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The radial reinforcement of the wood structure
and its implication on mechanical and fracture
mechanical properties—A comparison between

two tree species
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The radial direction of wood is reinforced by an additional tissue called rays. These rays are
one of the reasons for the anisotropy of wood in the transverse plane. In this paper the
influence of rays on the mechanical properties like tensile strength as well as on fracture
mechanical parameters like critical stress intensity factor and specific fracture energy is
shown. By investigating two deciduous tree species with a similar wood structure in
general but a different ray characteristic in particular the importance of this radial
reinforcement of the wood structure could be demonstrated. The relevance for the living
tree is discussed. © 2002 Kluwer Academic Publishers

1. Introduction

Wood can be generally described as an orthotropic ma-
terial with three main directions [1, 2] and excellent
mechanical properties in spite of its low density [3, 4].
The wood fibres are oriented in the longitudinal di-
rection (L), their cell wall structure is optimized to
provide sufficient mechanical properties regarding the
main loading conditions of the living tree (e.g. bending
of the stem due to wind loads). In the transverse plane
the radial (R) and the tangential (T) direction can be
distinguished. The mechanical properties of wood in
these directions are an order of magnitude lower com-
pared to the longitudinal direction. Therefore, the radial
and the tangential direction are often not distinguished
by means of their mechanical performance. However,
the radial properties are significantly higher than the
tangential ones. One reason is seen in the cell geom-
etry in the radial-tangential plane [5], another follows
the fact that an additional tissue called rays regarding to
its radial orientation reinforces the radial direction. The
ray tissue consists of parenchymatic living cells. There-
fore, in most cases only the physiological functions are
mentioned. Few studies have been carried out on me-
chanical properties of rays directly [6-9] or ray proper-
ties have been derived from the mechanical behaviour
of the entire wood in relation to its anatomical charac-
teristic [10—13]. However, each of these investigations
has been focused on single mechanical parameters of
the ray tissue. By integrating mechanical and fracture
mechanical investigations in the transverse plane the
reinforcing character of the ray tissue can be captured

in a more general sense. Thus, in this paper two decidu-
ous tree species with a similar wood structure in general
but with a different ray characteristic in particular were
compared regarding their transverse behaviour.

2. Materials and methods

2.1. Material characteristic

The comparison of mechanical and fracture mechanical
properties was carried out on oak (Quercus robur L.)
and ash (Fraxinus exelsior L.). Both trees are ring-
porous species, in terms of their structural biological
characterisation. Each growth ring consists of a less
dense earlywood dominated by large vessels serving
for water transport and a latewood dominated by fibres
serving for the longitudinal stiffness and strength of
the wood in the living tree. A parameter of significant
structural difference between the both tree species can
be found in the ray tissue characteristic. While ash con-
sists of rather unique multiseriate and sturdy rays, for
oak two types of rays can be distinguished; only a few
very large rays with a height of I mm or more and a high
amount of very small uniseriate rays (Fig. 1; images in
Fig. 4).

2.2. Mechanical and anatomical
measurements

In order to investigate mechanical properties of the

two tree species in the transverse plane tensile strength

tests were carried out. For both species wet wood sam-

ples (above fibre saturation point) of two trees were
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Figure 1 Cross sections of ash (a) and oak (b).

investigated. Specimens 60 x 15 x 15 mm?® in size,
were prepared for radial strength tests (ray tissue ori-
ented parallel to the force) and tangential strength tests
(ray tissue oriented perpendicular to the force). The
samples were tapered in their centre to a size of about
10 x 10 mm? to obtain a fracture zone far from the
clamping appliance. For each tree and direction 50 sam-
ples were measured.

The wood structure had been characterised by means
of density and ray abundance. For all samples the mean
density (Raumdichtezahl) was determined. Since the
density of the earlywood of oak and ash is much lower
than the density of their latewood additionally intra-
annual density profiles were measured on specimens
with a moisture content of 12%, in particular to find
characteristic earlywood densities (named as min. den-
sity in Fig. 5). In order to investigate the parameters
of ray structure, tangential slices were prepared for an
image analysis system. Every fifth sample of the ten-
sile strength tests was measured. Next to the volume
fraction of rays, their shape, number, and size were
determined.
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Figure 2 Testing arrangement of the wedge splitting test.

