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Mechanical Properties of Norway Spruce: Intra-Ring
Variation and Generic Behavior of Earlywood and
Latewood until Failure

Christian Lanvermann,* Philipp Hass, Falk K. Wittel, and Peter Niemz

The alternating earlywood and latewood growth ring structure has a
strong influence on the mechanical performance of Norway spruce. In
the current study, tensile tests in the longitudinal and tangential
directions were performed on a series of specimens representing one
growth ring at varying relative humidities. All tested mechanical
parameters, namely modulus of elasticity and ultimate tensile stress,
followed the density distribution in the growth ring, with the minimum
values in earlywood and the maximum values in latewood. The samples
were conditioned at three relative humidity levels 50%, 65%, and 95%.
With increasing relative humidity, the values of the mechanical
parameters were found to decrease. However, due to the high local
variability, this decrease was not statistically significant. The test in the
tangential direction on a set of earlywood and latewood specimens at
65% relative humidity revealed a similar limit of linear elasticity for both
early- and latewood. Where the strength of both tissues was equal, the
strain at failure was significantly greater for earlywood. Furthermore, the
portion of the non-linear stress/strain behavior for earlywood was
significantly greater. A Weibull analysis on the ultimate tensile strength
revealed a tissue-independent Weibull modulus, which indicates similar
defect distributions. For both, the failure occurred in the middle lamella.
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INTRODUCTION

Wood is a cellular and anisotropic material with a strict hierarchical arrangement
of its constituents. The anisotropic mechanical behavior with respect to the principal
directions (longitudinal (L), radial (R), and tangential (T)) of bulk wood is well known
(Keunecke et al. 2008; Neuhaus 1983; Wagenfuihr 2000). On the growth ring scale, the
structure of softwoods with their alternating high-density latewood (LW) and low-density
earlywood (EW) bands (e.g., Lanvermann et al. 2013b) adds a further level of
complexity. The different tissues exhibit different transverse physical properties with
respect to moisture-induced deformation (Derome et al. 2011; Derome et al. 2013
Keunecke et al. 2012; Rafsanjani et al. 2012) and mechanical properties as derived from
simulations (Kahle and Woodhouse 1994; Modén and Berglund 2008b; Persson 2000;
Rafsanjani et al. 2012). Due to its hierarchical structure, it is evident that the macroscopic
behavior originates from features on a microscopic scale. For example, when considering
wood drying, defects on the cell wall level as monitored by acoustic emission can lead to
macroscopic defects if the drying process is not properly controlled (Rosner 2012).
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Furthermore, collapse of wooden structures can be initiated by transverse failure at cell
level (Gustafsson 2003). Therefore, knowledge of local mechanical parameters and the
use of advanced modeling techniques can shed light on the underlying mechanisms. The
knowledge of these mechanisms can then lead to appropriate process control and a better
utilization of the wood material, as well as new insights for improved hierarchical multi-
scale models for wood.

Experimental studies on local mechanical parameters involve investigations on
single fibers (Eder et al. 2009) and separated EW and LW sections (Moon et al. 2010) as
well as observation of the different behaviors of intact tissue (Farruggia and Perré 2000;
Jernkvist and Thuvander 2001; Modén and Berglund 2008a; Sinn et al. 2001), but neglect
the well-known influence of moisture content (MC) on the mechanical properties
(Gerhards 1982; Neuhaus 1983; Ekevad and Axelsson 2012; Naylor et al. 2012).

Failure and crack propagation observations in the RT plane (e.g., Dill-Langer et
al. 2002; Fruehmann et al. 2003; Hass et al. 2012; Wittel et al. 2005) reveal the failure
mechanisms associated with EW and LW. What is observed in LW is a brittle failure
with a fracture along the cell wall interface; in EW, cell wall rupture in the thin-walled
cells can be seen. Because the parameters have such a large variability, as observed even
within the individual tissues in a growth ring (Modén and Berglund 2008a), a statistical
approach is needed to describe them. One such approach is the extreme value distribution
function proposed by Weibull (1951), which is based on the weakest-link theory and has
been successfully applied to ceramics (Nanjangud et al. 1995), metals (Nyahumwa 2005),
and wood beams (Danielsson and Gustafsson 2010; Aicher et al. 2007) to describe brittle
material failure.

