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Abstract

The anisotropic material behavior of wood, considered as a cylindrically orthotropic material with annual rings, leads to
several different failure mechanisms already under uniaxial stresses. Stress interaction becomes important in the engineering
design of structural elements and is often predicted by failure criteria based on uniaxial properties. The prediction quality
of failure criteria has been assessed with longitudinal shear stress interaction, though less is known on rolling shear stress
in interaction with stress perpendicular to the grain. The study aims at investigating the corresponding mechanical behavior
of Norway spruce (Picea abies) clear wood by validating failure envelopes for stress combinations in the cross-sectional
plane, based on experimental investigations. For this purpose, a test setup that controls the stress interaction and loading
of clear wood along pre-defined displacement paths needed to be developed. Experimentally defined failure states could
then be compared to failure surfaces predicted by the phenomenological failure criteria. Material behavior was quantified in
terms of stiffness, strength, and elastic and post-elastic responses on dog-bone shaped specimens loaded along 12 different
displacement paths. A comparison with failure criteria for two nominal compressive strain levels showed that a combination
of failure criteria would be required to represent the material behavior and consider the positive effect of compressive stresses
on the rolling shear strength. The findings of this work will contribute to studying local stress distribution of structural ele-
ments and construction details, where stress interactions with rolling shear develop.

1 Introduction

Multiaxial and complex stress states can arise in timber
structures depending on the position and direction of the
applied force with regards to the wood grain direction. This
requires special attention due to the material’s anisotropy as
a consequence of its heterogeneous and porous microstruc-
ture (Kollmann et al. 2012). In particular on the material
scale, where the local material orientations are commonly
different from the global specimen geometry and loading,
multiaxial stress states occur. The annual ring structure in a
radial (R)-tangential (T) cross-section of wood that is loaded
by uniform compression perpendicular to the grain leads to a
non-uniform stress state and combination of normal stresses
in the R and T direction with rolling shear. Compression
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perpendicular to the grain, such as a macroscopic phenom-
enon in timber engineering, and the influence of boundary
conditions have been studied extensively by Hall (1980),
Hoffmeyer et al. (2000), Blass and Gorlacher (2004), Bleron
et al. (2011), Leijten et al. (2012) and Gehri (1997). Phe-
nomenological models for the engineering design have been
developed by Madsen et al. (1982), Van der Put (2008),
EN 1995-1-1 (2004) and Lathuilliere et al. (2015). However,
on the local material scale, the interaction of stresses in the
principal material directions should be considered, though
reliable test data and validated design formulas are miss-
ing. The interaction of stresses perpendicular to the grain
with rolling shear also has a significant role in the failure of
cross-laminated, engineered wood-based products (Ehrhart
and Brandner 2018). The very low value of the rolling shear
modulus, which is as low as one-tenth to one-twentieth of
the perpendicular to the grain modulus of elasticity, is a
consequence of the anatomical and inhomogeneous, fibrous
structure of wood.

The design of structural elements made from engineer-
ing wood-based products, connections, beam elements with
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holes and notches, etc. demands special attention in terms of
material behavior under stress interaction. A failure envelope
that can predict the strength of wood for such combinations
of stresses is essential for reliable design. It should even
consider the compression-tension asymmetry in combina-
tion with shear stresses (Steiger and Gehri 2011). Three-
dimensional anisotropic phenomenological failure criteria
have been proposed for this purpose. However, these merely
describe the phenomenon of failure, but neither the material
behavior nor the failure mechanism (Cabrero et al. 2012;
Kasal and Leichti 2005). Most of these phenomenological
failure criteria were developed for composite materials based
on isotropic failure criteria. The validation of these aniso-
tropic failure criteria for stress interaction in natural ortho-
tropic materials such as wood has attracted less attention,
especially for the combinations with rolling shear stresses.
The aim of this paper is to investigate the mechanical
behavior of clear wood under stresses perpendicular to the
grain in interaction with rolling shear stresses. More specifi-
cally, the objective of this study is to validate failure enve-
lopes for this stress combination in Norway spruce (Picea
abies), based on experimental investigations. For this pur-
pose, it was necessary to develop a test setup that allows
controlling the stress interaction and loading of clear wood
along pre-defined displacement paths. The experimentally
defined failure states could then be compared to failure sur-
faces predicted by the phenomenological failure criteria.
Previous experimental, analytical, and theoretical research
related to stress interaction with shear stresses is reviewed
in Sect. 2, before the experimental setup, and the materials
used in this study are described in Sect. 3. Section 4 presents
and discusses the results and Sect. 5 concludes the paper.

2 Experimental testing and analytical
equations for stress interactions in wood

Most data from the material properties determined through
experiments and reported in the literature are related to the
uniaxial material behavior of wood, though very limited
research has been carried out to study the mechanical behav-
ior of wood under biaxial or more complex stress states.
The failure criteria for materials are mainly defined based
on uniaxial strength properties, though to validate the stress
interaction prediction of the failure criteria, biaxial testing
of wood is required. Biaxial testing requires more advanced
testing equipment to control and quantify the stress and
strain state of the specimen. The literature reviewed here
relates to both biaxial test setups and uniaxial shear testing
devices, which are discussed and have been used to develop
the test series in the R-T plane performed in this work.
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Several uniaxial test setups for rolling shear testing of
clear wood are available and have been developed to estab-
lish a uniform shear stress state in the most critical part of a
test specimen. These test setups include the losipescu shear
test (Iosipescu 1967; Dumail et al. 2000), the Arcan shear
test (Arcan et al. 1978), the two-rail shear fixture (Melin
2008), the single cube apparatus (Hassel et al. 2009), and the
off-axis shear fixture according to EN 408 (2010), which is
a 14° inclined compressive test where the force is applied at
an inclination of 14° to the shear plane or longitudinal axis
of the specimen.

Magistris and Salmén (2004, 2005) investigated the scope
of using the Wyoming version of the Iosipesco and Arcan
shear fixtures by adding some extra features to obtain an
interaction of stresses through a uniaxially applied force.
Two rotating plates were added to the lower and upper parts
of the Wyoming version of the Iosipesco shear fixture to
change the ratio between shear stress and normal stress.
They conducted a feasibility study of their in-house modified
Tosipescu device, for pure shear and combined shear with
compression interaction on orthotropic, medium density
fiberboard, and Norway spruce solid wood. The experiments
were carried out on 90° notched specimens with a depth of
3.50 mm, for small displacements, within the elastic limit.

A U-shaped fixture was added to the Arcan shear device
to prevent movement as well as rotation of the specimen in
the third direction (Stenberg 2002). Magistris and Salmén
(2005) investigated the scope of using this in-house modified
Arcan device for a comparatively thick wood specimen in the
case of combined loading. After finding the device suitable
for combined loading in wood, they used the setup to study
the deformation pattern of wet wood fibers (Norway spruce)
in the longitudinal (L)-tangential (T) plane at an elevated
temperature of 50 °C and 90 °C, under compression, shear,
and combined compression with shear loading. The device
was even used for repeated loading to study the energy con-
sumption required to collapse the wood cells under different
loading combinations and repeated loading. The specimen
size was 2 X 40 X 15 mm?> (R, T, and L directions).

Even though, the setups developed by Magistris and
Salmén (2004) were found suitable for biaxial testing in
proof-of-concept tests, they did not allow for the direct con-
trol and quantification of the displacements and forces in
two orthogonal directions, which makes the derivation of a
failure envelope difficult.