2.3. Fracture mechanical measurements
Additionally fracture mechanical parameters were de-
termined on the same species but on different trees.
Parameters characterizing Mode I fracture behaviour in
the radial-longitudinal plane (RL) and the tangential-
longitudinal plane (TL) were examined on dry wood
(12% moisture content) of one tree of both species.
For each orientation and species 10 samples were mea-
sured. The specimens had a height of 13 cm, a width
of 10 cm, a thickness of 4 cm, and a notch length
of 0.5 cm. In order to characterize the Mode I frac-
ture behaviour the wedge splitting technique according
to [14] was used. This method has several advantages
like a favourable ratio of specimen weight to ligament
area and a simple and stiff loading equipment [15] and
has been used for the fracture characterization of wood
[16—18]. The principle of the method is shown in Fig. 2.
A wedge is pressed against load transmission pieces in
a standard material testing machine, the friction being
minimized by the use of roll bodies. From the measure-
ment of the force of the testing machine Fy; the hori-
zontal splitting force Fy can be determined according
to

Fy = Fu/2 tan(a/2) )

where « is the wedge angle. A wedge angle of 18° was
used in this study. The crack mouth opening displace-
ment § is measured by inductive displacement gauges
mounted directly on the specimens on both sides of the
starter notch.

The measured load-displacement curve characterizes
the fracture process. The initital slope of the load-
displacement curves in the linear elastic region kjpj
is determined in order to characterize the elastic be-
haviour. The area under the load-displacement curve
divided by the fracture area A yields the specific frac-
ture energy G¢ according to

1 § max
Gi= L / Fu(8)ds @
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TABLE 1 Elastic parameters (elastic moduli E;, shear moduli G;; and
Poisson ratios v;;) of oak and ash used for the finite element simulations
(values adapted from [20, 21])

Oak Ash
E;, [GPa] 13 15.8
ER [GPa] 1.6 1.5
Et [GPa] 0.9 0.8
Grr [GPa] 0.8 0.6
GLR [GPa] 1.2 0.9
vr [1] 0.3 0.3
vrr [1] 0.3 0.3

This quantity is a “toughness” quantity characterizing
the entire Mode I fracture process until the specimen is
split into two halves and does not depend on specimen
size and shape if the specimen size is not too small. The
used size is large enough to obtain size independent
values [16].

In order to characterize the maximum stress state the
critical stress intensity factor Ky, was determined con-
sidering the orthotropic nature of wood. The maximum
horizontal splitting forces were taken as input data for
a two-dimensional finite element simulation using the
ANSYSCsoftware package. The stresses at the crack
tip were modeled using quarter point elements as sug-
gested in [16, 19]. The stress intensity factors were cal-
culated from the node displacements according to

Ki)_ |7 g1 (Hup —up) — (uc —uc)
K SL 4(vg — vp’) — (vc — Vo)
(3)

where up, up, uc, uc are node displacements in x
direction and vg, v/, V¢, V¢ are node displacements in
y-direction and L is the element length. The matrix B
depends on the stiffness matrices of the wood species
(for details see [19]). The elastic parameters used for
the stiffness matrices are shown in Table I. They were
adapted from the literature [20, 21] in such a way that
the initial slope of the experiments could be reproduced.

3. Results

In Fig. 3 the tangential and radial strengths of the four
trees were combined with the mean densities of the
samples. Ash B has the lowest and ash A the highest
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Figure 3 Radial and tangential tensile strength of oak and ash. Mean
density values of the trees are scaled.

density while the both oak trees belong to the mid-
dle. The differences in density of the both ash trees
are related to their different growth ring width. While
ash B shows extremely thin growth rings, ash A has
very wide ones. Since the earlywood layer thickness
is constant, wider growth rings contain relatively more
latewood and therefore a higher mean density is mea-
sured for fast-growing ring-porous trees. The both oak
trees appear very similar in their mechanical behaviour,
whereas the ash trees show distinct differences. Ash B
has a slightly higher strength in the tangential as well
as in the radial direction compared to the oak trees.
For ash A, however, the tangential strength is slightly
higher whereas the radial strength of ash A is approx.
60% higher than the radial strength of the other trees.