The aim of the current study is twofold: To study the mechanical parameters
(modulus of elasticity (MOE) and ultimate tensile strength (UTS)) in the T direction and
MOE in the L direction within growth rings of Norway spruce for different ambient
relative humidities (RHs), and to elaborate the differences in the mechanical behavior
(MOE, UTS, and yield point) at constant RH of EW and LW in T until failure.

EXPERIMENTAL

Materials and Methods

The material for the current investigations originated from mature wood approxi-
mately 1 m above the ground, which is the same stem of Norway spruce that was
previously characterized by Lanvermann et al. (2013b). In the current approach, the
mechanical behavior of several series of samples, each representing one single growth
ring, and the different behaviors of EW and LW was studied. Rectangular solid pieces of
9-mm width and 47-mm length were cut from a board, with their longest dimensions
oriented parallel to and perpendicular to the L direction, respectively (Fig. 1a).

The rectangular solids were first submerged in water for at least two weeks under
mild vacuum conditions using a water-jet pump until they were completely saturated.
Using a sliding microtome, a series of consecutive specimens was prepared, each
representing one growth ring. Previous investigations of the cross-sectional cell geometry
on growth rings of this particular stem showed that the ratio of the radial diameter of an
EW and a LW cell is ca. 2:1 (Lanvermann et al. 2013b). In the T direction, cell
dimensions are more or less constant as a direct consequence of wood formation, in
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which a radial row originates from one individual cambium cell (Lanvermann et al.
2013b).

(a) (b)

Fig. 1. Schematic of sample preparation. Orientation of the cuboids within the board (a) and local
material orientation in the longitudinal and tangential sample configuration (b). The growth ring
curvature in (a) is exaggerated.

The sample thickness was adapted to account for the smaller cell dimensions in
the R direction of LW. Preliminary tensile tests with EW tested in the T direction showed
that a thickness of 300 um leads to forces of a sufficient order of magnitude to be
measured. The abovementioned ratio was then applied, leading to an average sample
thickness for EW of 282.9 um (CoV: 0.115) and 179.7 um (CoV: 0.286) for LW.
Therefore, the number of cells and thus number of failure points in the stressed region
was comparable for EW and LW. The classification of the samples as EW or LW was
attained by visual inspection during cutting. A mixture of glycerin, alcohol, and water
was applied to facilitate cutting with the microtome and afterwards removed by washing
the samples with alcohol. The sample series were then stored for at least one week in
climate-controlled rooms with nominal RHs of 50%, 65%, and 95%. To prevent warping
of the samples, they were placed between microscope glass slides that were wrapped with
adhesive tape. In total, 12 series of samples were prepared so that each growth ring was
tested twice per RH level in the L as well as the T direction.

3.5mm?>=

(a) (b)

Fig. 2. Schematic of sample preparation. Rectangular solid pieces (a) cut into slices and punched
into dog-bone shape. Tensile tests performed with the load applied in tangential direction (b)
(upper image) and longitudinal direction (b) (lower image).
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In addition to the sample series, a batch of EW and LW tangential samples of the
aforementioned thicknesses was prepared and stored at 65% RH. Because previous
investigations showed that the gravimetric MC is constant throughout the growth ring
(Dvinskikh et al. 2011; Lanvermann et al. 2013a), additional rectangular solid pieces
were equilibrated at the different RH levels and then dried at 103 °C to determine the
MC. This approach avoided the problems that the drying step could cause (i.e., warping
and cracks). The tensile tests were performed on a micro-test stage (Deben, UK)
equipped with a load cell with a maximum nominal capacity of 300 N at a testing speed
of 0.5 mm min™. The samples were trimmed to their final dog-bone shape by means of a
custom stamping template with razor blades directly before testing (see Fig. 2a). The
displacement measurement during testing was accomplished without contact using an
optical strain measurement system (Correlated Solutions, USA) while the images were
recorded with a CCD camera (Allied Vision Technology, Germany) mounted on a stereo
microscope (Olympus, Japan) to enable sufficient magnification so that the region for
strain measurement filled nearly the whole image (about 109 pixel/mm). Two pen
markings on the samples’ surface served as contrast markings for deformation
measurement (see Fig. 2b). During testing, the ambient conditions (temperature and RH)
were recorded using two climate sensors (Almemo, Germany) adjacent to the testing
machine.