Spengler (1982) performed a study on Norway spruce
glued-laminated timber (glulam) specimens that were sub-
jected to the combination of stress perpendicular to the grain
with shear in L-R plane. He used L-shaped steel plates to
apply loading on a rectangular shaped specimen in two
perpendicular directions. The specimens had a length of
220 mm, a width of 80 mm to 140 mm and a thickness of 22
to 33 mm, and were adhesive-bonded with the steel plates.
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The setup was comparably simple, but required gluing of the
specimens. Without a continuous force transmission through
the adhesive bond, however, it would lead to stress concen-
trations in the corner points, which could be problematic
particularly when studying the R-T plane with lower stiffness
properties and different Young’s modulus to shear modulus
ratios.

Phenomenological failure criteria generally describe a
surface in the six-dimensional stress space represented by
mathematical expressions. Most of the anisotropic strength
criteria are based on isotropic yield criteria (Cabrero et al.
2012), of which only a few are developed for wood. This
work focuses on the in-plane interaction of stresses per-
pendicular to the grain with rolling shear stress, and the
corresponding failure criteria can be illustrated in a 2D
representation.

In the case of uniaxial stress, a material fails when the
maximum normal stress or shear stress reaches the corre-
sponding strength value. When considering stresses parallel
to the anatomical directions of wood, the maximum stress
criterion in the R-T plane can be expressed as

ORR _ 4 1
fz ’ (D
oy
B @
IRt _
fv,RT ’ (3)

where oy and o, are the normal stress components of the
stress tensor o;, in the corresponding material directions, fr
is the strength in the radial direction, f; is the strength in the
tangential direction, zzy is the rolling shear stress, and f, zr
is the rolling shear strength of wood.

For in-plane stress states in orthotropic materials, this
uniaxial strength criterion can simply be extended to one,
which considers orthotropic material properties and linear
interaction (Aicher and Klock 2001). For stresses in the R-T
plane of wood this reads as

(o3 O T
RR T1 RT
— 4 =1

Fo  fr forr @

The widely used Hankinson (1921) formula to determine the
strength, f,, of wood loaded under an angle 6 to the grain
was derived from a linear strength criterion. The Hankin-
son’s formula can be expressed as

It 'fﬁ
fi - $in"6 + fez - cos"0’

Jo= &)
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where f; is the strength parallel to the grain and f&z is the
strength perpendicular to the grain. fz is used in engineer-
ing applications as an effective strength perpendicular to
the grain, which could be replaced by the strengths in the
radial or tangential direction. In general, n = 2 is used for
compressive strength and n = 1.5 is used for tensile strength
(Mascia and Simoni 2013).

The simplest quadratic criterion resulting in an ellipsoidal
failure surface for in-plane stress states in R-T plane can be
written as

() +(5) -+ (72)

— ) +{—=—) +(—) =1, ©6)

fR fR fv,RT

and would allow for exploitation of a larger stress space

compared to the linear interaction criterion given in Eq. (4).
The von Mises strength criterion is based on the maxi-

mum distortional energy theory. It assumes that the hydro-

static part of the stress tensor does not contribute to the
yielding of the material. The von Mises criterion is given as

<@>2—GRRU”+<6—">2+3<TRT >2:1. )
Ir Tefr fr forr
This criterion includes an interaction term between the nor-
mal stresses that is not included in the quadratic failure cri-
terion in Eq. (6). This interaction term affects the shape of
the failure envelope. The von Mises criterion is applicable to
materials that exhibit metal-like plasticity, but not to wood.
Hill (1950) extended the von Mises strength theory by
considering that a material behaves anisotropic when plas-
ticity occurs. For plane stress states, the criterion reads as

2
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o\ 2 . 2
N (_n) N <£> _1
Jr Jorr
Later on, Azzi and Tsai (1965) adopted this criterion to the
case of transversely isotropic composite materials. This cri-

terion is known as Tsai-Hill criterion and for plane stress
states, it can be expressed as

ORR ? ORROTT <C7Tr>2 < TRT >2
<fR > 7 )\% ) "GL) T O
This criterion has been applied to a number of applications
in timber engineering problems (Cabrero et al. 2012; Mascia
and Simoni 2013).
One of the first strength criteria for wood was formulated
by Norris (1962), who postulated that failure of the material

would happen if any one of the following three equations
are satisfied,

®)
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The only difference between the von Mises criterion in
Eq. (7) and the Norris criterion in Eq. (10) is the factor,
which multiplies with the shear term. Hence, it gives the
same surface as von Mises in a normal stress plane, but a
different surface when considering the interaction between
normal and shear stress.

All of the above-mentioned anisotropic failure criteria
consider the tensile and compressive strength of a material to
be the same, which is not the case for wood. Note, for plane
stress states for the herein considered combination of normal
and shear stress, Quadratic, Tsai-Hill, Hill, and Norris failure
criteria reduce to the same limit curve.

Hoffman (1967) proposed a failure criterion based on Hill’s
criterion, accounting for the difference between the tensile and
compressive strength of the material, f, ; for oz <0, f ¢ for
ogg > 0and f_ rforo;r <0, f; rfor o7 > 0. It was originally
formulated as a quadratic function (Schellekens and De Borst
1990) with nine independent variables. By substituting the
material coefficients determined from experiments, Hoffman’s
failure criterion for plane stress can be written as

O + o7 B <O'RR0TT> + i
Jirler Jrafer Jirfer T
fc,R _ft,R to fc,T _ft,T

fidfen " furher

where the index , indicates the tensile strength properties
and . indicates the compressive strength properties. This cri-
terion has been widely used in the ductile failure in metals,
as well as for brittle failure in fibrous materials like wood
(Mascia and Simoni 2013).

Tsai and Wu (1971) proposed a considerably more versatile
tool to handle multi-axial stress states, and thus the combina-
tion of normal stresses with shear stresses, in terms of strength
tensors in polynomial form. This criterion is an invariant to
coordinate transformation. It can be represented in index nota-
tion as

13)
= 17

Fijo'ij + szklo'ijo'kl =1, (14)

where F; is the second order strength tensor and Fj;, is the
fourth order strength tensor. The equation can be written in
expanded form for plane stress conditions in the R-T plane as
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Compared to the other failure criteria discussed above, the
Tsai-Wu criterion includes an interaction coefficient, Fpppr,
that is independent of uniaxial strength values. A prior
biaxial experiment is required to determine the value of this
interaction term. In other failure criteria like Hill, Tsai-Hill,
Norris, and Hoffman, the stress interaction term was defined
from uniaxial strength values only. For stability conditions
and to get a closed failure surface the following condition
has to be fulfilled

2
FrrrrFrrrr = Frrrr™ 2 0, (22)
which consequently limits the interaction term to
—1 < Fppp < L

Kasal and Leichti (2005) mentioned that this term can
be defined in several ways depending on the testing proce-
dure of generating the biaxial stress state. Hence, different
researchers have used different methods to account for this
interaction. According to Kasal and Leichti (2005), another
interaction term involving shear stress should also be con-
sidered in Eq. (15). They state the difficulties of determining
this interaction coefficient as a reason for omitting additional
shear interaction terms.

