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Abstract
Transverse mechanical properties of wood are important in many practial applications and an interesting scientific subject. A very low transverse shear modulus has been
identified in spruce, which causes large strain concentrations in wood structures.
In this thesis, experimental characterization of local density variations as well as local
strain fields are carried out using the SilviScan apparatus and digital speckle photography,
respectively. This is combined with micromechanical modeling based on hexagonal wood
cells in combination with finite element analysis. Problems addressed include the moduli
in the transverse plane, including variations at the scale of individual annual rings.
The relative importance of cell wall bending and stretching deformation mechanisms
is analysed as a function of wood cell geometry, relative density and direction of loading
(radial, tangential and shear). Transverse anisotropy is also analyzed, including its dependency of earlywood and latewood characteristics. The wood cell shape angle variation and
density effects are sufficient to explain transverse anisotropy in softwoods (no ray effects),
and the influence of earlywood/latewood ratio is explained.
As a practical test method for shear modulus measurements, an off-axis compression
test with full-field strain determination is proposed. The advantage is a simple fixture and
large region of representative strain required for a heterogeneous material such as wood.
As an alternative, the single cube apparatus (SCA) for shear tests is evaluated. The
SCA is used to determine the shear strain distribution within the annual rings. Based on
the density distribution of the shear test specimen and a micromechanics model, a finite
element model is developed, and predictions are compared with the measured shear strains.
The agreement between predicted and measured shear strains at the annual ring scale are
remarkably good. It shows that the low GRT of spruce is due to the low earlywood density
and the large cell wall bending deformation resulting from shear loading. Furthermore, it
illustrates the need for improved understanding of annual ring scale effects. For example,
fairly low transverse global loads will lead to lage local shear strains.

vi
Sammanfattning
Transversella mekaniska egenskaper hos trä är viktiga i många praktiska tillämpningar
och är av vetenskapligt intresse. Gran har exemplevis mycket låg transversell skjuvmodul,
vilket leder till stora lokala töjningskoncentrationer i trästrukturer.
I den här avhandlingen utförs experimentella mätningar av densitetsfördelning och lokal töjningsfördelning med hjälp av SilviScan utrustning (röntgen) och digital speckelfotografi (DSP). Det kombineras med mikromekanisk modellering med hexagonala cellmodeller som utgångspunkt, ibland i kombination med finita elementberäkningar. Transversella
moduler bestäms liksom töjningseffekter på skalan individuella årsringar.
Den relativa betydelsen av böjning och sträckning av cellväggen analyseras som funktion av relativ densitet och belastningsriktning (radiell, tangentiell och skjuvning). Stor
andel böjdeformation ger låg modul och proportionerna mellan de båda mekanismerna
styr graden av anisotropi. Transversell anisotropi analyseras därför, inklusive dess beroende av karakteristiken hos vårved och sommarved. Formvinkeln på vedcellen och inverkan
av densitet är tillräckliga för att förklara graden av anisotropi (utan inverkan från märgstrålar). Inverkan av förhållandet mellan mängden vårved och sommarved på anisotropin
analyseras särskilt.
En enkel tryckbelastningsmetod (“off-axis metod”) används för att bestämma transversell skjuvmodul hos trä. Metoden kombineras med DSP. Fördelen är en enkel fixtur i
kombination med det stora område av ren skjuvdeformation som uppstår i provstaven.
Som ett alternativ utvärderas också en metod baserad på kubiskt prov (SCA). Metoden
används för att bestämma lokala skjuvtöjningar på skalan individuella årsringar. Baserat
på densitetsfördelningen i provet och en mikromekanisk modell så utvecklas en finita
element-modell. Den utnyttjas för att beräkna lokala skjuvtöjningar. Jämförelsen mellan
beräkningar och uppmätta skjuvtöjningar ger enastående god överensstämmelse. Det visar
att den låga skjuvmodulen för gran orsakas av låg densitet i kombination med att böjning
av cellväggarna dominerar som deformationsmekanism. Det illustrerar också att vi behöver
förbättra vår förståelse för deformationsfält på årsringsnivå. En praktisk konsekvens är t
ex att relativt låga globala laster ger upphov till mycket hög lokal skjuvdeformation.
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Introduction

