 % average is 466 MPa 

stiffer. It is also notable that the Young’s modulus of spruce CW at RH 40 

% is only 353 MPa stiffer than spruce CW at RH 65 %. Juniper at RH 40 % 

is 337 MPa stiffer than at RH 65 %. Thus it seems that the average 

Young’s modulus at RH 40 % and at RH 65 % is notably close within each 

species.
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Table 7. Average Young's modulus and maximum values from stress-strain
curves. Standard deviation is inside brackets.

Max Stress 
(MPa)

Young's Modulus 
(MPa)

Max Strain (-)

61.99 ( 14.10 )0.0075 ( 0.0019 )9401 ( 837 )Spruce NW RH40%
58.74 ( 4.23 )0.0074 ( 0.0011 )8935 ( 1043 )Spruce NW RH65%
38.68 ( 4.99 )5842 ( 1391 ) 0.0079 ( 0.0013 )Spruce NW Wet

52.16 ( 9.38 )0.0130 ( 0.0028 )Spruce CW RH40% 5006 ( 285 )
43.45 ( 3.30 )0.0129 ( 0.0025 )4653 ( 160 )Spruce CW RH65%
33.08 ( 2.03 )3852 ( 173 ) 0.0151 ( 0.0038 )Spruce CW Wet

64.68 ( 6.35 )0.0316 ( 0.0087 )3813 ( 602 )Juniper RH40%
53.38 ( 6.73 )0.0341 ( 0.0091 )3476 ( 557 )Juniper RH65%
38.14 ( 5.51 )0.0530 ( 0.0176 )2781 ( 451 )Juniper Wet

The standard deviation of max. stress of spruce NW at RH 40 % is high 

(14.10 MPa), but spruce CW at RH 40 % is also nearly at the same level 

(9.38 MPa). The St. Dev. of all the others is clearly lower (2.03 MPa - 6.73 

MPa). It seems that spruce tests at RH 40 % contain somewhat more 

variation with max. stress than the others.

It is notable that juniper samples eventually reach remarkably high max. 

stress values, although Young's modulus is low. This might be due to the 

changing microfibril angle during tensile loading (see Section 2.6). The 

MFA value is most probably decreasing while stress increases, and thus 

enables higher stress levels before final fracture.

Spruce NW seems to stay on the same max. strain level within all moisture 

contents. Max. strain of wet juniper and spruce CW samples is greater 

than that of the drier samples. In other studies (Burgert, 2006, Burgert et 

al., 2004) that used 200 pm thick specimens, wet spruce CW strain has 

been exceptionally high. When compared to this study (about 0.015), their 

samples strained over ten times more (see Section 2.6, Figure 7).
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Burgert et al. (2004) used wood from branches in their tests. Kettunen 

(2006, p.65) states that the structure of the branch is not identical to the 

stem, although both have somewhat similar cell structure. Thus, Burgert et 

al. (2004) results are not directly comparable with the results of this study 

because in this study samples were from the stem.

Burgert et al. (2004) spruce CW yield point seems to be at a lower stress 

level than in this study and the Young's modulus is also about 1000 MPa 

lower. In this study, wet spruce CW Young's modulus is about 3800 MPa. 

At least, it is evident that Burgert et al. (2004) used the LT-plane, whereas 

in this study LR-plane was used. Thus, their samples contained only CW, 

but within this study's samples the first-formed tracheids were also 

included due to multiple growth ring areas in the samples.

In addition to spruce CW, Burgert et al. (2004) also tested wet yew CW 

and wet Juniperus Virginiana CW. Juniperus Virginiana (Juniperus sect. 

Sabina) is not a notably close relative of Juniperus communis (Juniperus 

sect. Juniperus) (Mao et al., 2010). Juniperus Virginiana CW seems to be 

similar in performance, when compared to juniper normal wood of this 

study. Both have close Young's modulus values and the amount of strain 

is almost the same. Yew CW seems to have a lower Young's modulus 

(about 1500 MPa) and higher strain (over 0.20) than the juniper in this 

study.

The raw materials of the samples were not researched. It is unknown, 

what the microfibril angles of the tested samples were. It is also 

questionable, how much the spruce CW samples really contained 

compression wood. The low strain of spruce CW might be due to low MFA 

or the compression wood structure might have been only moderate 

instead of severe. The most probable cause for the difference in relation to 

Burgert et al. (2004) results is the structure of the wood material within 

branches because Young's modulus values are clearly higher in this study.
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Other aspects affecting are the speed of tensile testing machine used and 

the shape of the samples. Burgert et al. (2004) used a lower speed and 

"dog-bone" shaped specimens that have a narrower middle section. It is 

logical to think that samples might strain more with lower speed. Notably in 

this study samples often fractured near the grips of the machine (see 

Section 4.5.2). The "dog-bone" shaped samples might prevent this from 

occurring.