Eberhardsteiner (2013) carried out numerous biaxial
experiments on clear wood of Norway spruce in the L-R
plane, which were subjected to two orthogonal normal
stresses for the different load to grain angles. Cruciform
Norway spruce test specimens were displacement-loaded

@ Springer
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along different displacement paths, prescribing different
ratios of the orthogonal displacements. Tests were per-
formed with different grain angles in the test specimen,
which led to numerous investigated stress states with shear
in the L-R plane. The point corresponding to the initial
maximum stress value (Mackenzie-Helnwein et al. 2003)
of any of the global normal stresses was considered as
material failure. The obtained failure envelope revealed an
elliptical surface that agrees well with the elliptical failure
criteria, though this kind of phenomenological failure cri-
terion was unable to distinguish between different failure
modes. The experiments included even pure shear stress in
the L-R plane, which was obtained for a grain angle of 45°
and a displacement ratio of 1:1. Based on these experiments,
Mackenzie-Helnwein et al. (2003) defined a multi-surface
orthotropic failure criterion in plane-stress that considered
four surfaces for four failure modes; namely for tensile or
brittle failure mode in the fiber direction, brittle tensile fail-
ure mode in perpendicular to the grain direction, parallel
to the grain compression failure mode, and ductile failure
mode in compression perpendicular to the grain. The biaxial
experimental data from Eberhardsteiner (2013) was further
used by Cabrero et al. (2012) to validate some of the estab-
lished phenomenological anisotropic failure criterion for
wood in the L-R plane. The study showed that none of the
failure criteria could predict a full failure envelope, but fail-
ure envelopes rather depend on biaxial stress-state, in terms
of the combination of tensile stress, compressive stress or
both. The best suited criteria in one stress-state could be
the worst in another stress-state. For the first quadrant with
tension parallel and perpendicular to the grain combination,
the best-suited criteria were Cowin, Norris, and Tsai-Wu,
whereas in the fourth quadrant, comprising of compression
parallel to the grain and tension perpendicular to the grain,
Norris and Cowin were the worst-fitting criteria. However, it
remains unclear whether similar conclusions would be found
in the R-T plane, which is the aim of this work.

Mascia and Simoni (2013) conducted a study of failure
criteria, such as Hill, Tsai-Hill, Tsai-Wu, Hoffman, and
Norris by comparing them to uniaxial and biaxial experi-
mental tests carried out by Todeshini, cited in Mascia and
Simoni (2013), on two Brazilian wood species, Pinus elli-
otti and Goupia glabra. The experiments were conducted
to combine the compression parallel to the grain with the
perpendicular to the grain stress, shear, and off-axis tensile
test. The investigation showed that Tsai-Hill and Hoffman
criteria fitted more adequately than other criteria for both
species. They mentioned that the failure curves generated
by Tsai-Wu, Tsai-Hill, and Hoffman differ significantly in
the third (combined compression) and fourth (compres-
sion with tension) quadrant, but they were similar in the
first (combined tension) and second quadrant (tension with
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compression). However, regarding failure surface for the
combination of stress perpendicular to the grain with roll-
ing shear, the investigation is limited to two quadrants,
since with the combination of rolling shear with compres-
sion or with tension perpendicular to the grain, no distinc-
tion between positive and negative shear stresses is made.

Steiger and Gehri (2011) used the experimental results
from Spengler (1982) and other sources, as well as their
own shear tests on glulam beams to validate the SIA 265
design equation (SIA 265 2012), defining the strength for
the combination of stress perpendicular to the grain with
L-R shear stress. They state that the tension perpendicular
to the grain and shear strength, as well as their interaction,
are influenced by the size of the stressed-volume, as seen
from the determination of the shear stiffness and strength
of glulam beams. Good correlation was observed between
the biaxial experiments by Spengler (1982) and the
SIA 265 design equation. The latter is based on the
assumption that

i the applicable shear stress is equal to the shear strength
when the stress perpendicular to the grain is zero;

j  shear stress reduces with increasing tensile stresses

perpendicular to the grain and becomes zero when the
tensile strength perpendicular to the grain is reached;

k shear stress can be increased above the pure shear
strength, up to maximum applicable shear stress at the
compressive strength perpendicular to the grain. A fur-
ther increase in loading will induce crushing failure due
to compression perpendicular to the grain.

The design equation is based on an elliptical failure cri-
teria and is given below in R-T plane, for the range of
~f. &zt < 07 <[, 7> With f_z7 as the strength perpendicular
to the grain in compression and f, z7 as the strength per-
pendicular to the grain in tension.

JexT
TR T

<1,

2
M + < TRT >2 1 -
fc,ﬁ +ft,ﬁ 5 V.RT

(23)
where o7z is the stress perpendicular to the grain (o7 =
o, zr in case of tensile stresses perpendicular to the grain and
OxF = — 0.7 in case of compressive stresses perpendicular
to the grain), which in engineering applications as a simpli-
fication is not distinguished in radial and tangential direc-
tions but in design standards is rather specified as a tensile
stress perpendicular to the grain o, 4, or compressive stress
perpendicular to the grain o, o). Note that this design equa-
tion is intended for application in timber engineering and
commonly used with design values, with regards to material
uncertainties.
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3 Materials and methods
3.1 Norway spruce clear wood test specimens

The mechanical behavior of Norway spruce (Picea abies)
clear wood under stress perpendicular to the grain with
rolling shear interaction was studied by means of an exper-
imental setup. The material originates from the Experi-
mental Forest and Research station in Asa, Sweden. The
log of a Norway spruce tree was cut at 1.30 m and 2.70 m
from the ground and sawn into pieces with cross-sectional
dimensions of 75 x 75 mm?, see Fig. 1. The wood pieces
were positioned so that one of the edges follows the same
annual ring at the outer side of the log (Fig. 1) and four
pieces with similar annual ring patterns could be cut out.
The objective was to obtain homogeneous material prop-
erties and similar annual ring structure in all specimens
without any knots or defects. The wood pieces were then
dried in a research oven at Lulea University of Technology
with a targeted equilibrium moisture content of 12%. In the
development of the test setup, geometry and setup effects
on material behavior under compression, rolling shear and
stress interaction in the R-T plane were studied. For this
purpose, different shapes of specimens and different force
imposing systems were investigated, as described in the
following. Four different specimen geometries and shapes
were cut out from the boards after drying, see Fig. 1,

Q quadratic specimens with a dimension of 50 x 50 mm?
(width X height),

V  V-notched specimens with a dimension of 50 X 60 mm?,

T trapezoidal-notched specimens with a dimension of 50
x 60 mm?,

D dog-bone shaped specimens with a dimension of 50 X

60 mm?.

All specimens had a length of 20 mm (in the longitu-
dinal direction of wood), except for D-shaped specimens,
which were 10 mm thick in the area of interest. Specimens
were prepared with two orthogonal material orientations
for testing with normal stresses in the radial (QR, VR,
TR, DR) and the tangential (QT, VT, TT, DT) directions.
Detailed notations and notch dimensions of the speci-
mens are shown in Fig. 1. The prepared specimens were
stored in a climate chamber at 20 °C room temperature
and 65% relative humidity. Note that for the geometry and
setup effect study, Q-type specimens were prepared from
material at the east part of the stem, while, V- and T-type
specimens were from the west side of the stem. The aver-
age density was 492 kg/m? for Q-type and 481 kg/m? for
V- and T-type specimens. D-type specimens for loading
in radial and tangential directions were prepared from

material at the south and north side of the stem. The aver-
age density for the specimens of series DR was 490 kg/m?
and DT was 508 kg/m>. The average moisture content was
12.80%, which was measured by means of the oven drying
method. A total number of 104 specimens were tested of
which 72 tests were performed on D-shaped specimens to
compare experimental findings with analytical failure cri-
teria. A total of 38 uniaxial tests were performed for roll-
ing shear, uniaxial compression and tension perpendicular
to the grain, to study the geometry and force imposing
setup effects.