In order to examine up to a certain point these results
are related to the mean densities additionally the den-
sity of the earlywood layers were investigated since the
specimens fail in the earlywood layer when stressed in
the radial direction. One can see in Fig. 4 that the mini-
mum density (earlywood density) of ash A is not higher
compared to the earlywood densities of ash B and the
oak trees. Therefore, the higher radial strength of ash
A can not be explained in case of density.

The ray structure was characterised in terms of
ray volume fracture, ray shape, ray size, and number
(Fig. 4). Since oak trees have two different kind of
rays (very large and multiseriate rays as well as small
and uniseriate rays) the parameters have to be classi-
fied. However the oak trees are very similar in their
ray structure. Therefore both trees are represented by
a tangential slice of only one tree, but in two magnifi-
cations, while for ash a tangential slice of each tree is
shown.

The ray volume fractions of the oak trees are only
slightly different, whereas the ash trees show large dif-
ferences. On closer inspection of the ray number, and
the ray size of the ash trees, it becomes obvious that the
higher volume fraction of rays in ash A depends on an
increased size of each of them, but not on a higher num-
ber of rays. However the shape of the rays is consistent
in both trees.

In Fig. 5 the results of the initial slope kjpj, the crit-
ical Mode I stress intensity factor Ki. and the specific
fracture energy G¢ are shown. The initial slope ki is
characteristic for the elastic properties and proportional
to an effective modulus of elasticity [22]. As specimen
geometry and size was the same for all wood species
and orientations the inital slopes can be compared. The
stiffness in the RL system is higher than in the TL sys-
tem for both species. Ash shows higher initial slopes.
For the TL system the differences between the wood
species are clearly lower. The ratio between the sys-
tems is slightly higher for ash. In general, the initial
slopes vary from 2.5 to 3.5 N/m in the RL system and
from 1.3 to 1.6 N/m in the TL system (Fig. 5a).

From the maximum splitting forces the critical stress
intensity factor Ky, was determined considering the or-
thotropic nature of wood. The finite element simulation
yielded the results shown in Fig. 5b. Again the results
are generally higher for ash than for oak and the differ-
ences between the two crack propagation systems are

937



Ash X s |
Density [g/em®] | [g/lem®]
tangential  |A 0.591 0.030
B 0.485| 0.024
radial A 0.615 0.034
B 0.485 0.029
min. density A 0.474 0.044
B 0.450, 0.028
Ray fraction [%] [%]
radial A 26.37 2.45
B 11.97 0.81
Ray number [-] [-]
radial A 235 15.01
B 235 6.15
Oak X s
Density | [g/lem®] | [g/lem®] |
tangential  |A 0.567 0.04
B 0.532| 0.017
radial A 0.59 0.02
B 0.551 0.021
min. density A 0.516| 0.034
B 0.447  0.021
Ray fraction [%] [%]
radial |A 17.50 3.04
B 21.80 1.94
Big rays A 6.51 222
B 7.62 2.01

Figure 4 Anatomical parameters of both trees (A and B) of ash and oak. Representative images of the ray structure of ash A and B and oak A (first
picture) with a magnification of 100: 1; second picture of oak A in a magnification of 20: 1.

higher for ash. Oak reaches 0.84 MPam'/? in the RL
and 0.41 MPam'/2 in the TL system, Ash shows values
of 1.16 MPam'/? in the RL and 0.65 MPam'/? in the
TL system.

The results for the specific fracture energy, character-
izing the whole fracture process until complete separa-
tion of the specimen in two halves and therefore includ-
ing crack initiation and propagation yield that ash has
the highest specific fracture energy in both propagation
systems (Fig. 5c). For oak the values are very similar
(350 J/m? in the RL and 270 J/m? in the TL system)
whereas for ash the difference between the systems is
much greater (550 J/m? in the RL and 345 J/m? in the
TL system).

An anatomical characterization of the oak and ash
samples used for the fracture mechanical experiments
has not been performed in detail. Nevertheless, simple
microscopic inspection showed that the oakwood can
be considered to be rather similar to the one used for
the mechanical experiments. The anatomical character-
istic of the wood of the used ash tree was in accordance
with ash A by means of annual ring width and volume
fraction of rays. Moreover, the measured mean den-
sity was rather similar compared with the samples for
mechanical testing for oak and ash A.