The yield point was determined with the 0.2 % offset line (in Table 8: yield 

stress, yield strain). In these results the yield point represents the 

beginning point of yielding and is at the end of the linear-elastic region. 

Standard deviation is relatively minor in yield strain and yield stress 

values. Standard deviation seems to be greater in max. strain and max. 

stress values than standard deviation in yield point values. Juniper and 

spruce CW yield stress is on a similar level, but juniper has a greater yield 

strain.

Table 8. 0.2 % offset yield point average values from stress-strain curves and 
comparison to maximum values. Standard deviation is inside brackets.

Yield Strain / 
Max Strain (-)

Yield Stress / 
Max Stress (-)

Yield Stress 
(MPa)Yield Strain (-)

0.69 ( 0.09 )0.74 ( 0.09 )Spruce NW RH40% 0.0051 ( 0.0010 ) 44,72 ( 6.75 )
0.67 ( 0.04 )42.98 ( 2.59 ) 0.73 ( 0.03 )Spruce NW RH65% 0.0050 ( 0.0005 )
0.68 ( 0.06 )0.75 ( 0.05 )29.24 ( 5.22 )Spruce NW Wet 0.0054 ( 0.0006 )

0.50 ( 0.07 )0.65 ( 0.05 )0.0063 ( 0.0007 ) 33.68 ( 4.04 )Spruce CW RH40%
0,44 ( 0.08 )0.62 ( 0.06 )0.0056 ( 0.0001 ) 27.03 ( 1.07 )Spruce CW RH65%
0.36 ( 0.05 )0.58 ( 0.04 )0.0051 ( 0.0004 ) 19.38 ( 2.21 )Spruce CW Wet

0.29 ( 0.08 )34.59 ( 4.66 ) 0.54 ( 0.05 )Juniper RH40% 0.0086 ( 0.0007 )
0.24 ( 0.07 )0.52 ( 0.05 )0.0077 ( 0.0006 ) 27,62 ( 4.32 )Juniper RH65%
0.13 ( 0.03 )17.62 ( 2.01 ) 0.46 ( 0.03 )0.0064 ( 0.0006 )Juniper Wet
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Figure 22. Biphasic behavior of spruce compression wood (on the left) and
juniper (on the right).

4.2.2 Normalized stress-strain curves

Figure 23 shows stress-strain curves normalized with cell wall area. When 

compared to Figure 21, the juniper curves of Figure 23 moved upwards in 

relation to spruce compression wood. In Figure 23, juniper and spruce 

compression wood have similar stiffness in the linear-elastic region. 

Juniper possesses greater strain to fracture.

45

Figure 22 shows the biphasic behavior of juniper and spruce compression 

wood. Although spruce CW fractures earlier than juniper, it is notable how 

similar both curves look (see also Figure 21). Also as in Burgert et al. 

(2004), in these curves, two separate stages can be found. The first stage 

(high stiffness) is before the yield point and the second stage (low 

stiffness) is subsequent to yielding.
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Normalized stress-strain average curves
300 -,
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Figure 23. Normalized stress-strain average curves. RH40% spruce NW n=7, 
spruce CW n=6, juniper n=10. RH65% spruce NW n=7, spruce CW n=7, juniper 
n=10. Wet spruce NW n=7, spruce CW n=7, juniper n=10. ("n" is the amount of

samples.)

Table 9 and Table 10 show specified data from the normalized stress- 

strain curves. The Young’s modulus of spruce normal wood at RH 65 % is 

28473 MPa. This value is around the same as Keunecke (2008, p.98) 

reported (27200MPa and 31600 MPa).

Spruce compression wood and juniper have a similar average Young's 

modulus within every moisture contents. What is remarkable is that the St. 

Dev. of juniper is notably greater than St. Dev. of spruce CW. Keunecke's 

(2008, p.98) yew normal wood Young's modulus values were 13700 MPa 

and 17400 MPa. The lower value of 13700 MPa is remarkably close to 

that of spruce CW (about 12700 MPa) and juniper (about 12300 MPa) in 

this study.
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Figure 24 illustrates spruce compression wood and juniper (beginning 

part) average curves. It is clearly visible how similar the linear parts of the 

beginning are. Although Young’s modulus is almost the same (see Table 

9), yield point is not at the same level (see Table 10). Eventually spruce 

CW yielding occurs at lower stresses at every moisture content. It is also 

notable that spruce CW yield strain is somewhat lower.

