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Abstract: The influence of moisture content (MC) on the
tension-compression (Te-Co) asymmetry of beech wood
has been examined. The elastic and strength parameters,
including Te and Co Young’s moduli, Poisson’s ratios,
and ultimate and yield stress values, were determined
and compared in terms of different MCs for all orthotropic
directions. The results reveal a distinctive Te-Co strength
asymmetry with a moisture dependency that is visualized
clearly by the Te to Co yield stress ratio. The Te-Co asym-
metry is further shown by the inequality of the elastic
properties, known as the “bimodular behavior”. The lat-
ter is proven for the Young’s moduli values in the radial
and tangential directions and for individual Poisson’s
ratios. Although the bimodularity of the Young’s moduli is
significant at low MC levels, there is no evidence of mois-
ture dependency on the Te-Co asymmetry of the Poisson’s
ratios.
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Introduction

The influence of moisture content (MC) on the mechanical
properties of wood in general is well known (as reviewed
by Gerhards 1982). However, little attention has been paid
to the moisture-dependent elasticity, particularly in the
radial (R) and tangential (T) directions (McBurney and
Drow 1962; Neuhaus 1983; Hering et al. 2012a; Ozyhar
et al. 2012a). In some references (e.g. Kretschmann and
Green 1996), the influence of the anatomical direction on
the elastic properties was not considered (no distinction

is made between the R and the T). Further, although
the influence of MC on the Young’s and shear moduli
is known in principle (Gerhards 1982; Bodig and Jayne
1993; Niemz 1993), the moisture dependency of the Pois-
son’s ratios remains unclear. The results of the few works
investigating the influence of MC on the Poisson’s ratios
for wood (McBurney and Drow 1962; Hering et al. 2012a)
are partially inconsistent and therefore do not explain the
moisture dependency of the Poisson’s ratios.

It is frequently assumed that the elastic properties
for wood in tension (Te) and compression (Co) are equal
(Kollmann and Cote 1984; Niemz 1993), but some consid-
erable presumptions exist, suggesting that this might not
be the case. Conners and Medvecz (1992) found a Te-Co
asymmetry for the longitudinal (L) Young’s moduli of
yellow poplar, which was dependent on MC. However,
there are no corresponding studies that consider the
influence of MC on the Te-Co inequality of the Young’s
moduli in the R and T directions. The same is true for the
Poisson’s ratios.

Unlike the elastic behavior, the strength asymmetry
of wood is better known (Kollmann and Cote 1984; Bodig
and Jayne 1993; Ross 2010), that is, wood exhibits higher
strength in Te than in Co. However, studies focusing on
the moisture dependency of this relationship are widely
missing. Interestingly, the influence of MC on the strength
properties of wood was recognized early (Tiemann 1906),
but a complete data set covering the strength values in Te
and Co as a function of MC in all anatomical directions
is not available. Yet, especially in the R and T directions,
where wood strength is of great importance with regard
to the load capacity and failure prediction of wooden
structures, the knowledge about the moisture-dependent
behavior in these directions is limited to a few references
(Kollmann 1956; Goulet 1960; Kufner 1978; Hering et al.
2012b; Ozyhar et al. 2012b).

The present study investigates the influence of MC
on the Te and Co mechanical behavior of beech wood.
Young’s moduli, Poisson’s ratios, and ultimate and yield
stress values, determined in Te and Co, were investigated
as a function of MC in all anatomical directions (L, R, and
T) to characterize the moisture-dependent orthotropic
Te-Co relationship of the wood’s elastic and strength
behavior.
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Materials and methods

Material and specimen preparation

The experimental work was performed on European beech wood
(Fagus sylvatica L.) grown in Switzerland near Zurich. The average
wood density, determined at 20°C and 65% relative humidity (RH),
amounted to 669+21 kg m?>. All experiments were carried out with
clear wood samples originating from the same wood material.