The representative density distribution within the growth rings was determined
gravimetrically at non-climate controlled conditions at 22.9 °C and 45.3% RH. The
sample weights were recorded using a precision scale (Ohaus, USA, 0.0001 g precision),
and the sample thickness was measured with a thickness gauge (Mitutoyo, Japan, 0.001
mm precision). The planar sample area was determined optically by thresholding an
orthographic image. The appropriate upper and lower thresholding limits were selected
manually from the gray value histogram. According to these limits, the image was
binarized and the number of pixels for the sample area was multiplied by the
corresponding pixel size.

urs A F?'.'.U..Fe..\:
S 4
limit of linear
b . elasticity
2} :
@ .
o
@ _Ac
N
jZ 6e=0.1% 8_ 'y
88 limit 8UTS
Strain ¢

Fig. 3. Schematic stress-strain curve. MOE was determined within 20 to 40% of the failure stress
(outs). The limit of linear elasticity and the corresponding stress and strain were determined by
applying an offset to the MOE of 0.1% strain.
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The separate datasets of force and strain were passed to MATLAB® for further
evaluation. Because the recording frequencies of the two measurement systems (strain
and force) were different, the datasets had to be synchronized and resampled. The stress
was calculated by dividing the force by the respective initial sample’s cross-sectional
area. The MOE was calculated by a linear regression within 20 to 40% of the UTS (Fig.
3). Furthermore, the limit of elasticity (stress and strain) were determined at 0.1% strain
offset from the linear part of the stress/strain curve.

The Weibull analysis of the EW and LW samples was performed following the
procedure as described in DIN EN 61649:2008. In order to depict the corresponding
failure mechanisms in tangential tension, images of the failure surfaces were taken using
an electron microscope (FEI Quanta, USA at 600x magnification).

RESULTS AND DISCUSSION

Variation of Mechanical Properties within Growth rings

The intra-ring variation of the mechanical and physical properties, namely MOE|,
MOEr~, and UTSy, where the subscripts refer to longitudinal and tangential directions,
and density, for a RH level of 50%, are given in Fig. 4. The data represent the results of
two sample series containing the same growth ring. An electron micrograph in the lower
part of the figure illustrates the varied sample thicknesses for EW and LW (Fig. 4). The
radial growth ring position was normalized, where 0 denotes EW and 1 is LW.
Furthermore, analytical functions were fitted to the data, whose parameters are given in
Table 1. As clearly seen, all parameters followed the same trend, with the lowest values
in EW and the highest values in LW. The EW and LW densities of around 330 and 741
kg m™ lay within the range reported in a previous study on the same stem (278 to 344 kg
m™ (EW) and 596 to 727 kg m™ (LW) and a mean density of 353 kg m™) (Lanvermann et
al. 2013b). MOE,, with values of around 7500 MPa for EW and 20600 MPa for LW,
were higher than those reported in the literature for single fibers based on cell wall area
(3000 MPa for EW and 15000 MPa for LW (Eder et al. 2009)) and lower than those
predicted from a hierarchical model for intact tissue (33200 MPa for EW and 43000 MPa
for LW (Persson 2000)). However, it has to be clearly stated that the data of Persson were
modeled based on a mean density of 400 kg m™, which clearly deviates from the mean
wood density as used in this experiment and thus can partly explain the higher values of
Persson. A similar behavior could be found for MOE+. While in the present study MOE+
was around 106 MPa for EW and 950 MPa for LW, studies on intact tissue using digital
speckle photography reached values of 65 to 400 MPa for EW and around 1200 to 4000
MPa for LW (Farruggia and Perré 2000; Jernkvist and Thuvander 2001; Modén and
Berglund 2008b). For UTSt, there are no values available in the literature that can be
readily compared. Nevertheless, the measured UTS+ data (2.7 MPa for EW and 3.8 MPa
for LW) were in accordance with the range reported for perpendicular-to-grain tensile
loading of bulk wood (1.5 to 4.0 MPa (e.g. Wagenfiihr 2000)). Generally, a comparison
with literature data can only provide an order of magnitude estimate, considering the
different sample geometries used (individual fibers vs. tissue slices vs. intact tissue vs.
bulk wood) which involve different degrees of interplay of the individual cells that affect
the determined values.