Spruce CWand beginning part of juniper

o'9et150 -

125-

100 -

75 -

50 -

25-

0
0.0150.0100.000 0.005

Strain (-)

Figure 24. Comparison between spruce compression wood and juniper (spruce
CW scale).
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Table 9. Average Young's modulus and maximum values from normalized stress-
strain curves. Standard deviation is inside brackets.

Max Stress 
(MPa)

Young's Modulus 
(MPa)

Max Strain (-)

0.0075 ( 0.0020 ) 256.05 ( 32.60 )Spruce NW RH40% 38681 ( 7609 )
212.52 ( 25.56 )0.0083 ( 0.0014 )28473 ( 3304 )Spruce NW RH65%
154.90 ( 11.59 )0.0080 ( 0.0013 )23269 ( 4623 )Spruce NW Wet

0.0130 ( 0.0028 ) 143.83 ( 26.95 )Spruce CW RH40% 13838 ( 955 )
119.20 ( 11.07 )0.0129 ( 0.0025 )12746 ( 261 )Spruce CW RH65%
91.59 ( 4.65 )0.0151 ( 0.0038 )Spruce CW Wet 10724 ( 638 )

227.15 ( 21.06 )0.0316 ( 0.0087 )13307 ( 1834 )Juniper RH40%
188.75 ( 32.42 )12284 ( 2113 ) 0.0341 ( 0.0091 )Juniper RH65%
134.97 ( 30.98 )0.0519 ( 0.0187 )Juniper Wet 9673 ( 1979 )
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Table 10. 0.2 % offset yield point average values from normalized stress-strain
curves and comparison to maximum values. Standard deviation is inside

brackets.

Yield Strain / 
Max Strain (-)

Yeld Stress / 
Max Stress (-)

Yeld Stress 
(MPa)Yeld Strain (-)

0.70 ( 0.07 )0.74 ( 0.07 )189.06 ( 17.70 )Spruce NW RH40% 0.0052 ( 0.0011 )
0.67 ( 0.06 )0.73 ( 0.04 )155.60 ( 15.65 )Spruce NW RH65% 0.0055 ( 0.0005 )
0.67 ( 0.09 )114.80 ( 17.33 ) 0.74 ( 0.07 )Spruce NW Wet 0.0052 ( 0.0006 )

0.51 ( 0.08 )94,50 ( 11.23 ) 0.66 ( 0.05 )Spruce CW RH40% 0.0065 ( 0.0006 )
0.48 ( 0.08 )0.66 ( 0.05 )78.66 ( 3.40 )Spruce CW RH65% 0.0060 ( 0.0002 )

0.58 ( 0.03 ) 0.36 ( 0.05 )53.62 ( 4.66 )Spruce CW Wet 0.0051 ( 0.0004 )

0.30 ( 0.08 )123.78 ( 13.22 ) 0.55 ( 0.05 )Juniper RH40% 0.0089 ( 0.0006 )
0.52 ( 0.05 ) 0.24 ( 0.07 )96.79 ( 15.93 )Juniper RH65% 0.0077 ( 0.0004 )

0.14 ( 0.04 )0.46 ( 0.04 )0.0064 ( 0.0006 ) 61.78 ( 10.93 )Juniper Wet

4.2.3 Energy absorption capacity

Figure 25 and Figure 26 illustrate energy absorption capacity calculated 

from the stress-strain curves and normalized stress-strain curves. Spruce 

normal wood (low MFA, see Section 2.1, Table 1) linear-elastic region 

accounts for about half of the total work of fracture. Juniper (high MFA, 

see Section 2.1, Table 1) and spruce compression wood (high MFA, see 

Section 2.1, Table 1) have a greater total work of fracture in comparison to 

the linear-elastic region. This shows how the high MFA of juniper and 

spruce compression wood result in higher energy absorption.

Table 11 and Table 12 show specified values from Figure 25 and Figure 

26. Linear-elastic region / Total work of fracture values for spruce NW is 

0.48 - 0.50, spruce CW 0.16 - 0.29, and juniper 0.05 - 0.13. The literature 

supports these test results. Reiterer et al. (2001) demonstrated that low 

MFA results in a higher ratio (almost 0.40) of linear-elastic region / total 

work of fracture, whereas high MFA causes low ratio (0.10).
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Energy absorption capacity of juniper, spruce CW, and 
spruce NW (kJ/m3)

-i
Juniper Wet

Juniper RH65%

Juniper RH40%

Spruce CW Wet

Spruce CW RH65%

Spruce CW RH40%

Spruce NW Wet

Spruce NW RH65%

Spuce NW RH40%

20001000 15005000

■ Total work of fracture ■ Linear-elastic region

Figure 25. Energy absorption capacity of juniper, spruce CW, and spruce NW in 
various moisture contents. Standard deviation is marked with black error bar line.