Three specimen types were prepared for testing (Figure 1la—c):
(a) the Te properties in the L direction [according to the DIN 52188
(1979) standard], (b) the Co properties in the L, R, and T directions,
and (c) the Te properties in the R and T directions. The “dog-bone”-
shaped specimen (Figure 1c) is used because its neck-like shape in-
duces failure in the reduced cross-section, which is particularly suit-
able for testing the Te properties. The cubic specimen (Figure 1b) is
well suited for determining the Co properties because it allows the
use of an equal specimen for all anatomical directions. Referring to
the DIN 52185 (1976) and DIN 52192 (1979) standards, the Co speci-
men’s dimensions tripled the specimen width. The latter was cho-
sen so that the resulting cross-section was similar to that of the Te
specimens in the R and T directions (Figure 1b and c). This guaran-
teed similar stress distribution in the evaluation area, therefore in-
creasing the comparability of the Te and Co properties in the Rand T
directions.

Eight groups of moisture conditioned samples were available
for testing. The samples in the R and T directions were available at
eight MC levels; samples in the L direction were due to the time-con-
suming preparation limited to five MC levels. Specimens were condi-
tioned at various RHs to achieve different wood MCs. As a first step,
all specimens were preconditioned at standard climatic conditions
(20%C, 65% RH). After they reached the equilibrium MC (EMC), the

All dimensions in mm
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specimens’ densities were determined by the gravimetric method.
Subsequently, all specimens were randomly divided and separated
for the specific MC levels, which were achieved in climatic chambers
at RHs of 95%, 85%, and 65% and climatic boxes containing differ-
ent saturated salt solutions at a temperature of 20°C. The following
salt solutions were employed: LiCl for 12% RH, CH,COK for 22% RH,
CaCl, for 30% RH, and Nal for 40% RH (RH levels at 20°C according
to Greenspan 1977). The EMC was reached by exposing the specimen
to adsorption (acclimatized at RHs above 65%) and desorption condi-
tions (acclimatized at RHs below 65%) for a period of 4—6 weeks. The
wood MC (w) was determined by the oven-drying method according
to the ASTM-D442-92 (2007) standard. The specimen MCs amounted
to ®=3.3% for specimens conditioned at 12% RH (LiCl), ®=4.7% at
22% RH (CHBCOZK), ®=5.9% at 30% RH (CaCl,), ®=6.7% at 40% RH
(Nal), ®=11.3% at 65% RH, w=14.3% at 85% RH, and ®=16.3% at
95% RH. A separate group of specimens with ®~0% was prepared
by oven-drying the specimens at a temperature of 103+2°C (placed in
a desiccator before use). To prevent cracking, drying was performed
carefully by gradually increasing the temperature.

Experimental procedure

The experiments consisted of Te and Co tests and were performed
under standard climatic conditions immediately after removing the
specimen from the climatic box or chamber. The mass of the speci-
mens was recorded twice, that is, directly after removal from the
climatic box or chamber and after the test. The increase in MC dur-
ing the test did not exceed 0.2%; therefore, the MC of the oven-dried
specimen is referred to as ®~0%. Te and Co displacement-controlled
tests were conducted using a Universal Testing Machine (Zwick Z100).
A load cell with 100 kN maximum capacity was used for tests per-
formed in the L direction and a 10 kN load cell was used for tests in

Figure1 Profile and dimension (all data in mm) of specimens with a highly contrasting random dot texture in the cross-section.
(a) Specimen according to the DIN 52188 (1979) standard for Te testing in the L direction. (b) Specimen for the determination of the Co prop-
erties in the L, R, and T directions. (c) “Dog-bone”-shaped specimen used to determine the Te properties in the R and T directions.
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the R and T directions. A flexible joint was used during Co loading to
prevent bending. The specimens were loaded until failure with a con-
stant loading rate so that specimen failure was reached in 90+30 s,
whereby the loading rate was adjusted to the orthotropic direction
and the loading direction (Te and Co).