3.2 Uniaxial and biaxial mechanical testing

The mechanical test setup was developed within the test
frame 322 of manufacturer MTS, which was equipped with
two servo-hydraulic actuators (MTS Model 661.20F) with
a capacity of 100 kN for the vertical orientation and 50 kN
for the horizontal orientation.

Two different test setups, with basically two different
force imposing systems, were used, see Fig. 2. Spengler’s
biaxial test setup (Spengler 1982) was considered as a basis
to develop the setup, due to its very simple configuration that
allows straight-forward testing, particularly when using it
without adhesive bonding. The study on effects of the shape
of specimens as described above was performed with this
setup, consisting of two L-shaped steel blocks connected to
the moveable sledges of the test frame, see Fig. 2a, d. The
sledge below the test specimen is moveable in the horizon-
tal direction, whereas the cross-head above the specimen is
moveable in the vertical direction. Both are almost rigid,
particularly when considering the weak stiffness of the test
specimen. Q-, V-, and T-type specimens were then simply
put into the test setup, which had 10 mm high steel plates on
both sides of the bottom and the top of the L-shaped blocks
to laterally support the specimens. There was a smooth sur-
face on the side supports.

The force imposing system with L-shaped steel blocks is
very simple, but could obviously lead to stress concentra-
tion at the corners. The wooden specimens could have been
adhesively bonded to the steel supports in order to get a
more distributed force transmission. However, this would
have been very cumbersome and difficult to realize in this
biaxial setup. Thus, mechanical grips were developed to
more homogeneously introduce loading to the test speci-
mens. For this purpose, the side support plates were replaced
with mechanical grips using spiked steel plates with a height
of 15 mm, see Fig. 2c, e. The side support was fixed to the
loading device while it was attached to the bolts and a fixed
steel support on the other side of the test specimen. These
mechanical grips allowed for the specimen to be grasped,
while the pyramid texture of the steel plates gave a rough
surface with high friction and good connection between the
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Fig. 2 Biaxial setups for loading of specimens with a L-shaped steel profile (L); b schematic drawing of the test setup and test frame; ¢ mechani-
cal grips (G) with position of external biaxial load cell; d dimensions of L-profile; e dimensions of G-plate

loading device and the wooden specimen. Dog-bone shaped
specimens were tested in this device. The effects of the force
imposing device on the stress and displacement state of the
specimen could be studied by comparing the mechanical
grips with the L-shaped steel block. Moreover, for this
setup, an external multi-axial load cell of type GTM-00037
(Gassmann Thelss Messtechnik) with a capacity of 5 kN in
the vertical and the horizontal directions, the two directions
evaluated in this study, was used to assess the accuracy of
the larger in-built load cells in the loading range of the tests.
A maximum difference of up to 12% between the in-built
load cells and the external load cell was found, while the
average difference for all tests was 6.5%. The maximum dif-
ference was observed in the quasi-elastic part of the test at
comparatively low forces, whereas the difference was less
for higher forces. Only the results of the external load cell
data are provided in the results section.

Experiments were carried out in displacement con-
trol mode along several displacement paths, as illustrated
in Fig. le. Rolling shear combined with tension and
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compression stresses are denoted by ST and SC, followed by
a number that is related to the angle with respect to the shear
plane. A displacement rate of 2 or I mm/min was applied
in case of compression and biaxial tests and 0.50 or 1 mm/
min in rolling shear tests. No influence of these displace-
ment rates on the overall force-displacement behavior was
observed. In the case of combined loading, with a certain
ratio of vertical to horizontal displacement, displacements
were applied simultaneously with an overall displacement
rate equal to 1 or 2 mm/min. In addition, two unloading
sequences were applied, one in the quasi-elastic and one in
the elasto-plastic domain. The first unloading cycle was per-
formed at a force of 1 kN, while the second unloading cycle
was applied at a displacement of 5 mm for the compression
and biaxial tests on D-type specimens. At the beginning
and the end of each unloading cycle, the force (for the first
unloading cycle) or displacement (for the second unload-
ing cycle) was kept constant for 5 s to reduce the influence
of time-dependent effects on the unloading stiffness. The
investigated displacement paths for the corresponding test
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specimens are illustrated in Fig. 1. Two or three specimens
were tested in each loading path. Corresponding forces and
displacements were measured by the internal actuator of the
MTS test frame and the external load cell.

Note that the lateral boundary condition plays an impor-
tant role, which is most obvious in uniaxial testing. Dis-
placement controlled testing as outlined above means con-
straining the lateral displacement, which as a consequence of
the Poisson effect leads to a biaxial stress state. In addition
to the displacement path testing, shear tests and compres-
sion tests with unconstrained lateral boundary conditions
were performed. For unconstrained testing, the vertical or
horizontal force was limited to a maximum absolute value of
50 N, while the lateral displacements were not constrained.
The latter test data was then compared to results from dis-
placement-constrained loading to assess the effects on the
determination of uniaxial mechanical properties.

A digital image correlation (DIC) system (Aramis,
Gesellschaft fiir Optische Messtechnik mbH, Braunschweig,
Germany) was used externally to measure the strain fields
on the surface of the test specimens, as well as, through
point markers, the displacements of the loading devices, dur-
ing the experiments. This data allowed a comparison of the
internal displacement measurement of the test frame with
the optically determined displacement states. For DIC meas-
urements, the specimens were sprayed with a very thin black
speckle pattern on a very thin white base layer. The desired
point size of the speckle pattern was 23 pixels (P). Two 12
MP cameras were used to continuously capture images at a
rate of 1 Hz (one picture per second) in the elastic and the
beginning of the elasto-plastic part, followed by a rate of
0.50 Hz (one picture every 2 s) during the remaining test
period. The field of view for the DIC was chosen to approxi-
mately 190 x 140 mm?. A facet size of 19 P together with
a grid spacing of 15 P (parameters have been set based on
recommendations of the supplier and a preliminary study)
resulted in a distance of approximately 1.20 mm between the
measurement points. A noise study was carried out before
each experiment to check the suitability of combining the
speckle pattern, illumination, and camera settings. Displace-
ments measured by the control system of the test frame were
compared to displacements of point markers measured by
DIC. The maximum difference was less than 10%.

3.3 Data evaluation and comparison with failure
criteria

The direct outputs of the tests were the displacement of the
loading device as well as the load cell data, which were then
used for the calculation of nominal engineering strains and
stresses. The tensile or compressive strains, ez, and g4,
were calculated as the vertical displacement of the force
imposing device divided by the unsupported height of the

specimen, which was 50 mm for Q-type specimens, and
60 mm for V-, T-, and D-type specimens with L-profile,
while for the gripped plate it was 20 mm for Q- and 30
mm for V-, T-, and D-type specimens. Rolling shear strain,
Yrr = 2€xy was determined as the horizontal displacement
divided by the unsupported height of the specimens given
above. For comparison reasons, average strains in the center
of the specimens were even determined as the average strains
on the surface of the specimens measured with DIC.

The normal stresses, oy and o4, were determined as the
vertical force divided by the initial minimum cross-section;
and the rolling shear stress, 7y, was calculated as the hori-
zontal force divided by the initial minimum cross-section in
the center of the specimens. Corresponding cross-sectional
areas amounted to 1000 mm? for Q-shaped specimens,
800 mm? for V- and T-shaped specimens, and 300 mm? for
D-shaped specimens.

The gradient from half of the first unloading path of the
stress-strain curve, see Fig. 3, was considered when cal-
culating the Young’s moduli of elasticity in the radial and
tangential directions, £y and E, and the rolling shear modu-
lus, Ggy. The unloading path was chosen to determine the
elastic material parameters, since elasticity is defined as the
mechanically recoverable energy stored in the loaded sample
(Bader et al. 2016).