Table 11. Energy absorption capacity of spruce NW, spruce CW, and juniper (as 
seen in previous figure). Standard deviation is inside brackets.

Linear-elastic 
region/Total 

work of fracture
Total work of 

fracture (kJ/m3)
Linear-elastic 
region (kJ/m3)

(-)
0.50 ( 0.13 )260.2 ( 117.3 )120.6 ( 35.8 )Spuce NW RH40%
0.48 ( 0.05 )236.7 ( 47.3 )110.6 ( 13.5 )Spruce NW RH65%

169.3 ( 44.2 ) 0.48 ( 0.07 )80.5 ( 18.2 )Spruce NW Wet

427.4 ( 171.0 ) 0.29 ( 0.07 )Spruce CW RH40% 116.1 ( 23.1 )
354.4 ( 105.8 ) 0.24 ( 0.07 )Spruce CW RH65% 80.3 ( 4.7 )
344,0 ( 128.6 ) 0.16 ( 0.04 )51.9 ( 11.8 )Spruce CW Wet

0.13 ( 0.06 )1388.0 ( 458.9 )166.1 ( 24.4 )Juniper RH40%
0.10 ( 0.05 )116.5 ( 19.3 ) 1271.5 ( 376.1 )Juniper RH65%

1492.3 ( 465.5 ) 0.05 ( 0.01 )63.4 ( 8.6 )Juniper Wet

49



The same phenomenon is visible in the normalized results, although it 

seems that at RH 65 % spruce NW has about the same energy capacity of 

total work of fracture as spruce CW. Spruce NW seems to have greater 

linear-elastic region energy than spruce CW. This happens at every 

moisture content (see Table 11 and Table 12).

In comparison to spruce NW, juniper has mostly greater energy in linear- 

elastic region. Only wet spruce NW is greater than juniper in Table 11. 

Within the normalized results the gap is not so clear for juniper which has 

higher linear-elastic value only in RH 40 %.

Normalized energy absorption capacity of juniper, spruce 
CW, and spruce NW (kJ/m3)

Juniper Wet

Juniper RH65%

H
Juniper RH40%

Spruce CW Wet

Spruce CW RH65%

Spruce CW RH40%

Spruce NW Wet

Spruce NW RH65%

Spuce NW RH40%

1000 2000 3000 4000 5000 6000 70000
■ Total work of fracture M Linear-elastic region

Figure 26. Normalized energy absorption capacity of juniper, spruce CW, and 
spruce NW in various moisture contents. Standard deviation is marked with black

error bar line.
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Table 12. Normalized energy absorption capacity of spruce NW, spruce CW, and 
juniper (as seen in previous figure). Standard deviation is inside brackets.

Linear-elastic 
region / Total 

work of fracture
Total work of 

fracture (kJ/m3)
Linear-elastic 
region (kJ/m3)

(-)
1046.8 ( 370.0 ) 0.51 ( 0.10 )514.5 ( 120.9 )Spuce NW RH40%
980.0 ( 230.9 ) 0.48 ( 0.08 )452.3 ( 59.7 )Spruce NW RH65%
680.4 ( 163.6 ) 0.47 (0.11 )310.2 ( 65.1 )Spruce NW Wet

0.31 ( 0.08 )1180.4 ( 475.8 )334.5 ( 60.1 )Spruce CW RH40%
972.5 ( 311.7 ) 0.27 ( 0.08 )Spruce CW RH65% 254.1 ( 18.3 )

0.16 ( 0.03 )951.3 ( 353.9 )143.6 ( 28.2 )Spruce CW Wet

4923.6 ( 1783.7 ) 0.14 ( 0.06 )611.1 ( 70.6 )Juniper RH40%
0.10 ( 0.04 )4514.9 ( 1448.3 )402.4 ( 62.1 )Juniper RH65%
0.05 ( 0.01 )5378.7 ( 2021.6 )221.4 ( 47.3 )Juniper Wet

4.3 Cyclic tensile test results

Monotonie tensile test results demonstrate how juniper and spruce 

compression wood exhibit same kind of diphasic behavior. Monotonie 

tests do not show what really occurs within the yielding area and how 

samples behave if tested repeatedly to higher stresses. Thus subsequent 

to the monotonie tensile tests, a series of cyclic tensile tests were 

performed in order to search for the actual yield point. It was also a target 

to discover if juniper and spruce compression wood contain same kind of 

similar behavior also within cyclic tests.
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4.3.1 Typical behavior of test samples

Figure 27 (juniper), Figure 28 (spruce CW), and Figure 29 (spruce NW) 

illustrate the typical behavior of samples during cyclic tests at each 

moisture content. The most notable result is the loop size of the juniper 

samples. The wetter specimens exhibit bigger loops and lower maximum 

stresses.