In addition to the material density, which clearly has a major influence on the
mechanical properties as shown in Fig. 4, differences in the mechanical properties
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between EW and LW are associated with different microfibril angles (MFA) of the

secondary cell wall.

Table 1. Parameters of the Fit Functions for the Individual Properties at 9.28%

MC

Direction Property R’ Parameter
a b c d

L MOE (MPa) 0.864 4.4515 X 1.024 2.676 8.636
10

T MOE (MPa) 0.888 6.9131 X 1.239 173.503 x 10" 3.708 x 10
10

T uTsS (MPa) 0.804 ?5.068 x10 3.639x 10" 2.731 -1.?66 X

10
Density (kgm™) 0.928 2.8237 X ;&127 x 10° ?.992 x10" 1.213x 10

10

A function of the form y = a * exp(b * x) + ¢ * exp(d * x) was used.
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Fig. 4. Longitudinal and tangential MOE (MOE, and MOEy), tangential UTS (UTSy), and density
of consecutive samples at 9.28% MC. The normalized growth ring position 0 denotes EW and 1
denotes LW. An electron micrograph illustrates the variation in sample thickness in 300 um of EW
samples and 150 um of LW samples.
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The MFA describes the inclination of the helically wound cellulose fibrils
towards the longitudinal cell axis, and gradually decreases from EW (around 20°) to LW
(around 12°) (e.g. Lanvermann et al. 2013b, Roszyk et. al 2013, Donaldson 2008). The
influence of MFA on the longitudinal compliance is described in numerous investigations
for compression wood with its altered chemical composition (e.g. Tarmian and
Azadfallahm 2009), and its relatively high MFA (e.g. Evans and Ilic 2001; Burgert et al.
2004). However, the transverse behavior of the microfibrils is regarded as isotropic (e.g.
Boutelje 1962), and therefore the influence of MFA on the transverse mechanical
properties is rather limited (e.g. Astley et al. 1998).

The equilibrium moisture contents (EMCs) as determined for the individual RH
values of 50, 65, and 95% RH were 9.3, 13.8, and 23.7%, respectively, and therefore
were comparable to those reported in the literature, considering that the samples were
conditioned in desorption from a fully saturated state (e.g. Skaar 1988). Following the
definition of Persson (2000), the EW makes up approximately 63% of the whole growth
ring, transition wood (TW) makes up 30%, and LW makes up 7%.

Because the classification was accomplished visually in the current investigation,
it was limited to EW and LW; TW was neglected and included in EW. With the high
share of the growth ring, EW and TW make up 93%, and there are far more EW
specimens per growth ring than LW specimens (approximately 8 for EW and TW and 1
to 2 for LW). In assessing the influence of MC, only EW could be used in the present
study because there were so few LW specimens per MC level.

The data for the two loading directions and mechanical properties are given in
Figs. 5 and 6. The reduction of the MOE with increasing RH is well known (Gerhards
1982; Neuhaus 1983). According to these authors, a smaller impact in the L direction
than in the T direction is observed. In the L direction, with the 9.3% MC level set as the
reference state, measurements on bulk wood show a 15.6% reduction in MOE at 13.8%
MC and a 20.7% reduction at 23.7% MC (calculated from data of Neuhaus (1983) for
bulk wood).

In addition to the impact of MC, the different investigated sample geometries
influenced the determined values. Where values for bulk wood represent the behavior
that includes the interplay of both tissues, investigations on thin slices more or less
represent the behavior of the isolated tissue without the influence of the other, provided
that the testing was conducted at equilibrium MC.
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Fig. 5. Longitudinal MOE for EW and the three MC levels
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Fig. 6. Tangential MOE (a) and UTS (b) for EW and the three MC levels

When only the mean values of MOE_ were considered, this ratio was
approximately reflected in the current investigations (see Fig. 5 diamonds). However,
when the whole dataset was taken into account, the considerable variability within the
MC levels led to statistically insignificant differences among them. A similar behavior
could be found for the MOE reduction in T, where a reduction of 16.4% (13.8% MC) and
43.0% (23.7% MC) was found for bulk wood (Neuhaus 1983). The average MOE-+ in the
current investigation clearly reflected this reduction. However, the reduction was
significantly higher, 41.0% and 61.2%, respectively. Furthermore, it is worth noting that
the variability decreased with increasing MC. A possible explanation of this decreased
variability might be the reduction of eigenstresses due to the softening of the cell wall
material with increasing MC and therefore a more homogeneous behavior. The tangential
UTS shown in Fig. 5b showed a reduction of the mean of about 20% for the 23.7% MC
level, while the 13.8% MC was equal to the 9.3% MC level, which was again not
statistically different at the 5% confidence level.