To compare the test data with failure criteria, stress states
at specific strain states were plotted in the ogp-74r and oy
-Tgr stress planes. Stress points were considered at 1% and
2% compressive strains. These stress points were chosen to
study the onset and the development of plastic failure of the
material. These stress points were then compared to previ-
ously suggested failure criteria discussed in Sect. 2. The
predictions of failure criteria were calculated by using the
uniaxial strength properties as determined in uniaxial tests.
Uniaxial compressive strength was determined as the stress
at 1% compressive strain, while the maximum stress was
considered as strength in tensile and rolling shear tests. In
the case of failure criteria that do not distinguish between

ORR,OTT [ Nimni]

0 0.05 01 0.15
ErroETTL]

Fig.3 Stress—strain relationship, loading sequences and calculation of
modulus of elasticity and shear modulus from the first unloading path
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tensile and compressive strength, the compressive strength
was considered for calculations. To assess the suitability of
phenomenological failure criteria, the prediction capability,
R of these failure criteria were calculated instead of fitting
the criteria. R-value equal to 1 means failure prediction is
perfect. R >1 means the criterion underestimates and R <1
means the criterion overestimates the failure. R is calculated
from the experimental stress and material strength values.

The value R, for example in the case of quadratic criteria,
can be calculated as

<1%>2+ (lG_TT)Z + <l ‘o >2 =1
R fR RfT Rf;;,RT |

which for o, = 0 in the considered stress interaction gives

() ()
B fR fv,RT .

(24)

(25)

4 Results and discussion
4.1 Test setup effects

During the development of a suitable and efficient setup for
biaxial testing in the R-T plane, test setup effects such as
geometry and boundary or force imposing effects were stud-
ied. Loading was applied by means of two different devices,
one with direct compression contact in L-shaped steel
blocks and one with mechanical grips. Note that L-blocks
restricted the horizontal (global x-direction) deformation of
the test specimens in the corners, which led to shear stress
even under pure compressive force. Moreover, compression
tests were conducted with constrained horizontal displace-
ment, which yielded a global shear force. The L-block setup
developed a higher shear force than mechanical grips, which
was particularly pronounced in biaxial loading. Mechani-
cal grips, on the other side, allowed for deformation of the
specimens in the horizontal direction, but led to stronger

constraints in the load introduction area, where even defor-
mation in the transverse (global z-direction) direction was
constrained. Another important difference between the load-
ing setup was that the mechanical grips reduced the unsup-
ported height of the specimen.

Test specimens were tested in two different orientations,
where either the radial or the tangential direction was paral-
lel to the global y-direction, see Fig. 1. In radial compres-
sion, cell layers are compressed and the void volume is
continuously reduced until the cells are fully compressed
and the cell layer material is fully densified (Mackenzie-
Helnwein et al. 2003). In tangential compression, however,
buckling of the latewood cell layers is the predominant
failure mechanism (Bodig 1965; Tabarsa 1999), and thus,
the height of the specimen is of importance for the over-
all force carrying capacity. Due to these differences in the
material response in the two orthogonal directions, setup
effects were more pronounced for testing in the tangential
direction than in the radial direction. This is clearly vis-
ible in Fig. 4a, which shows stress—strain relationships as
determined by compression tests on Q-type specimen, using
L-shaped (represented by solid lines) and gripped loading
setup (represented by dashed lines). Differences in the initial
behavior due to further deformation in the contact case com-
pared to the mechanical gripping, become obvious, while the
overall shape of the curves and the stress levels are rather
similar. For compression testing in the tangential direction,
however, considerable differences in the stress levels have
been observed with higher stresses in the case of L-profiles,
which is a consequence of boundary effects. This was obvi-
ous when comparing Q- and D-type specimens under tan-
gential compression, as discussed in the next subsection.
All tests except 'L-QR’ tests were stopped at a strain level
of about 0.30.

Rolling shear tests were performed by either constrain-
ing displacement or force in the global vertical direction.
The vertical force was restricted up to 100 N for Q-, V-, and
T-shaped specimens, and 50 N for D-shaped specimens, and
thus limited to nominal compressive stresses of 0.10 N/mm?
for Q-shaped specimens and 0.17 N/mm? for D-shaped

Fig.4 Stress—strain relation- — Q‘R p——ry
ships from uniaxial compres- 20 H|——L-QT 20 H-—--QT
sion testing of quadratic (Q) _ ~--GOR — =X
and dog-bone shaped (D) test s 5l ear e 15|
specimens, with different force § §
imposing systems (L/G), in - e
radial (R) and tangential (T) e 107 T e 107 - .-
directions, for the assessment of g ‘_’/” g g ”,,/__::,,,»/
a test setup effects, b geometry S sl s = e NIV =S
effects 1 3 , T
a/h/
0 : : : : 0 : : : :
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5

grre&rr (]

@ Springer

ErpEry L]



European Journal of Wood and Wood Products (2020) 78:1105-1123

1115

— — —L-QR-disp
—— G-QR-force
25+ — — —L-VR-disp
—— G-VR-force
— — —L-TR-disp
27 —— G-TR-force
NE —— G-DR-force
£ N~
2 1.5 \\ N \
‘_ll— N N S
W RN A
1 S \3
S OOAS N (N
N “‘}
0.5
0 l l
-1.5 -1 -0.5 0

g INIMM?]

Fig.5 Rolling shear stress vs. normal stress in shear testing of differ-
ent specimens (Q-, V-, T- and D-shaped), with different force impos-
ing systems (L/G) under force or displacement controlled boundary
conditions in the lateral direction. Testing in radial (R) direction
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Fig.6 Rolling shear stress vs. normal stress in shear testing of dif-
ferent specimens (Q-, V- and T- and D-shaped), with different force
imposing systems (L/G) under force or displacement controlled
boundary conditions in the lateral direction. Testing in tangential (T)
direction

specimens. Therefore, not only could the effects of the force
imposing system be assessed, but also the loading protocol.

Figures 5 and 6 show the stress paths of shear tests in
the o g~y and o,-74y stress planes. This indicates the two
possible material orientations of specimens in shear testing,
which both lead to shear stresses in the R-T plane. Force and
displacement-constrained testing is indicated by force and
disp. The figures illustrate the effects of the loading protocol
and highlight the development of compressive stresses of
more than 1 N/mm? in cases of displacement constrained
testing, which partly lead to higher shear strength. Q-, V-,

and T-shaped specimens were tested with direct contact and
mechanical grips, while D-shaped specimens were tested
with mechanical grips only. The effects of the force impos-
ing system on shear strength seem to be insignificant or over-
laid by variation of the shear strength.

In the case of biaxial loading, direct contact through the
L-blocks led to complex surface strain distributions, such
as tensile stress in the two opposite sides of the L-plates
with stress concentration near the notch, and thus cracks
developed undesired failure modes. Moreover, differences
in the stress paths were observed for the same displacement
loading path. Mechanical grips yielded comparably lower
shear stress, whereas force imposed by contact led to higher
nominal shear stress but lower nominal normal stress. This
effect was pronounced for compression in the radial direc-
tion. However, the post-elastic behavior of the material was
similar for the two test setups. Hardening in biaxial testing
with the radial compression led to strongly increased rolling
shear stresses, while biaxial testing with tangential compres-
sion led to considerably increased compression stresses and
rolling shear stress softening.