A digital image correlation technique was used to capture the
strains during deformation. A high-contrast random dot texture, nec-
essary for the evaluation of the displacements, was sprayed onto the
evaluation surface of the specimen (Figure 1). The specimen surface
was filmed during the test with a CCD camera. A sequence of images
was taken with a frequency of 2 Hz on the cross-sectional surface
area of the specimen. The surface strains were calculated from the
displacements that occurred during deformation using the VIC 2D
software (Correlated Solution) according to Keunecke et al. (2008).

The Young’s moduli E were obtained from the ratio of the stress
o to the strain € measured in the linear elastic range:
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The specific stress boundaries g, and o,, were set at 10% and
30% of the specimen strength and adjusted according to the ortho-
tropic directions. The Poisson’s ratios v, defined as the strain ratio of
the passive (lateral) strain component ¢, and the active strain compo-
nent in the load direction €
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were determined in the linear elastic range from the linear regression
of the passive-active strain diagram. Because the surface area of the
TL plane on the Te specimen in the L direction was insufficient for
the strain calculation (Figure 1a), the v, was not gaugeable. The v
values were therefore calculated from the relationship between the
elastic coefficients given by Bodig and Jayne (1993):
vy =y BB 3)
Two different strength criteria, the ultimate stress o, and the
yield stress o, were used to characterize the Te and Co strength prop-
erties of wood in all orthotropic directions. Using the following rela-
tionship:

, 4

the o, was calculated from the maximum load P___at the point of
failure and the cross-sectional area A of the unloaded specimen. The
o,, representing the stress at the specific yield point, was obtained
from the measured stress-strain diagram based on the “offset yield

method” at 0.2% plastic strain (Figure 2).

Results and discussion

Young’s moduli

The Young’s moduli presented in Table 1 clearly indicate
a decreasing trend with increasing MC in all orthotropic
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Figure 2 Determination of the yield stress o, and the ultimate
stress o, from the stress-strain relationship.

directions and support the general findings published
for European beech wood in Wommelsdorf (1966), Hering
et al. (2012a), and Ozyhar et al. (2012a). The Te (E™) and
the Co (E®) Young’s moduli decrease with MC and reach
their lowest values at ®=16.3%; however, their maxima
appear at different MCs. Whereas the E™ increases con-
tinuously with decreasing MC up to ®=0%, the maximum
E%is reached at ®=5.9% for the L direction and at ®=3.3%
for the R and T directions. The corresponding E® values at
®~0% are lower than those measured in the ®=3.3-5.9%
range. A comparison of the E™ and E® values further
reveals a Te-Co inequality of the moduli, which becomes
distinct for the R and the T directions and is unique to the
lower MCs (Figure 3). Although no significant difference
is found between E™ and E® in the MC range from ®w~8
to ®=16.3%, the E® values measured between w~0 and
®=~8% are significantly higher than the corresponding E™
values.

Various testing arrangements, unequal or unde-
fined loading rates, and specimen shapes are factors
that exacerbate a direct comparison of the E™ and E®
values from various literature sources. Also, the Te and
Co properties cannot be determined on the same speci-
men type in all anatomical directions. In the present
study, the specimen shape chosen in the R and T direc-
tions guaranteed a similar stress-state development in
the tested area (Figure 1b and c). The chance for a fair
comparability of the results was further increased by
the application of similar testing arrangements and the
same evaluation methods for testing the elastic proper-
ties in Te and Co and by the fact that the values were
determined on samples taken from the same wood mate-
rial. In view of this and considering the low variability
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@ (%)