Wood has been used by mankind for a very long time. Already at neolithic times
wood was used to produce for instance bows and baskets and until the industrial revolution almost all machines, as well as wagons and ships, were made from
wood [1].
During the beginning of the 20th century wood became a high-tech engineering
material because of its increased usage in, among other things, aeronautical applications. Researchers studied the mechanical properties of wood and noted the three
planes of symmetry. Both the orthotropic elastic moduli [2, 3, 4] and strengths [5]
were determined for several species of wood and mechanical models were developed [6]. In order to use of the material more efficiently, composite structures such
as plywood were developed and tested [5].
During the following years other orthotropic materials, such as man-made fibre
reinforced composites based on glass and carbon fibres, started to replace wood and
metals in many hi-tech applications. This caused further interest in the development
of mechanical modelling and testing of anisotropic materials.
With the current increasing interest for environmental issues, renewable and
natural materials, such as wood, finds its way back into some old usages and also
into many new applications. In order to use wood efficiently as a lightweight and
durable material, an increased understanding of properties of wood is needed.
Hierarchically structured material
Wood is a hierarchically structured material. This means that it has structural
features at several different length scales. Whenever such a material is modelled
there is a choice of which of theses scales to emphasise. Figure 1, adopted from
Harrington [7], shows some of the relevant structural features that has been considered when modelling wood. In the present thesis, the main focus is on how elastic
properties are dependent on the annual ring and cell structure scales of the tree.
In particular the annual ring scale has been neglected in research, despite the large
variation of density within a single annual ring. For instance, Gibson and Ashby do
not mention annual rings and their effect on mechanical properties at all in their
book on cellular materials [8].

2

The annual ring

The annual ring is generally considered to consist of two parts, earlywood and
latewood. Earlywood is the lightly coloured, low density wood that is formed during
spring and early summer. During this time, the tree transports large amounts of
water and nutrients from the ground up to the branches and creates new biomass
in stem, branches and needles or leaves. Thus, the earlywood cells have thin walls
and a large hollow lumen to maximise the water transport. During the later parts
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Figure 1: Schematic drawing showing the hierarchical structure of softwoods.
Adopted from Harrington [7].

of the growth season, the tree does not need as much water and mechanical rigidity
becomes a main concern. The tree starts to produce wood tissue with much thicker
cell walls and thus higher density, called latewood. During the cold part of the year
growth stops completely. The following spring a new layer of earlywood is formed
outside the previous latewood layer. Thus, the change from earlywood to latewood
can be gradual, whereas the change from the latewood to the next earlywood layer
is abrupt.
Density distribution in the annual ring is different among different species of
softwoods. Some species, such as spruce (Picea abies), show a gradual change from
low density earlywood to high density latewood. Other species such as Pine (Pinus
Sylvestris and Pinus maritimus) and Larch (Larix dahurica) tend to have more
distinct regions, with almost constant densities and fairly sharp density transitions
between them [9, 10, 11].
In the present thesis, two different approaches have been taken to model behaviour at the annual ring scale. In appended Papers 1 and 5 the actual density
distribution was measured on spruce specimens [12, 13]. The mechanical models are
then based directly on the measured density profiles, and thus taking the continu-
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ously changing density into account. In Paper 1 it is done using a simple analytical
micromechanics model. A more complete modelling of a complex stress state using finite elements with varying elastic properties is performed in the appended
Paper 5.
In the appended Paper 2 [14], the earlywood and the latewood are modelled
separately. To calculate elastic properties for a whole annual ring, properties of the
earlywood and latewood are combined using assumptions of constant stress and
constant strain. In the case of elastic modulus in the radial direction, constant
stress was assumed. This gives the relation
ER = ER,early Vearly + ER,late (1 − Vearly )