The assessment showed that mechanical grips led to a
more homogeneous force transmission and avoided stress
concentrations that occurred in the corners of the L-shaped
contact device. The influences of the specimen’s shape com-
bined with the force imposing system on the stress state in
the specimens and on mechanical properties derived from
testing are assessed next.

4.2 Geometry effects

A balance in the shape and size of the specimens for biaxial
testing is obviously required because shear testing would
require flat specimens to reduce the eccentricity in the shear
loading, whereas compression testing would require higher
specimens to avoid any boundary effects. The influence of
specimen shape on the shear behavior was mentioned in the
previous section, where the unsupported height of the speci-
men was found to affect the mechanical response when testing
in the tangential direction. The height of the specimens greatly
influenced the development of higher nominal stress in com-
pressive testing as well. This is illustrated in Fig. 4b. A rea-
son for the difference is that the nominal compressive stress
was calculated using the minimum cross-sectional area. For
tangential testing, however, the material above and below the
reduced cross-section contributes to the force distribution, as
seen in the strain fields, which will be discussed later. Another
possible reason is that the average density of the T-specimens
is higher than the density of the R-specimens, which can yield
higher compressive stress. No compression tests were carried
out on V and T-shaped specimens. Therefore, no comparison
is shown for these two types of specimens.
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The effect of the specimen’s shape was also included in
Figs. 5 and 6, where there were no considerable differences
for rolling shear testing. The stress state under shear testing
was more closely assessed by means of rolling shear strain
distributions across the specimens, as measured by digital
image correlation. As with stress plane figures, strain sec-
tions are evaluated for specimens tested in the two material
orientations, RT and TR. The strain sections in Figs. 7 and 8
clearly show the influence of the annual ring structure, since
a more homogeneous strain level was found for R-oriented
specimens, while alternating shear strain levels were visible
in T-oriented specimens. Figures 7 and 8 also show the dif-
ferences between specimen shapes as well as some variation
when testing similar specimens but with different loading
protocols. Shear strains were taken at a nominal shear stress
level of 1 N/mm?. Note that all shear tests with force con-
strained loading were accomplished by using mechanical
grips. D-shaped specimens showed the least strain concen-
trations in the area of interest and least edge concentrations,
compared to other shapes.

Rolling shear strain—stress relationships for D-shaped
specimens are shown in Fig. 9 for RT- (R) and TR- (T) ori-
entations. When the shear plane is parallel to the radially
stacked annual rings, RT-orientation led to an almost per-
fect brittle failure, whereas when the shear plane crosses
several annual rings, TR-orientation testing led to a more
progressive brittle failure through the development of sev-
eral cracks. The latter failure mechanisms occurred at com-
parably higher stress levels. However, as a consequence of
the homogeneous orthotropic material, no difference was
considered between rolling shear strength in RT- and TR-
orientation compared to failure criteria.

0.1 ,
- - -L-QR-disp
—— G-QR-force
L - = -L-VR-disp
0.08 —— G-VR-force
- - —L-TR-disp
—— G-TR-force
— 0.06 —— G-DR-force | |
-
x
=
0.04 - .
0.02 - .
0 L L L L
0 10 20 30 40 50

X-sectional distance [mm]

Fig. 7 Rolling shear strain along mid-section in radial (R) orientation
shear testing of different specimens (Q-, V-, T- and D-shaped), with
different force imposing systems (L/G) under force or displacement
controlled boundary conditions
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Fig.8 Rolling shear strain along mid-section in tangential (T) orien-
tation shear testing of different specimens (Q-, V-, T- and D-shaped),
with different force imposing systems (L/G) under force or displace-
ment controlled boundary conditions

The strain field under biaxial testing is assessed next for
SC-45 testing. Figure 10 shows the normal strain and shear
strain fields for all investigated specimen shapes and testing
in the two orthogonal directions R and T. Strain fields rep-
resent the state at a nominal compressive stress of 3 N/mm?
and corresponding shear stresses between 0.11 and 1.48
N/mm?. Because D-shaped specimens were tested with
mechanical grips and all other shapes with L-shape steel
plates, considerably lower shear stresses developed in the
D-shaped specimens. The DIC assessment revealed com-
paratively uniform surface strain distributions for all geom-
etries, except for some stress concentration at the edges.
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Fig.9 Rolling shear stress (7z;) vs. rolling shear strain (yg;) in shear
testing on dog-bone shaped (D) specimens in the radial (R) and tan-
gential (T) material orientations
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Fig. 10 Compressive strain (¢,) and rolling shear strain (y,,) fields under SC-45, biaxial testing of different specimens (Q-, V-, T- and D-shaped)

The reduced cross-section in the notched area in V-, T-, and
D-shaped specimens helped to yield a concentrated strain
distribution and initiate a crack in this part. However, this
was not always achieved in Q-type specimens of biaxial test-
ing with compression in the radial direction. Biaxial testing
with compression in the tangential direction highlighted the

-—-T
— — -ST-45
— = -ST-30
——-ST-15

SC-10
—SC-20
—SC-30
——8C-35
———8C-45
—SC-60
—C

Fig. 11 Stress paths for displacement controlled testing in the rolling
shear stress vs. normal stress plane for DR test series

sample shape effect on the tangential strain—stress response.
The nominal tangential compressive stress increased with
the increased notch size. Activation of the material above
and below the notched area is well visible in the correspond-
ing shear strain fields.

Finally, the material properties derived from nominal
strain—stress relationships measured on different specimen
shapes are compared. The Young’s moduli in the radial and
the tangential directions, and the rolling shear moduli were
calculated from unloading paths as described in Sect. 3.3,
which yielded values shown in Table 1. For testing under
radial compression, minor differences were observed for the
different types of specimens and force imposing devices, as
well as when comparing tensile and compressive stiffness.
The corresponding strengths between 4 and 5 N/mm? were
measured. A slightly higher variation was found for test-
ing under tangential compression. The rolling shear stift-
ness and strength, however, showed higher variations for
different shapes of specimens, and thus, different stressed
volume. As a consequence, Q-type specimens yielded higher
rolling shear stiffness and strength than V-, T-, and D-type
specimens. The high influence of stressed volume on shear
strength was mentioned by Steiger and Gehri (2011). The
rolling shear modulus was between 50 and 60 N/mm? for
almost all setups and specimen shapes with notches. This
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Fig. 12 Stress paths for displacement controlled testing in the rolling
shear stress vs. normal stress plane for DT test series

corresponds well with values given in previous scientific
works (e.g. Dumail et al. 2000; Hassel et al. 2009 and mate-
rial standard EN 338 2009). Dog-bone shaped specimens
exhibited the lowest rolling shear strength value, which is
expected as a consequence of the reduced cross-section and
less effect of the curvature of the annual ring structure. The
highest rolling shear stiffness and strength were found for
Q-type specimens, which showed some curvature of the
annual ring structure, even if the test specimens were cut
from the outermost part of the tree. The influence of the
sawing pattern on the rolling shear modulus is well-known
in wood science, see for example Aicher and Dill-Langer
(2000). Because dog-bone shaped specimens have been fur-
ther used for biaxial testing, the following average material
properties have been considered for the assessment of biaxial
failure criteria.

— Modulus of elasticity in radial direction, E; = 830 N/mm?,
— Modulus of elasticity in tangential direction, £, = 545 N/mm?,
— Rolling shear modulus in R-T plane, Gy = 55 N/mm?,

— Compressive strength in radial direction, f, p =4.58 N/mm?,
— Tensile strength in radial direction, f, g =2.75 N/mm?,

— Tensile strength in tangential direction, f,’T =3.28 N/mm?,
— Rolling shear strength R-T plane, f, zr = 1.54 N/mm?.