After the linear-elastic part: the next cycle reaches a maximum stress 

value of the previous cycle fast and then the stress increment becomes 

slower due to high strain. This is what occurs for juniper during a new 

cycle each time. If analyzed where the loading curve bends at the end of 

most linear part of the loop (after the initial yielding), yield point moves to 

higher stresses (see Figure 27: wet juniper). Next cycle's strain is always 

related to the previous cycle and some plastic deformation stays. 

Beginning point of a new cycle moves further all the time. Will deformation 

return with time, and if so, how much will return? During short time of 

cyclic tests plastic deformation is evident. To some extent spruce CW 

demonstrates same kind of phenomena as juniper.

Similar kind of yield point movements (to higher stresses), as juniper 

exhibited in this study, has been recorded earlier with plant tissues. Spatz 

et al. (1999) demonstrated in their tests that the MFA adjusts during 

tensile loading and the matrix is not strained similarly as the fibres. It was 

also remarkable in their tests that the loading parts of the cycles were 

related to each other. The maximum stress level of the previous cycle was 

always the location, where the next cycle possessed the yield point.

Although spruce CW fractures at a low strain level, the shapes of the 

curves resemble the initial part of the juniper curves (before the high strain 

part) at every moisture content. Spruce compression wood cyclic test 

results (Figure 28) were not similar to the literature (see Section 2.6,
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Figure 8). As in the monotonie tests, in the cyclic tests too, spruce CW 

fractured at a smaller strain and higher stress than in the literature. Burgert 

et al. (2006) performed cyclic tests, where wet spruce CW yielded at a 

remarkably lower stress level than in this study. Their strain to fracture was 

also notably higher.

The structure of the specimens might be the reason for the performance of 

spruce CW in this study. The low strain of spruce CW might be due to the 

low MFA or the compression wood structure might have been only 

moderate instead of severe. Because juniper samples tolerated great 

strains, the procedures of the tests most probably was not the reason for 

rapid failures of the spruce CW.

When compared to spruce CW and juniper, spruce NW fractures soon 

after the yield point. Plastic deformation is minimal and the samples at 

every moisture contents behave similarly. The major difference between 

moisture contents is the maximum stress prior to fracture.

Spruce NW posses some kind of hardening behavior before the yield 

point. Both monotonie and cyclic samples demonstrated minor hardening. 

An explanation for this might be sample alignment under the grips of 

machine due to low strain and fast stress increase. Spruce CW and 

juniper samples did not contain similarities to this kind of hardening 

behavior.
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Figure 27. Typical cyclic juniper specimen in wet, RH 65 %, and RH 40 %
condition. These three specimens are all taken from same wood block. Gaps in

lines are missing data points.
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Wet spruce CW specimen
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Figure 28. Typical cyclic spruce compression wood specimen in wet, RH 65 %
and RH 40 % condition. These three specimens are all taken from same wood

block. Gaps in lines are missing data points.
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Wet spai ce NW specimen
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RH 40 % spruce NW specimen
80-

60 -

40-

20 -

О
0.000 0.002 0.004 0.006 0.008 0.010 0.012

Strain (-)

Figure 29. Typical cyclic spruce normal wood specimen in wet, RH 65 %, and RH
40 % condition. These three specimens are all taken from same wood block.

Gaps in lines are missing data points.
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Energy absorption during cyclic loading
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Figure 30. Energy absorption during cyclic loading (average curves). RH40% 
spruce NW n=7, spruce CW n=7, juniper n=10. RH65% spruce NW n=7, spruce 

CW n=7, juniper n=10. Wet spruce NW n=7, spruce CW n=7, juniper n=10. ("n" is
the amount of samples.)
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4.3.2 Energy absorption during cyclic loading

Figure 30 shows average curves of energy absorption. Energy during a 

cyclic test (work of fracture) was calculated from the areas bounded by the 

loops. There can be seen a clear similarity with the shapes of the 

monotonie stress-strain curves (see Section 4.2.1, Figure 21).

Within Figure 30 the energy of spruce NW is all the time smaller than the 

energies of spruce CW and juniper. Spruce NW RH 40 % and RFI 65 % 

curves are again near each other. The energy of wet juniper is on its own 

level. Already at low stresses wet juniper has greater energy absorption 

than all the rest.
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It is notable that within each loop, the maximum stress level was not held 

for a long time. The testing machine was returned immediately to a lower 

stress, when the maximum stress was reached. The minimum stress level 

was held for a little longer time, but only a few seconds between each 

loop. It seems logical to think that longer time periods within maximum or 

minimum stress might have caused greater loop sizes due to yielding 

under stress.