Generic Mechanical Behavior of EW and LW

The remarkable variability of the mechanical properties discussed in the previous
section requires a statistical approach with more samples for both EW and LW to
elaborate the mechanical behavior. Therefore, the concept of testing the same growth ring
was dropped and a number of samples containing either EW or LW were prepared and
tested in the T direction at the 65% RH level. The representative stress/strain curves, as
given in Fig. 7, show a clear difference in the stress/strain behavior of the two tissues.
Considering the mean values and the relatively high coefficients of variation (Table 2),
the need of the application of a statistical approach becomes evident. The differences
between EW and LW were analyzed using a two-way t-test. From the results given in
Table 2, it was apparent that, whereas all strain-related quantities (&jimit 0.1 T, €uts T and
MOE-T) were significantly different for EW and LW, the differences for all stress-related
quantities (ojimito.1 Tand UTS) were not significant at a 95% confidence level.
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Fig. 7. Representative stress/strain curves until failure in tangential tension for EW and LW and

corresponding MOE with 0.1% strain-offset (dashed lines) to determine limit of linear elasticity

Table 2. Parameters Mean in Tangential Direction, Coefficient of Variation (CoV)
Given in Round parentheses

EW LW Significance
N 38 37
ET limit 0.1 ) 0.016 (0.19) 0.013 (0.40) ** (n=0.0094)
O limit 0.4 (MPa) 2.061 (0.40) 2.461 (0.56) n.s.
EuTS T ) 0.046 (0.37) 0.027 (0.67) % (D=8.92 10°°)
UTST (MPa) 4.39 (0.48) 4.73 (0.46) n.s.
MOE; (MPa) 146 (0.55) 334 (0.71) % (p=1.40 107)

n.s. p>0.05; * p<0.05; **: p<0.01; ***: p<0.001

The authors are aware that the offset for determining the limit of linear elasticity
is more or less arbitrary (Fig. 7). However, because an equal offset was applied
throughout the evaluation, it served as a measure for the non-linear portion of the

stress/strain relationship. Whereas the €jimit 01 7 Of EW was slightly higher than that of
LW, the Giimit 0.1 T Was slightly higher for LW, but the difference was not significant at a

95% confidence level because of the high variation of both parameters. While gyrs + was
significantly higher for EW, UTSy did not differ significantly for EW and LW.
Furthermore, MOE+ was significantly higher for LW, although it did not reach values as
high as those reported in the literature (e.g. Farruggia and Perré 2000). The relatively low
MOE+ in LW was most likely caused by an inaccuracy in the visual classification into
EW and LW that led to no pure LW being tested, but only a combination of both. It
should be noted that all parameters were associated with relatively high coefficients of
variation (Table 2).

The driving factor for the different stress-strain behavior of EW and LW in
tangential tension is the geometry of the individual cells of the material (e.g. Rafsanjani
et al. 2013; Kifetew 1999; Watanabe 1998). As illustrated by the micrograph in Fig. 4,
the structure of EW can be considered a honeycomb structure, and LW is a brick-like
structure. By loading a sample in the R direction in the linear elastic region and observing
the strain field within a growth ring of Norway spruce, Modén and Berglund (2008a)
identified the dominant deformation mechanism in the two cell types: cell wall bending
in EW, and a combination of cell wall bending and cell wall stretching in LW. For EW,
due to the more or less hexagonal shape of the cells it seems likely that the bending
mechanism in the linear elastic region is transferable to the case when loading in T
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direction within the linear elastic region. For LW, the combination of cell wall bending
and stretching is also likely when loading in T, although one could expect a higher share
of cell wall stretching due to a higher share of cell wall material being oriented parallel to
the loading direction. However, a significant structural difference when testing in T is the
orientation of the ray tissue, which is loaded perpendicular to its axis. The role of rays in
the overall deformation behavior for testing in T remains unknown. By means of
sufficient imaging techniques, the cellular deformation within the linear elastic region
could be observed in situ in order to test the above hypotheses. In addition to the
behavior in the linear elastic regime, it is evident from the stress/strain curves in Fig. 7
and the mean values in Table 2 that the non-linear stress/strain response of EW and LW
is different. The corresponding deformation mechanisms, however, can only be subject of
speculation with the current experimental approach.