Te Co
Ee B B E EEP
0.0
X (MPa) 14540 1880 830 12950 2180 980
CoV (%) 13.6 5.2 13.6 17.4 6.5 9.2
n(-) 10 10 9 9 9 8
p (kg m?3) 656 649 679 645 673 675
3.3
X (MPa) - 1850 820 - 2330 1050
CoV (%) - 5.8 10.3 - 10.4 8.7
n(-) - 9 9 - 9 9
p (kg m?3) - 672 683 - 669 678
4.7
X (MPa) - 1840 820 - 2200 990
CoV (%) - 5.9 13.1 - 8.6 8.5
n(-) - 10 9 - 7 9
p (kg m?3) - 669 684 - 673 677
5.9
X (MPa) 12 020 1800 810 13270 2070 940
CoV (%) 14.5 6.7 11.2 16.4 7.7 8.6
n(-) 11 10 10 12 9 9
p (kg m?3) 674 683 681 684 672 659
6.7
X (MPa) - 1790 820 - 2030 920
CoV (%) - 4.3 13.6 - 9.4 5.7
n(-) - 9 9 - 9 7
p (kg m?3) - 658 667 - 674 656
11.3
X (MPa) 10560 1510 730 11060 1650 750
CoV (%) 12.5 8.1 10.3 23.2 11.5 9.1
n(-) 23 30 32 24 30 22
p (kg m?3) 661 668 654 654 680 689
14.3
X (MPa) 9270 1340 600 9880 1390 620
CoV (%) 12.7 10.3 9.6 0.22 0.12 0.10
n(-) 10 17 15 17 14 14
p (kg m?3) 659 698 661 639 679 690
16.3
X (MPa) 9200 1240 530 9140 1140 550
CoV (%) 19.7 13.1 6.7 23.8 13.2 10.9
n(-) 8 17 16 16 14 13
p (kg m?3) 673 687 658 639 682 687

Table1 Moisture-dependent Young’s moduli for European beech
wood in Te and Co.

E™, Young’s moduli determined in Te; £°°, Young’s moduli
determined in Co; @, average wood MC; X, mean value; CoV,
coefficient of variation; n, number of specimens; p, wood density at
0=11.3%.

of the E™ and E®, the Te-Co asymmetry of the moduli
in the R and T directions was found to be remarkable
(Table 1). The results might at first appear inconsistent
with the equality of the Te and Co Young’s moduli often
assumed for wood (Kollmann and Cote 1984; Niemz
1993); however, the equality of the E™ and E® has not
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Figure 3 Comparison of the moisture-dependent Young’s moduli
for European beech wood determined in Te and Co.

yet been experimentally proven for a wide MC range.
According to Conners and Medvecz (1992), the “assump-
tion of moduli equality seems to be more firmly rooted in
tradition than in factual evidence.”

It was shown that many natural and synthetic mate-
rials exhibit an elastic behavior that differs in Te and
Co (Curnier et al. 1995; Jones 2009). According to Jones
(2009), this phenomenon is known as bimodular behav-
ior. Examples of such behavior are given for a variety of
materials, including nacre, rock, concrete, asphalt, bone,
rubber, ceramics, graphite, and fiber-reinforced and gran-
ular composite materials (Zemlyakov 1965; Feldman 1987;
Guo and Zhang 1987; Stimpson and Chen 1993; Bertoldi
et al. 2008; Barak et al. 2009; Destrade et al. 2010; Katicha
et al. 2011). A bimodular behavior for wood was demon-
strated by Conners and Medvecz (1992), who reported
that the E® in the L direction for yellow poplar was higher
than the E™ and the relationship was moisture dependent.
Although the results of the present study are slightly dif-
ferent, the E™/E® ratio confirms the existence of moisture-
dependent bimodular behavior for the R and T directions
(Figure 4). The results show that the E® values in these
directions are higher than the corresponding E™ and the
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Figure 4 Te-Co Young’s moduli ratio £7¢/E® as a function of MC.

asymmetry is most pronounced at MCs ranging from w=~0
to m=8%, indicating a weakening trend with increasing
MC. Although the averaged difference between the E® and
the E™ at ®=3.3% amounts to ~21%, the Te and Co moduli
at ®=15% can be assumed to be equal.