Uni-axial compression and rolling shear testing of dog-
bone shaped specimens resulted in typical material
behavior. The radial compression tests yielded linear
elastic behavior, followed by a stress plateau with slightly
increasing stress (Bodig 1963; Tabarsa 1999). However,
tangential compression resulted in a non-linear behavior
and a stress peak, a consequence of latewood layer buck-
ling (Tabarsa 1999). Modulus of elasticity in the radial
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direction was higher than in the tangential direction, and
agrees well with previous findings (e.g. Madsen et al.
1982; Hall 1980; Gehri 1997; Farruggia and Perré 2000;
Hoffmeyer et al. 2000; Kristian 2009; Zhong et al. 2015).
Ep was 1.50 times higher than E;, which is in agreement
with Zhong et al. (2015), but comparatively lower than
the findings of Gehri (1997), Farruggia and Perré (2000),
Hoffmeyer et al. (2000) and Kristian (2009), who reported
a factor of around 2.

The compressive strength in the radial direction that
was determined higher than in the tangential direction is in
agreement with Gehri (1997), Hall (1980) and Hoffmeyer
et al. (2000). However, when considering the stress peak in
the tangential direction, f, r was found to be higher than f, ,
see Table 1. Since the value in the tangential direction was
dependent on specimen shape and height, it may not reflect
the real material strength. It is emphasized that Table 1 only
summarizes uniaxial tests for compression and tension per-
pendicular to the grain as well as rolling shear, where a total
of 38 tests were performed.

The tensile strength in the tangential direction was higher
than in the radial direction, with values of f; ;= 3.28 N/mm’
and f, p = 2.75 N/mm?, which is in contradiction to Kristian
(2009), who reported f; , =4.90 N/mm* and f, 7 = 2.80 N/mm”.
By considering the brittle behavior under tensile loading, tests
on a higher number of specimens could give better insight into
tensile strength.

The determined rolling shear modulus of G, = 55 N/mm?
is in good agreement with findings by Dumail et al. (2000)
and Hassel et al. (2009), while the rolling shear strength,
forr=1.54 N/mm?, is slightly lower than the value of 1.60
N/mm? reported by Kristian (2009), Dumail et al. (2000)
and Hassel et al. (2009).

4.3 Biaxial testing and assessment of failure criteria

Biaxial testing of dog-bone shaped specimens was per-
formed along 12 displacement paths, including combina-
tions of rolling shear with compression and tension per-
pendicular to the grain. The corresponding stress paths are
shown for normal stresses in the radial (Fig. 11) and tan-
gential (Fig. 12) material directions. Note that the datasets
shown in Figs. 11 and 12 consist of 36 tests each for DR
and DT specimens, i.e., a total of 72 tests, performed on
DR and DT specimens. Brittle failure was observed for the
combination of tensile stresses with rolling shear, while
ductile behavior was observed for the combination of com-
pressive stresses with rolling shear. A transition zone from
brittle failure under pure rolling shear to a ductile behavior
in combination with compressive stresses was found for
displacement paths SC-10 and SC-20. By comparing stress
interaction paths in the radial and tangential directions, it



European Journal of Wood and Wood Products (2020) 78:1105-1123

119

Table 1 Influence of geometry and setup effects on material proper-
ties derived from nominal strain—stress relationships

Setup and  Test type Tests n  Stiffness Strength
specimen (N/mm?) (N/mm?)
L-QR Compression 2 Ep =810 fer=3381
G-QR Compression 2 E, =880 fer=15.03
G-DR Compression 3 Ep =830 fer=4.58
G-DR Tension 2 E, =828 fir=2716
L-QT Compression 2 E; =655 Jer=3.13
(6.92%
G-QT Compression 2 E; =460 Jer=251
(5.72%
G-DT Compression 3 E; =546 for =426
(9.239
G-DT Tension 3 E; =542 fir=328
L-QR Rolling shear 1 Grr =126 Sorr =242
G-QR Rolling shear 1 Grr=143 Srr=278
L-QT Rolling shear 1 G =107 Sorr=2.85
G-QT Rolling shear 1 Gpr=114 Sorr=2.07
L-VR Rolling shear 1 Gpr =54 Sorr =2.00
G-VR Rolling shear 1 Grr =60 Sorr=2.02
L-VT Rolling shear 1 Grr=54 Sorr =2.00
G-VT Rolling shear 1 Grr =60 Sorr =189
L-TR Rolling shear 1 Grr=33 Sorr =176
G-TR Rolling shear 1 Grr =50 Sorr =184
LIT Rolling shear 1 Grr =58 Sorr=15
GTT Rolling shear 1 Grr =58 Sorr = 1.69
G-DR Rolling shear 4 Gpr =54 (load-  f, pr=1.38
ing)
G-DT Rolling shear 3 Grp=55 forr =176
* Maximum stress
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Fig. 13 Comparison of failure criteria with experimental data, con-
sidering compressive strength at 1% and 2% compressive strain level
for DR test series
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Fig. 14 Comparison of failure criteria with experimental data, con-
sidering compressive strength at 1% and 2% compressive strain level
for DT test series

is interesting that comparably higher shear stresses were
observed for tangential compression than for radial com-
pression, which means a stiffer shear behavior for this
combination. This is a consequence of the displacement
controlled testing and the ratio between Young’s modulus
and rolling shear stiffness that is lower in the tangential
direction; cf. stiffness properties given in Sect. 4.2.

Another interesting observation was the different post-
elastic behavior of clear wood in the two orthogonal orien-
tations. When combined with radial compressive stresses,
rolling shear stresses increased more than compressive
stresses after the elastic limit was reached, see SC-45,
SC-35, SC-30, SC-20 in Fig. 11. However, when combined
with tangential compressive stresses, rolling shear stresses
decreased after the elastic limit, see SC-45, SC-35, SC-30,
SC-20 in Fig. 12.

Material strength properties were derived to assess the
suitability of failure criteria. The strength was simply set
equal to the maximum stress in case of brittle material fail-
ure under tension, shear and tension-shear stress combina-
tions. For ductile failure in compression and shear-compres-
sion interaction, stress points at 1%, and 2% compressive
strains were evaluated instead. This is a typical procedure
that is also specified in the material testing standard (EN 408
2010), which prescribes certain levels of permanent strain,
though absolute strain was used here.

Material strength properties for strain levels of 1% and 2%
compressive strain were then compared to failure envelopes
predicted by Hill, Hoffman and the SIA 265 design equa-
tion, see Figs. 13 and 14. Rolling shear strength and tensile
strength were kept constant for the two strain states, whereas
compressive strength levels were changed to follow the evo-
lution of failure surfaces. In Figs. 13 and 14, Hill-1, Hoff-
man-1, SIA 265-1 curves denote the failure surfaces by Hill,
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Hoffman and SIA 265 design equation by considering com-
pressive strength at 1% compressive strain level, whereas
Hill-2, Hoffman-2, SIA 265-2 curves denote the failure sur-
faces by Hill, Hoffman, and SIA 265 design equation by
considering compressive strength at 2% compressive strain
level. However, because compressive strength changes, the
failure envelope changes slightly in the tension-shear inter-
action state. For the Hill failure criterion, the compressive
strength was used as the strength perpendicular to the grain.
A stronger difference in the compression-shear interaction
area was observed, due to increased stresses at higher strain
levels. The suitability of the failure criteria is assessed by the
prediction capability value R, given in Table 2.