(1)

where ER is the radial elastic modulus, ER,early and ER,late are the radial elastic modulus of the earlywood and latewood respectively and Vearly is the volume
fraction of earlywood. Constant strain is assumed for the case of tangential elastic
modulus, giving the relation
Vearly
1 − Vearly
1
=
+
ET
ET,early
ET,late

(2)

There are only limited softwood studies available that have reported the elastic
moduli for earlywood and latewood separately. The results of some of these studies
are listed in Table 1. Due to different measurement techniques in the different
studies, the sources have measured different elastic constants. From the available
Table 1: Experimentally determined transverse elastic moduli of earlywood and latewood from softwoods.
Earlywood [MPa]

Modén[12]
Watanabe[15]
Farruggia[16]

Radial

Tangential

600–1500
200–1200
740–800

50-400
160–230

Latewood [MPa]
Radial

Tangential

1000–3000
1200–1250

data in Table 1, it can be noted that the stiffness of the latewood is much higher
than the earlywood and that the radial direction is stiffer than the tangential.
Similar results was found by Jernkvis and Thuvander, when measuring the strain
field distribution of a single annual ring loaded in tension [17].
Curvature of the annual ring
Another aspect of the annual ring structure is the very low transverse shear modulus
and shear strength. Even though wood is mainly used in constructions to carry
loads in the longitudinal direction, there are many situations where high stresses
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will occur in the transverse direction [18]. Research on transverse elastic behaviour
and failure of glulam beams reveals that the curvature of the annual rings cause a
highly inhomogeneous strain field [19, 20, 21, 22]. Figure 2 shows a glulam beam
loaded in transverse compression. The strain concentrations are a consequence of
the low transverse shear modulus, GRT , and the curvature of the annual rings.
It has been shown that the effective transverse stiffness of a board from softwood

Figure 2: Strain field from a glulam beam loaded in compression. Strain field from
DSP. Load is applied in the vertical directions and strains shown are in the loading
direction. In the background, annual ring structure of the glulam beam can be seen.
will depend strongly on the location of the board cross-section in the transverse
plane [23]. The radial effective stiffness in a board from the perimeter is more than
twice as high as the effective radial stiffness of a board from the centre [24]. The
reason is the very low transverse shear modulus GRT combined with the curvature
of the annual rings. Uniaxial tension or compression loads on the global scale will
therefore lead to large local shear deformation trough shear coupling effects.
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5

Cells and cell assemblies

As wood is a biological material it is composed of cells. When modelling the
transverse elastic properties of assemblies of wood cells, both the geometries of the
cells and the elastic properties of the cell walls must to be considered. To understand
the mechanical modelling of cell assemblies, a short background on the structure of
softwoods at this hierarchical scale is needed. Figure 3 shows a micrograph of the
transverse plane of spruce.

Figure 3: Micrograph showing cross section of tracheids in the earlywood of spruce.
In the centre, stretching from bottom to top, a ray can be seen. (Micrograph by Dr.
Stig Bardage, SLU, Uppsala)