4.3.3 Yielding region

Table 13 shows average data from the cyclic test curves. Three points: 

PI, P2, and P3 represent certain points within the cyclic test curves, 

where something noteworthy occurs. P1 is before any yielding, P2 is the 

center of points PI and P3, and P3 is before strain increases drastically. 

Thus the PI - P3 region covers the initial yielding subsequent to the zone 

of elastic deformation.

In monotonie tests the 0.2 % offset value report a place, where yielding 

has already begun. Points P1 and P2 are the values that are comparable 

with the 0.2 % offset values. The 0.2 % offset yield point and strain to 

fracture of monotonie tests can be seen in Section 4.2.1.
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Table 13. Average stress and strain results of yielding region. Standard deviation
is inside brackets.

P1 Stress (MPa) P2 Strain (-) P2 Stress (MPa)PI Strain (-)
0.0055 ( 0.0010 ) 49.27 ( 7.55 )Spruce NW RH 40 % 0.0040 ( 0.0003 ) 36.32 ( 2,94 )

Spruce NW RH 65 % 0.0052 ( 0.0003 ) 45.78 ( 3.01 )0.0037 ( 0.0003 ) 33.57 ( 1.98 )
33.65 ( 4.38 )Spruce NW Wet 0.0036 ( 0.0006 ) 25.68 ( 4.23 ) 0.0047 ( 0.0005 )

Spruce CW RH 40 % 0.0068 ( 0.0007 ) 34.86 ( 3.54 )0.0045 ( 0.0005 ) 24.56 ( 2.38 )
31.18 ( 3.36 )Spruce CW RH 65 % 0.0040 ( 0.0005 ) 20.82 ( 1.91 ) 0.0067 ( 0.0010 )
26.83 ( 4.64 )Spruce CW Wet 0.0069 ( 0.0015 )0.0041 ( 0.0009 ) 17.85 ( 3.25 )

42.68 ( 5.83 )Juniper RH 40 % 0.0057 ( 0.0007 ) 24.28 ( 1.81 ) 0.0119 ( 0.0021 )
0.0112 ( 0.0010 ) 36.11 ( 3.54 )0.0057 ( 0.0006 ) 21.55 ( 2.10 )Juniper RH 65 %
0.0114 ( 0.0025 ) 25.84 ( 3.19 )Juniper Wet 0.0055 ( 0.0012 ) 16.70 ( 1.93 )

Max Strain (-) Max Stress (MPa)P3 Strain (■) P3 Stress (MPa)
68.75 ( 10.03 )Spruce NW RH 40 % 0.0067 ( 0.0014 ) 58.01 ( 9.91 ) 0.0083 ( 0.0017 )
62.90 ( 3.65 )Spruce NW RH 65 % 0.0065 ( 0.0005 ) 54.94 ( 4.05 ) 0.0079 ( 0.0006 )
45.36 ( 7.45 )Spruce NW Wet 37.16 ( 5.55 ) 0.0069 ( 0.0014 )0.0053 ( 0.0007 )

0.0124 ( 0.0020 ) 49.69 ( 5.99 )Spruce CW RH 40 % 0.0097 ( 0.0015 ) 43.48 ( 5.25 )
44.36 ( 3.14 )Spruce CW RH 65 % 0.0098 ( 0.0016 ) 38.41 ( 4.45 ) 0.0131 ( 0.0016 )
36.30 ( 4,28 )Spruce CW Wet 0.0151 ( 0.0035 )0.0087 ( 0.0022 ) 30.30 ( 4.75 )

62.63 ( 6.98 )0.0191 ( 0.0048 ) 53.51 ( 6.86 ) 0.0276 ( 0.0077 )Juniper RH 40 %
54.65 ( 6.27 )0.0177 ( 0.0027 ) 0.0326 ( 0.0057 )Juniper RH 65% 44,00 ( 5.39 )

0.0498 ( 0.0173 ) 38.43 ( 4.17 )Juniper Wet 0.0182 ( 0.0062 ) 29.53 ( 3.88 )

Differences in the strains to fracture between monotonie and cyclic tests 

are minimal. Average values overall seem to be similar in both test types. 

It cannot be said if testing type affects the strain to fracture.

The cyclic test value of P2 is commonly higher than the monotonie test 

value calculated by the 0.2 % offset procedure. Thus, yielding begins 

somewhere between values PI and 0.2 % offset. Figure 31 shows the 

comparison of these two points. Within each trend line lower point is P1 

(cyclic test before any yielding) and higher point is 0.2 % offset value 

(monotonie test yield point, where yielding has already begun).

The trend lines of spruce CW and juniper are remarkably similar within the 

yield stress levels, but the Young's modulus of juniper is lower. Thus 

juniper yields at higher strain levels than spruce CW. It seems that juniper 

has around 0.0010 - 0.0015 higher yield strain in every moisture contents 

than spruce CW has. It is also notable that lower MC causes higher yield 

stresses every time.