The difference between the systems can be seen well
on the fracture surfaces. Ash serves as an example. In
Fig. 6a a typical Scanning Electron Microscope picture
of the fracture surface in the RL system is shown. A
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multiseriate ray in the middle of the picture has been
cut by the crack front. In comparison, Fig. 6b depicts
the fracture surface in the TL system. A ray seperated
and cut is visible.

4. Discussion

Both tree species show distinct differences of mechan-
ical and fracture mechanical properties between the
radial and tangential direction. These findings are in
agreement with observations by several authors [12,
23, 24].

With regard to the elastic properties three structural
features have to be distinguished in order to explain
this anisotropy between the radial and tangential direc-
tion. Firstly, the annual ring structure leads to the fact
that the earlywood layers and latewood layers appear
in series for deformation in the tangential but in paral-
lel for deformation in the radial direction. The second
approach can be derived from the cell geometry in the
radial-tangential plane [5] and the third approach fol-
lows the influence of the ray tissue [6, 12]. It can be
expected that these features also influence the strength
and fracture properties. In this study, two ring-porous
deciduous trees with a rather similar longitudinal struc-
ture have been investigated. Therefore, the influence of
the radially oriented ray tissue could be examined very
well. A schematic drawing of typical features of the
anatomy of ring-porous hardwoods is shown in Fig. 7
(adopted from [25], modified).
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Figure 5 Inital slope kini (), critical stress intensity factor Ky, (b) and
specific fracture energy Gy (c) in the RL and TL crack propagation
system.

The both oak trees are rather similar in their tensile
strength properties, whereas the both ash trees show
distinct differences in particular in the radial direction.
For comprehension of the mechanical properties the
individual structure characteristic of each tree has to
be taken into consideration. Two stepwise approaches
were followed. The first was to examine the relationship
to the density as an integrating parameter of structural
features. However the mean density itself provides only
a few information. Taking additionally the earlywood
density into consideration it becomes obvious that the
high radial strength of ash A can not be explained by
an integrating parameter like density.

The second was to proof the relevance of different
tissue proportions. In this context the volume fraction
of the radial oriented ray tissue and their shape seem
to be closely related to the radial mechanical proper-
ties. With increasing ray volume fraction the differ-
ence between the radial and tangential tensile strengths
becomes bigger. Ash A shows the highest radial ten-

o S0 um

Figure 6 SEM pictures of the fracture surface of ash in the RL (a) and
TL (b) crack propagation system.

Ring-porous hardwood

Latewood

Earlywood

Tangential plane

Figure 7 Schematic drawing of typical features of the anatomy of ring-
porous hardwoods (adopted from [25], modified).

sile strength and the highest volume fraction of rays
by far. Therefore it can be stated that in the tangential
direction the volume fraction of rays seems to be of
less effect. However in the radial direction the volume
fraction of rays influences the mechanical properties
obviously.

In correspondence to the results of the mechani-
cal investigations the rays act as a reinforcement in
the RL crack propagation system. In consequence
they have to carry tensile stresses in the developing
process zone (containing microcracks and irreversible
deformed regions) around the crack tip before macroc-
rack initiation as well as during the crack propagation
phase when the process zone is redeveloped and run-
ning through the material. Moreover, it is most likely
that the rays build fibre bridges behind the actual crack
tip consuming additional fracture energy. As the ratio
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between RL and TL system is higher for the K. values
compared with the specific fracture energies one may
conclude that the crack initiation phase is influenced
more than the propagation phase. In general the same
trend is found for the mechanical properties as all frac-
ture parameters in the TL system for oak and ash are
closer together than in the RL system.

The necessity of a reinforcement of the wood by the
ray tissue seems to be explainable by taking the loading
conditions of the living tree into consideration. As far
as each growth ring consists of a less stiff earlywood
and a latewood with a higher stiffness, these composite
layers are forced by shear stresses during bending of the
entire stem caused mainly by wind loads. The rays act
as stiff pins preventing the layers of different stiffness
from slipping of each other [26]. Our results indicate
that even when microcracks have been developed al-
ready, the occurrence of a propagating macrocrack in
the tangential plane is hindered by the ray tissue.

Therefore, one can conclude that the rays play an
important role in the sophisticated structure of wood.
Not only the mechanical properties but also the fracture
mechanical properties are influenced by the ray tissue
distinctly. Having the physiological importance of rays
in mind the rays can be considered as a multifunctional
tissue in the living tree.
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