The interpretation of the above finding is currently
speculative. Water sorption at the molecular level can be
one reason, at which hydrogen linkages (“H-bridges™) are
participating between OH groups in the cell wall (mainly
of the polysaccharides) and the water molecules (Hill
et al. 2010). A complete molecular sorption of water is
reached at 6% MC and a monomolecular layer covers the
interior surfaces of wood. At lower MC levels, the water
monolayer is slowly vanishing and the approximately 100
times weaker van der Waals linkages with their shorter
distances become active. It is perhaps possible that even
some covalent bonds in the cell wall may break in the
course of this process (Stamm 1964). Because the stress-
strain relationship in wood is a function of the chemi-
cal bond strength (Winandy and Rowell 2005), the stiff-
ness below 6% MC is expected to be negatively affected.
Especially, the weakening of the secondary bonds (van
der Waals linkages instead of hydrogen linkages) at the
interface between the primary cell wall and the middle
lamella would definitely affect the stiffness of the cell
assembly. It is assumed that such chemical debonding
will interrupt the elastic stress transfer in Te, conse-
quently weakening the Te stiffness while leaving the E®
unimpaired. The differences in the elastic load transfer in
Te and Co are known for structures with debonded com-
posites and the topic has been discussed for materials
other than wood (Benveniste 1985). It was demonstrated
that, for a matrix composite with debonded fibers, the
E™ in the transverse to the fiber direction is lower than
the corresponding E®, whereas, in the case of perfect
bonding conditions, the E™ and E® are equal (Takhashi
and Chou 1988; Turovtsev and Toropov 2005). Accord-
ing to the latter authors, the inequality of the E® and E™
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in a composite with debonded fibers is associated with
the decline in the elastic load transfer in Te. Although
the mechanical behavior of a fiber matrix composite and
wood is not comparable, the fiber matrix can serve as a
model system, in which the fibers are equivalent to the
cellulose chains in the hemicellulose-lignin matrix in
wood. Similar curves with a flattening slope for the E™
at low MC levels as shown in Figure 3 were reported by
Ostman (1985) and for individual wood fibers by Kersav-
age (1973).

The elastic load transfer influencing the E™ might
also arise from nanocracks or microcracks induced
during drying below 6% MC (Sakagami et al. 2009). The
development of microchecks in the cell wall associated
with increased brittleness of the cellulose at low MC was
mentioned by Kersavage (1973). The microcracks could
interrupt the elastic load distribution in Te and lower
the E™, as discussed for chemical debonding. The mate-
rial observed in this study was carefully dried, but the
presence of such imperfections cannot be completely
excluded.

It is also conceivable that the bimodular behavior
might be generated by a different elastic response of the
material in Te and Co. According to Winandy and Rowell
(2005), it is likely that, even at low stress levels in the
elastic range, permanent set or distortion will be intro-
duced in a wood section. Wood, often simplified as a
linear elastic material, is a complex nanocomposite with a
hierarchical structure of components (Salmén and Burgert
2009; Stevanic and Salmén 2009), which in reality is char-
acterized by a viscoelastic behavior (Schniewind and
Barrett 1972). Distortions on the microlevel and nanolevel
could result in a different elastic stress distribution in
Te and Co. This could lead to a different elastic behavior
observable at the macroscopic level, despite this behavior
being clearly influenced by MC.

Poisson’s ratios

The Poisson’s ratios are characterized by a high variabil-
ity as indicated by the high CoV (Table 2) that, according
to Hering et al. (2012a), is attributable to the high natural
variability. A similar high variability has also been pre-
sented by Keunecke et al. (2008).