59



Cyclic P1 and monotonie 0.2% offset
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Figure 31. Comparison between cyclic test P1 values and monotonie test 0.2%
offset yield point values.

0.007

4.4 Comparison between monotonie and cyclic test curves

Figure 32 (juniper), Figure 34 (spruce CW), and Figure 36 (spruce NW) 

illustrate the monotonie and cyclic tests that originate from the same wood 

blocks. In these figures "1" shows where 0.2 % offset point is within 

monotonie tests (see Section 4.2.1). P1, P2, and P3 present the yielding 

region points (see Section 4.3.3).

Figure 33 (juniper), Figure 35 (spruce CW), and Figure 37 (spruce NW) 

present the same cyclic tests as in Figure 32, Figure 34, and Figure 36, 

but in these only the upward slopes are visible. The initial slopes of cyclic 

tests seem to be somewhat similar to the slopes of the monotonie tests. 

Initial yielding of the cyclic tests begins between yielding region value P1 

and P2. The 0.2 % offset value is mostly between these two.
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Stiffening of the loading curve occurs in both the cyclic and the monotonie 

juniper samples subsequent to biphasic behavior (see "2." in Figure 32). 

Could this demonstrate some kind of third stage of stiffening? Burgert et 

al. (2004) reported minor stiffening of spruce CW and yew CW during the 

second stage of biphasic behavior. In this study, some of the juniper 

samples performed similarly to their result. The third stage of stiffening 

might be an evidence of the possible 'stick-slip' mechanism, where the 

MFA decreases due to tensile stress (see Section 2.6).

Subsequent to point P2, the slopes seem to gradually descent (Figure 33 

and Figure 35). The overall curve shape of the cyclic tests is similar to the 

monotonie tests, but during each loop subsequent to the initial yield point, 

the yield point is moving to higher stresses. This is evident only in juniper 

and spruce CW. "2" within Figure 34 shows where spruce CW begins to 

gradually fracture in monotonie test. Normal wood of spruce maintains the 

somewhat same slope until final fracture. "2" within Figure 36 shows 

where spruce NW hardening behavior is evident.

It might be due to cyclic testing that some of the samples reach a 

somewhat higher stress level within the linear-elastic region than in the 

monotonie tests. This is not evident in all samples and thus might be a raw 

material related issue.

The hypothesis is that the MFA begins to change subsequent to the linear- 

elastic region and thus enables higher stress levels and higher strain for 

juniper and possibly also for spruce CW. The decrease in slope after the 

linear-elastic region suggests that some structural deformation occurs. It is 

also notable that the beginning point of each new cycle moves further all 

the time (after the initial yield point). This deformation (similar as in Köhler 

(2000)) does not return during the short time period of the cyclic tensile 

tests performed in this study. It is possible that some of deformation might 

return eventually in longer time. Subsequent to strain of P3 location within 

curves, plastic deformation seems to be the most logical scenario.
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Figure 32. Comparison between typical monotonie and typical cyclic test of wet 
juniper. Test samples are from same wood block.
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Figure 33. Slopes of cyclic test from previous figure and point P2.
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T T T T
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0.015 0.020

Figure 34. Comparison between typical monotonie and typical cyclic test of wet 
spruce CW. Test samples are from same wood block.
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Figure 35. Slopes of cyclic test from previous figure and point P2.
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Figure 36. Comparison between typical monotonie and typical cyclic test of wet 
spruce NW. Test samples are from same wood block.
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Figure 37. Slopes of cyclic test from previous figure and point P2.
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4.5 Other aspects of tensile tests

4.5.1 Visual behavior

Wet juniper samples demonstrated notably higher strain to fracture. 

Although the visual appearance of the samples during the tensile tests 

were not recorded, it was clearly evident that in particular the wet juniper 

samples posses minor necking capabilities.

Figure 38 shows three stages of a tensile test where a wet juniper sample 

possessed remarkably high strain to fracture. The first stage is before the 

test. The second is during the test and demonstrates minor necking. The 

third is subsequent to the test and illustrates a gap of over 2 mm that 

appeared at the moment of fracture.

t ¡2.

Ed№

L j
Figure 38. A wet juniper sample during a monotonie tensile test. The white areas 

in the sample are due to light reflections on the wet surface.

4.5.2 Fracture pattern

The most common fracture patterns of the samples within this study are 

shown in Figures 39-41. The actual fracture surfaces of the wood were
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not inspected. There were no clear differences between the fracture 

patterns of the monotonie and cyclic tests.