Tracheids
Softwood consists of about 90–95% of one type of cell, called tracheid [9, 25, 26].
The tracheids both give mechanical rigidity and are the vessels that transport water
and nutrients longitudinally in the tree trunk. The tracheids are long tubular cells
more or less aligned with the axial axis of the tree. The length of a tracheid is
about 2.5 – 7.0 mm, the width is about 17-80 µm and cell wall thickness is 2–7
µm [10]. Figure 3 shows the cross section of earlywood cells from spruce. Due to
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the mechanism of wood cell formation, the tracheids tend to be stacked in rows in
the radial direction, see Figure 3.
Ray cells
The second most common type of cell in softwoods is the ray cell. This cell is
oriented in the radial direction of the tree trunk, and the main purpose is to transport water and nutrients in the radial direction. In Figure 3 a ray can be found
in the middle of the picture going vertically from bottom to top. These cells are
abundant in certain hardwoods, such as oak, and greatly affects the their transverse
mechanical properties [27].
In softwoods, the amount of ray cells is much smaller. In spruce (Picea abies)
and pine (Pinus sylvestris), the amount of ray cells is only about 5% [25]. Experimental evidence show that the ray tissue play only a minor role in the mechanics
of softwood [28, 29]. It has been speculated that the main effect of the rays is that
they tend to align the radial cell walls of the neighbouring tracheids more to the
radial direction [30]. It has also been shown that small softwood specimen with and
without ray cells deform equally much during drying [31]. Based on this evidence,
the modelling in this thesis neglects the ray cells. It does not mean that ray cells
have no influence at all, but it is a simplification which demonstrates that the wood
cell shape is a sufficient explanation for transverse anisotropy in wood tissue.

4

Modelling of cell assemblies

Several different approaches can be taken when modelling the geometry of a tracheid
assembly. The most popular approach is to model it as a honeycomb, originally
suggested by Gillis [32] and proposed for balsa by Easterling et al. [33]. The later
study was expanded to become the chapter on wood in the book Cellular Solids
by Gibson and Ashby [8]. They state that the geometry can be modelled as an
array of regular honeycomb, where the cell walls deform due to bending. The
geometry of such honeycombs is found in Figure 4 a). From the micrograph in
Figure 3 it is clear that the radial cell walls are aligned almost parallel to each
other. Comparing Figures 4a) and b), it is clear that the second picture better
depicts the geometry of the softwood. This calls for the introduction of a parameter
that describe shape the hexagons, in this work called cell shape angle, θ. A cell
shape angle of 0◦ corresponds to rectangular cells and an angle of 30◦ corresponds
to regular hexagons, see Figure 5.
Kahle and Woodhouse implemented the model by Gibson and Ashby in a numerical approach and adjusted the cell shape angle, θ to fit it with experimental
data [30]. Watanabe et al. determined the cell shape angle using image analysis
of photographs of the cross-sections of the earlywood of seven Japanese softwood
species [34, 15]. The range of average cell shape angles for the different species was
6◦ –21◦ .
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b)

Figure 4: a) Geometry of a regular honeycombs and b) geometry of a honeycomb
with almost parallel radial walls better mimicking real wood tissue. The radial direction is upwards.

t

R

l

θ
l

T
l

Figure 5: The geometry of a cell used in the modelling. Cell shape angle is θ and
cell walls have a length of l and thickness of t.

Density of a honeycomb
The cell wall thickness, t, and cell wall length, l, of the honeycomb in Figure 5 can
be related to the wood density, ρ, by the relation
ρ
t
3
=
ρs
l 2 cos θ(1 + sin θ)

(3)

where ρs is the density of the cell wall. The cell wall has a density 1500 kg/m3
regardless of the wood species [9, 35]. A result of the above equation is that density
is proportional to the ratio t/l.

8

Carl S. Modén

In-plane stiffness of a honeycomb
Gibson and Ashby assumed that the walls of the honeycombs would behave as
beams and deform due to bending, and that no deformation occurs in the corners
of the honeycomb [8]. Considering the smallest repeating unit of the honeycomb
structure, shown in figure 6, the Young’s moduli of the honeycomb can be derived.
If the smallest repeating unit is loaded with a load P in the R-direction the stress,
l(1+sin θ)
θ
2 l cos θ
R
T

l
l
l

Figure 6: Geometry of the smallest repeating unit in a honeycomb.
σR , will take the form
σR =

P
l(1 + sin θ)b

(4)

where b is the out of plane height of the honeycomb. The force component perpendicular to the radial walls, P sin θ will cause the radial beams to bend. The
tangential beam will be unloaded and thus undeformed. According to classic beam
theory and the cyclic boundary conditions, which do not allow any rotation of the
corners, the deflection of one beam will be
δ=