The results show only a marginal influence of MC
on the Poisson’s ratios (Figure 5). The v, in Te and the
v, in Co decrease slightly with increasing MC overall;
however, the Poisson’s ratios appear to be rather insen-
sitive to MC. This is different from the moisture-depend-
ent trend reported by Hering et al. (2012a), who found a
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@ (%) Te Co
*vTL vRL vTR VRT vLR VLT vTL 1}RL 1}TR vRT vI.R vLT
0.0
X (=) 0.69 0.52 0.47 0.25 0.04 0.04 0.57 0.52 0.76 0.41 0.18 0.08
CoV (%) - 22.3 6.1 34.7 56.3 15.4 15.4 39.6 8.4 7.8 46.7 48.2
3.3
X (=) - - 0.48 0.19 0.06 0.04 - - 0.81 0.39 0.17 0.11
CoV (%) - - 3.7 16.3 38.4 27.1 - - 3.2 10.4 31.9 65.4
4.7
X (-) - - 0.50 0.25 0.06 0.04 - - 0.76 0.41 0.20 0.10
CoV (%) - - 7.6 11.1 27.7 45.3 - - 8.3 7.8 68.7 13.6
5.9
X (=) 0.59 0.43 0.53 0.24 0.04 0.04 0.61 0.51 0.75 0.36 0.14 0.10
CoV (%) - 19.5 4.1 12.4 38.2 47.3 21.2 58.8 3.7 6.6 67.5 40.1
6.7
X (=) - - 0.51 0.23 0.06 0.03 - - 0.74 0.34 0.13 0.08
CoV (%) - - 5.1 36.2 47.5 32.8 - - 6.9 12.6 29.7 37.3
11.3
X (=) 0.58 0.43 0.61 0.31 0.04 0.04 0.51 0.55 0.75 0.32 0.15 0.09
CoV (%) - 17.1 6.7 9.8 42.9 41.2 28.2 40.6 5.5 23.9 49.5 42.1
14.3
X (=) 0.62 0.39 0.65 0.36 0.05 0.04 0.59 0.49 0.74 0.31 0.13 0.08
CoV (%) - 17.3 7.6 8.7 52.4 32.3 27.1 44.5 4.5 13.2 57.6 32.4
16.3
X (=) 0.87 0.47 0.70 0.36 0.04 0.05 0.50 0.50 0.74 0.31 0.16 0.08
CoV (%) - 21.2 5.5 7.5 19.3 40.4 18.5 43.6 6.4 12.4 18.1 32.9

Table 2 Moisture-dependent Te and Co Poisson’s ratios for beech wood
*Value calculated from Eq. (3). v, Poisson’s ratios; @, average wood MC; X, mean value; CoV, coefficient of variation.
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Figure 5 Comparison of the moisture-dependent Poisson’s ratios
for European beech wood determined in Te and Co.

slightly decreasing tendency with increasing MC for Euro-
pean beech wood, and McBurney and Drow (1962), who
determined that some of the Poisson’s ratios of Douglas
fir (based partially on data calculated from elastic con-
stants) were found to increase, whereas others were
found to decrease with increasing MC. Different wood
species, varying specimen shapes, and unequal loading
conditions might be the reason for deviating trends in the
literature.

Poisson’s ratio values in Te and Co (Figure 5) indicate
that the loading direction (Te and Co) appears to have a
greater influence on the values than the MC. The inequali-
ties between Te and Co values are most pronounced for the
v, and v and, to a lesser extent, for v , and v ,, whereby
the Poisson’s ratios in Co, in general, are higher than the
corresponding values in Te. The lack of data on the Te-Co
relationship of wood’s Poisson’s ratios prevents a verifi-
cation of the results. Research done on other biological
materials with distinctive anisotropy and hierarchical
structures, like bone, however, have shown a distinctive
Te-Co asymmetry for the Poisson’s ratios (Chahine et al.
2004).
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Strength behavior