Apart from the above mentioned limitations of the current experimental approach
in identifying the deformation mechanisms of EW and LW, the tangential failure was
investigated using a Weibull analysis. First, In(UTSt) was plotted against the failure
probability and a regression was applied on a linear form of the Weibull distribution to
visually test whether the UTS+ data followed a Weibull distribution (Fig. 8a).
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Fig. 8. (a) Weibull plot for EW (circles) and LW (grey rectangles) with linear regression assuming

a single failure mechanism; (b) Cumulative failure probability for EW and LW using the two-
parameter Weibull distribution with maximume-likelihood estimated parameters
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As can be clearly seen, the data for EW and LW were close to the regression line
(Fig. 8a). After this first visual test, an F-test was conducted, which did not reject the
hypothesis that the data for EW and LW could be described by a Weibull distribution on
a 95% confidence level. The cumulative failure probability for EW and LW are given in
Fig. 8b and confirm the initial tests. The final maximum likelihood estimates and their
95% confidence bounds for the two-parameter Weibull distributions are given in Table 3.

Table 3. Weibull Analysis Parameters for EW and LW in Tangential Tension

EW LW
95% confidence bound 95% confidence bound
Lower Upper Lower Upper
N 38 - - 37 - -
m 4.9802 4.2960 5.7734 5.3587 4.6401 6.1886
Gy 2.2804 1.7982 2.8920 2.3696 1.8581 3.0218

The Weibull modulus m of LW was slightly higher than that of EW. However,
when the 95% confidence bounds of both parameters were considered, they were

basically equal. The characteristic strength G for LW was also slightly higher than for
EW, but when the confidence bounds were considered, they were equal.

The equal Weibull moduli for EW and LW point to similar underlying defect
distributions for both tissues. In order to identify the underlying failure mechanisms,
representative failure faces of both EW and LW are given in Fig. 9. The middle lamella is
considered the most likely point of failure when testing in the T direction. This is
confirmed by the micrographs of the failure faces for both EW and LW, as shown in Fig.
9 where the crack path follows the middle lamella.

Eearlywood Latewood

a)
«- =
Failure
face
- =
b)
L

200 pm

Fig. 9. Representative micrographs of the failure faces of EW (left) and LW (right) taken at a
maghnification of 600x.
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These observations, however, are ex-situ and represent the failed material. Further

in-situ investigations, which are undoubtedly challenging due to the brittle failure
process, are needed to capture the failure process itself and shed light on the possible
crack initiation function of the geometrical disorder which is introduced by pits and ray
tissue.

This is valuable information with regard to, for example, the interpretation of

bond line failures and crack propagation in wood. Furthermore, imaging techniques
allowed the associated failure mechanisms to be clearly identified.

CONCLUSIONS

1.

The local mechanical parameters modulus of elasticity (MOE) and ultimate tensile
stress (UTS) closely followed the density distribution within a growth ring. While the
lowest values were found for the low-density earlywood (EW), the highest values
were found for the high-density latewood (LW).

The influence of moisture content (MC) on the mechanical properties could only be
assessed for EW. Although the results for the different tested MCs were not
statistically significant due to their high variability, the mean values showed a clear
decrease in mechanical properties with increasing MC for L and T direction.

The generic mechanical behavior of EW and LW in the T direction was evaluated on
a separate set of samples, showing that although all strain-related quantities (strain at
limit of elasticity, ultimate strain, and MOE) were significantly different for EW and
LW, the stress-related quantities (stress at limit of elasticity and UTS) were not
statistically different.

It was found that the non-linear stress/strain region was almost twice as large for EW
as it was for LW.

The differences in the stress-related quantities could be associated with the different
cell geometries; EW had a honeycomb-like cell arrangement and LW had a brick-like
cell arrangement.

A Weibull analysis applied on the failure in T demonstrated that the underlying defect
distributions in the T direction of EW and LW were similar. Images of the failure
surfaces revealed the failure mechanisms: The failure occurred in the middle lamella
for both EW and LW.
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