From the mean R-values in Table 2, none of the failure
criteria yielded good prediction in both tension and com-
pression interaction states in both material orientations.
Overall, Hoffman’s criterion shows better prediction in DR-
specimens than in DT-specimens. When considering both
stress states, the average R-value for Hoffman’s criterion was
found to be 0.95, in comparison to Hill’s criterion, which
yielded a R-value of 0.85 for 1% compressive strain. Yet, in
the DT-series, Hill’s criterion yielded better prediction than
Hoffman when considering both stress states (compressive
and tensile), while Hoffman was found better in compressive
stress states. However, both criteria showed a small differ-
ence in compressive stress states, since the shape of the fail-
ure envelope is very similar. The difference in tensile stress
states is high, which is a reason to set the tensile strength
equal to the compressive strength for non-consideration of
material tensile strength by Hill’s criterion. The latter was
chosen here to assess the prediction quality of Hill’s crite-
rion in compressive stress states. It could then possibly be
combined with a brittle failure criterion for tensile stress
states.

The experimental data given in Figs. 11 and 14 shows that
the combination of rolling shear with compressive forces
perpendicular to the grain influences the strength positively
(Steiger and Gehri 2011; SIA 265 2012) in failure up to
a certain compressive stress level. The positive effect of

compressive stress on rolling shear strength was confirmed
by Mestek (2011) as well. Regarding the assessment of fail-
ure criteria, both Hill and Hoffman’s criteria underestimate
the positive effect of shear loading. Comparatively, Hoff-
man’s criterion yielded a closer limit curve than Hill’s cri-
terion. This is a consequence of the possibility to account
for different tensile and compressive strengths and the cor-
responding shift of the elliptical curve. The SIA 265 design
equation gives, however, a good prediction for this transition
zone. It would require a combination with a failure criterion
for the compressive failure of wood in the radial or tangen-
tial direction, and thus, a multi-surface failure criterion.

4.4 Failure mechanism in biaxial testing
of dog-bone shaped specimens

The failure patterns observed in the experiments are shown
in Fig. 15. Radial compressive stress yielded ductile behav-
ior with strength hardening, where wooden cells were pro-
gressively compressed and the material densified, leading to
an increase in stress. Rolling shear, tensile, and combined
tensile force with rolling shear in specimens tested in the
R-orientation led to brittle failure modes. A cascading type
of brittle failure occurred under pure shear in this case, since
cracking neither produced a smooth failure surface, nor fol-
lowed that same annual ring. However, the radial tensile
force and combined tensile force with rolling shear led to
pure brittle failure with straight and smooth surfaces. Under
combined compressive force with rolling shear, mixed fail-
ure modes, i.e., in between ductile and brittle failure modes,
occurred, depending on the stress path (displacement ratios
of normal stress to shear stress).

Tangential compressive stress led to buckling of the cells,
causing damage to earlywood cells. A similar behavior was
observed under biaxial stresses of combined compressive
stress with rolling shear. Tensile, rolling shear, and com-
bined tensile with rolling shear stress in this testing orien-
tation yielded brittle failure. An almost straight crack was

Table 2 Assessment of failure

L . . Specimen  Failure criteria Whole Compression Tension Failure
crlterl.a by comparison with correspond.
experlmental. da}ta; mean a.nd. Mean St.devn Mean St.devn Mean St.dev (%)
standard deviation of prediction
quality ratio, R DR Hill, Eq. (8) 0.85 0.20 0.98 0.09 0.70 0.19 1

Hoffman, Eq. (13)  0.95 0.15 0.94 0.10 0.95 0.19 1
Hill, Eq. (8) 0.82 0.21 0.93 0.11 0.70 0.19 2
Hoffman, Eq. (13)  0.90 0.18 0.86 0.16 0.95 0.19 2
DT Hill, Eq. (8) 1.08 0.25 1.19 0.29 1.02 0.16 1
Hoffman, Eq. (13)  1.13 0.25 1.10 0.30 1.17 0.14 1
Hill, Eq. (8) 1.02 0.27 1.15 0.21 0.83 0.24 2
Hoffman, Eq. (13) 1.13 0.20 1.10 0.24 1.16 0.13 2
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SC-60
(b)

ST-45

Fig. 15 Failure modes: ductile behavior/failure under compression and combined compression with rolling shear, progressive brittle failure
under rolling shear, and pure brittle failure under tension and combined tension with rolling shear in a DR-specimens and b DT-specimens

noticed for tangential tensile and combined tensile with
rolling shear loading. Contrarily, failure started close to the
notched area but extended at 45° for rolling shear for testing
with tangential orientation.

5 Conclusion

A test setup to study the mechanical behavior of clear wood,
under a combination of normal stresses perpendicular to
the grain with rolling shear stress was developed. This was
challenging due to the requirements of generating pure
rolling shear, compressive, and tensile stress states as well
as combined stress states in one experimental setup. The
determined strain fields from experiments with a DIC system
confirmed rather uniform and homogeneous strain develop-
ment, and suitable failure modes were observed with the
biaxial test setup. An investigation of the force imposing
setup and specimen shape effects demonstrated the need for
a continuous force transfer and force distribution effects in
the specimen, which were most pronounced for testing in

the tangential direction. Dog-bone shaped specimens were
chosen to assess the biaxial failure criteria since the volume
of interest and the failure region are well-defined.

Differences in material behavior in the radial and tan-
gential directions were observed in the experimental study.
Modulus of elasticity was found higher in the radial direc-
tion than in the tangential direction. Minor differences were
even observed for the two orientations in rolling shear test-
ing. Uniaxial material properties and strength, in tension,
compression, and shear were in good agreement with previ-
ous studies.

Testing along 12 displacement paths with different ratios
of tensile/compressive and shear displacements, covered the
stress space in the transverse plane of wood well. A small
transition zone from brittle failure in tension and shear to duc-
tile failure in shear-compression combinations was observed.
Moreover, the combination of rolling shear stress with com-
pressive stress led to an increase in the rolling shear strength,
before the shear strength was reduced at higher compressive
stress levels. This phenomenon is also observed in combina-
tion with longitudinal shear stresses in wood.
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Finally, the experimental data was compared with Hill’s
and Hoffman’s failure criteria and the SIA 265 design equa-
tion for longitudinal shear interaction with stresses perpen-
dicular to the grain. Overall, Hoffman’s failure criterion
yielded the highest prediction quality with experimentally
evaluated failure stresses, in specimens with radial compres-
sion. For tangential compression, however, Hill’s failure
criterion gave less error than Hoffman’s criterion, due to
higher variation in experimental results. A positive effect
on rolling shear with compression perpendicular to the grain
was observed in experiments, though it was not well pre-
dicted by Hill’s or Hoffman’s failure criteria. The SIA 265
design equation is better suited for this phenomenon in the
transition from shear to compression. Thus, a more com-
plex mathematical function or a combination of criteria in
a so-called multi-surface failure criterion would be better
suited to include the positive influence of rolling shear in
the failure of wood for such stress interaction.

The findings of the experimental campaign demonstrate
the challenge in determining material properties, which
obviously are often rather system properties than material
characteristics. Therefore, the combination of the experi-
mental data with numerical modeling for the development
of a material model that suitably represents the elasto-plastic
macroscopic material behavior would give further insight
into the suitability of the test setup. Corresponding numeri-
cal models of specimens in the test setup have been devel-
oped and the results will be presented in another article. The
potential of the test setup can be utilized to build a sound
database for engineering design and future model valida-
tion by investigating the material behavior at other moisture
contents relevant for engineering applications and testing of
further wood species.
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