The comparison of the Te and Co strength behavior of
wood in the L direction is straightforward. The strength
properties that describe the behavior in this direction are
given by the ultimate stress o, that is, the stress reached
at failure (O‘UTS is ultimate Te stress for Te and o, is ulti-
mate Co stress for Co). However, this approach is not
adaptable to describe the Te-Co strength relationship in
the R and T directions. The Co strength behavior of wood
in the R and T directions is characterized by the absence
of clear failure (Gibson and Ashby 1988; Bodig and Jayne
1993), and no o, value in these directions exists. Conse-
quently, the o, criterion is not applicable to describe the
Te-Co strength relationship in these directions. An alterna-
tive strength criterion is given by the definition of the yield
stress o, (Figure 2). Introduced in several standards, the o,
is an easily quantifiable strength value that is used as the
strength criterion for other materials such as metals and
plastics. Defined as the stress at 0.2% plastic strain (based
on the ASTM-E8/E8M-11 (2011) standard for Te testing of
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metallic materials), the o, allows a direct strength com-
parison with other (particularly metallic) materials.

In the present study, the o, was determined in the
same manner in Te (o}°) and Co (0y"); data are com-
pared in Table 3). It becomes obvious that the Te and Co
strengths are affected significantly by MC (Table 3). Similar
to the Young’s moduli, the lowest strength is reached at
®=16.3% and increases continuously with decreasing MC
in all orthotropic directions. Differently than for the E®, the
maximum Co strength is reached at w~0%, supporting the
findings from literature summarized in Gerhards (1982).
The ultimate Te stress o, on the other hand, is reached
at ®=5.9%, ®=3.3%, and w=4.7% in the L, R, and T direc-
tions, respectively, indicating a strength decline at lower
MCs (Figure 6). Similar findings showing that drying below
a certain point leads to reduced strengths were reported
(Goulet 1960; Kufner 1978; Kretschmann and Green 1996).
Based on the mentioned references, the optimum o is
reached at MCs w~4-12% depending on the wood species
and the orthotropic direction. Note that the results at
®=~0%, although particularly valuable, may not be directly

@ (%) Te Co
L R T L R T
UUTS € uts aUTS a;e € uts UUTS g;e € uts GUTS € ucs 050 030
(Nmm?) (%) (Nmm?) (Nmm?) (%) (Nmm?) (Nmm?) (%) Nmm?) (%) Nmm?) (Nmm?)
0.0
X 105.2 0.80 17.9 16.0 0.92 8.9 8.4 1.0 86.2 1.35 16.6 8.5
CoV (%) 20.4 12.4 2.8 5.6 6.3 15.7 19.0 1241 13.5 27.0 8.0 6.5
3.3
X - - 22.2 20.9 1.24 12.1 10.0 1.7 - - 15.7 8.1
CoV (%) - - 3.4 9.5 6.5 9.6 8.0 11.0 - - 6.7 8.2
4.7
X - - 21.0 20.1 1.23 12.8 9.4 1.8 - - 15.3 8.2
CoV (%) - - 6.0 6.7 6.5 14.2 6.8 16.0 - - 4.8 6.5
5.9
X 115.3 0.98 21.4 18.2 1.38 11.4 8.8 1.76 68.9 1.21 14.4 7.7
CoV (%) 24.5 10.3 4.4 6.9 5.1 16.8 7.5 10.6 6.5 19.5 3.4 6.1
6.7
X - - 21.0 17.3 1.4 11.6 8.5 1.8 - - 13.7 7.5
CoV (%) - - 4.3 18.2 10.3 15.2 4.0 17.3 - - 6.0 8.4
11.3
X 96.7 1.06 19.5 14.7 1.73 8.9 7.0 1.80 45.0 1.00 11.0 6.0
CoV (%) 28.4  19.3 9.9 15.3 12.6 18.4 6.6 27.8 7.9 24.8 8.0 4.9
14.3
X 83.6 1.13 17.1 12.5 1.99 7.8 6.1 1.89 36.4 0.89 9.3 4.9
CoV (%) 16.9 14.2 9.5 11.5 25.4 10.3 7.7 24.6 12.1  26.8 8.6 4.3
16.3
X 80.6 1.11 15.6 10.9 2.06 7.3 59 1.93 31.7 0.75 8.0 4.4
CoV (%) 2.1 20.0 11.9 10.5 21.3 11.8 5.2 25.0 10.8 26.5 8.9 5.7
Table 3 Moisture-dependent strength properties for European beech wood in Te and Co.
0, Ultimate Te stress; o, ultimate Co stress; o7, Te yield stress; 0'5", Coyield stress; ¢, strain at 6,; €, Strain at o,; , average

wood MC; X, mean value; CoV, coefficient of variation.
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Figure 6 Moisture-dependent ultimate Te stress o, for European
beech wood.

comparable to other MCs, as the impact on the mechanical
behavior via nanocracks and microcracks has not yet been
clarified.