Juniper often showed remarkably linear fracture patterns perpendicular to 

the grain (Figure 39: "1."). This occurred more commonly when wet than at 

drier moisture contents. Spruce CW also occasionally demonstrated nearly 

as linear fractures as juniper (Figure 40: "1."). Figure 40: "2." shows how 

spruce CW more commonly broke.

Spruce NW often shattered between earlywood and latewood zones 

(Figure 41: "1."). Figure 39: "2." shows how juniper samples with multiple 

growth rings shattered also between earlywood and latewood zones. This 

was notably similar to what often occurred with spruce NW samples.

In the figures below "3." illustrate how samples broke within the grips of 

machine. This occurred often. An interesting fact is that high strain juniper 

broke exactly at the grips, whereas lower strain spruce CW samples broke 

near the grips. Spruce NW shattered often partially at the grips (Figure 41 : 

"1.", "2."). RH 40 % spruce CW did not show fractures near the grips, but 

in all the other moisture contents this was notably common.

-i

3о.2.
Л ■mm

яá
Figure 39. Fracture patterns of juniper (RH 65 %, monotonie test). Red color 

indicates where the grips of machine were.
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Figure 41. Fracture patterns of spruce NW (RH 65 %, monotonie test). Red color 
indicates where the grips of machine were.

4.5.3 Further testing possibilities

There are some different kinds of ways to continue testing. A few ideas 

are given in the list below.

• Tests within different direction. In this study LR-plane that contains 

the compression wood zone of first-formed tracheide was used. 

Thus samples from LT-plane could be tested.

• In this study many samples broke near the grips of machine. In 

order to prevent failures near the grips "dog-bone" shaped samples 

(as in Keunecke, 2008, p.91) could be used.

• Slower speed of the machine. In this study the speed was rather 

high: 1.0 mm/min. Thus, slower speed i.e. 0.5 mm/min or even 

slower could be used.

67

2. 3.
* ¡±

Figure 40. Fracture patterns of spruce CW (RH 65 %, monotonie test). Red color 
indicates where the grips of machine were.
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• Tests with a machine and software that can perform tests 

automatically as programmed beforehand. This would reduce 

human error during cyclic tests.

• Cyclic tests without breaks between cycles. In this study there was 

a small break of 10-15 seconds between cycles.

• Within the cyclic tests, return into the starting point of extension in 

order to have every cycle with linear parts at the beginning of cycle. 

In this study the point of return was 1N load level. This and the 

small breaks between cycles caused non-linear beginnings into the 

loops of cycles.

• Creep tests, where certain force levels are maintained prior and 

subsequent to known yield points.
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5 CONCLUSIONS

The elastic properties of juniper are widely known and thus juniper has 

been used as raw material for bows. There have not been many studies 

on the properties of juniper. The longitudinal tensile behavior of juniper 

was tested and compared to spruce normal wood and spruce compression 

wood in this study. Two kinds of tests were conducted: monotonie and 

cyclic tensile tests.

The monotonie tests showed that both juniper and spruce CW have two 

linear stages (biphasic behavior) during tensile testing, whereas spruce 

NW has only one linear part. Spruce NW samples had the highest Young's 

modulus, whereas juniper possessed the lowest. The shape of stress- 

strain curves was remarkably similar in juniper and spruce CW, although 

the Young's modulus of juniper was lower. Within the normalized stress- 

strain curves juniper and spruce CW had notably similar Young's modulus.

A higher moisture content resulted in a lower Young's modulus, higher 

strain to fracture, and lower yield point. Within the cyclic tests the loop 

sizes were greater within the higher moisture contents. Strain to fracture of 

juniper was remarkably higher than that of spruce CW and spruce NW. It 

was also confirmed (as in the literature) that high MFA species such as 

juniper have better energy absorption capacity than low MFA species such 

as spruce NW.

Cyclic tensile tests showed that the behavior of juniper changes 

subsequent to the first linear stage. Within the cyclic tests the yield point 

seems to move into higher stress levels during the second linear stage. It 

is also evident that the initial Young's modulus begins to decrease within 

the cycles subsequent to initial yielding. It remains questionable how 

viscoelastic the behavior of juniper eventually is. According to literature the 

behavior of juniper can be explained with high MFA properties.
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APPENDICES

APPENDIX 1. RH 40 % Monotonie Tensile Test Curves

APPENDIX 2. RH 65 % Monotonie Tensile Test Curves

APPENDIX 3. Wet Monotonie Tensile Test Curves
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APPENDIX 1 2(2)RH 40 % Monotonie Tensile Test Curves
(Red line is the average curve.)
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APPENDIX 2 2(2)RH 65 % Monotonie Tensile Test Curves
(Red line is the average curve.)
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Wet Monotonie Tensile Test Curves
(Red line is the average curve.)
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