Under standard climatic conditions, wood in the L
direction exhibits approximately double the strength in Te
than in Co (Kollmann and Cote 1984). According to Racz-
kowski et al. (1995), the Te-Co strength ratio at ®=12.0%
for European beech wood amounts to 2.4. The Te-Co
strength ratio of 2.1 obtained at w=11.3% supports those
findings; however, the Te-Co strength asymmetry extends
with increasing MC (Figure 7a). With a strength ratio of 1.2
at ®=0% in the L direction, the ratio is less than half of
the ratio obtained at ®=16.3%. It is obvious that the Te-Co
strength asymmetry is driven mainly by changes in the Co
strength. Although the decrease in Te strength measured
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between w~0% and ©v=16.3% in the L direction amounts to
23%, the corresponding decrease in Co equals to 63%. In
contrast to the L direction, the strength ratio in the R and
T directions is influenced by MC to a much lesser degree.
The moisture-dependent ratio for all MC levels averages
~1.3 and applies to both R and T directions.

The strength asymmetry in-between the principal axes
is visualized in Figure 7b. Represented by the Te-Co yield
surface ratios (determined by applying the yield criterion
given in Resch and Kaliske 2010 and Saft and Kaliske
2011 using the o, from Table 3), the moisture-dependent
orthotropic Te-Co strength asymmetry is presented for all
planes of anisotropy. It should be emphasized that the
yield surface ratios are used exclusively as a description of
the strength behavior in-between the principal axes. Note
that, due to the stress-strain relationship in the L direc-
tion, the o, in Te is equal to o, and the o, in Co is equal
t0 Oy

Conclusions

The orthotropic mechanical behavior of wood is signifi-
cantly influenced by MC. Experimental data for beech
wood reveal a distinctive Te-Co asymmetry of the mechan-
ical behavior, which depends on MC. Demonstrated by
the Te-Co strength asymmetry, the moisture-dependent
inequalities between the Te and the Co behaviors are also
shown for the elastic properties. Known as the “bimodular
behavior”, the elastic Te-Co asymmetry is demonstrated
by the Young’s moduli in the R and T directions and indi-
vidual Poisson’s ratios. The obtained bimodularity ques-
tions the applicability of the theory of perfect elasticity
used to describe the elastic behavior of wood. Although,
for practical applications and under normal conditions,

T
3.0 — =16.3% 2.0
= 1 Radial ——— ©=14.3%
elg 25 4 Tangental 5 ° 0=113% 1.0
=l O Longitudinal o | e ©0=5.9%
o 20f =0.0% T L
E O w=V. 0 *UYG ( )
< - -
g 15 RO g g A 20 1.0 o5 00 10 20 30
S o ARA A
& 10 £
1 1 1 1 1
0 4 8 12 16

Moisture content w (%)

Figure 7 (a) Moisture-dependent Te-Co strength ratio (0™/0%) for European beech wood (* corresponds to o,

oy /oy in the R and T directions, respectively).

urs/Oycs in the L direction and

(b) Moisture-dependent Te-Co yield surface ratio for European beech wood (yield surface as defined in Resch and Kaliske 2010 and Saft and

Kaliske 2011).
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the equality assumption of the elastic properties in Te
and Co might be justified, under specific conditions,
bimodularity must be seriously considered. Neglecting
the inequality of the elastic behavior might have conse-
quences for sophisticated simulations, leading to inaccu-
rate results.
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