P sin θl3
P sin θl3
=
12Es I
Es bt3

(5)

where Es is the transverse elastic modulus of the cell wall and I is the second
moment of inertia of the cell wall. The average strain over the smallest repeat unit
when loaded in the radial direction is the radial displacement divided by the radial
length of the repeat unit. Since the total displacements of the repeat unit will be
2δ sin θ, the radial strain will be
εR =

2δ sin θ
P sin2 θl2
=
.
2l cos θ
Es cos θbt3

(6)

Hookes law for a linear elastic material, σ = E, tells us the relationship between
stress and strain in a linear elastic material. In this case the radial modulus will
take the form
σR
t3
Es cos θ
ER =
= 3
.
(7)
εR
l (1 + sin θ) sin2 θ
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Similar derivations for the T -direction will give the tangential modulus as
ET =

t3 Es (1 + sinθ)
.
l3
cos3 θ

(8)

From these two relations it is clear that Et is proportional to ρ3 . Gibson and
Ashby provides some evidence that experimental data do fit this relation reasonably
well [8]. However, the experimental data they refer to are measurements of the
elastic modulus of clear wood samples, containing both earlywood and latewood,
from different species. This results in a fairly narrow span of densities and also
disregards the large density variation within the annual ring [36].

Deformation mechanisms
A problematic aspect with the above equation for modulus in the R-direction is
that
Es cos θ
t3
= ∞.
θ→0 l3 (1 + sin θ) sin2 θ

lim ER = lim

θ→0

(9)

Clearly an infinite stiffness is not physically plausible. In reality the cell walls would
also deform axially, and not only through bending. Since the cell shape angle, θ, is
rather small for softwood, there is a possibility that the radial walls of the tracheids
would deform in stretching. Such deformation will show another scaling behaviour
compared to bending of the walls. This was studied experimentally in the appended
Paper 1 using small spruce specimens in radial tension [12]. Density was measured
using Silviscan and strains were measured using digital speckle photography (DSP).
Radial elastic modulus was calculated under the assumption of constant stress in
the specimen. In Figure 7, the experimentally determined modulus is plotted versus
density together with a linear (stretching) and a cubic (bending) least square fitted
curve.

A combined model
The honeycomb model by Gibson and Ashby [8] has been extended by Masters
and Evans to include more deformation mechanisms [37]. They included terms for
stretching of the cell walls and hinging of the cell corners. From the discussion
above, it is clear that stretching is a deformation mechanism that needs to be
considered for wood. Looking at Figure 3 it is clear that the corners of the cells are
thicker than the average wall thickness, meaning that influence from hinging of the
corners should be small.
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Figure 7: Modulus as a function of density for spruce in radial tension and two
fitting curves corresponding to stretching (linear) and bending (cubic) of honeycomb
cell walls.

In the appended Paper 2, equations for the two transverse moduli, ER and ET
are derived [14]. They take the following forms
1 + sin θ

ER =
b cos θ



cos2 θ
Kf

ET =
b(1 + cos θ)

+

1


2+sin2 θ
Ks

sin2 θ
Kf

+

and



cos θ
Ks



(10)

(11)

where Kf and Ks are related to the bending and stretching stiffnesses of the cell
walls and are given as
K f = Es b

t3
l3

t
and Ks = Es b .
l

(12)

It should be noted that if Ks → ∞, corresponding to no stretching, then Equations
10 and 11 will be equal to Equations 7 and 8.
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In the appended Paper 5, equations for the two other elastic properties in the
transverse plane are given [13]. They take the following forms

νRT



− sin θ cos θ Kf−1 + Ks−1


=
2θ
cos θ
+
b cos θ Ksin
KS
f cos θ

and

1

GRT =
b cos θ



3
Kf (1+sin θ)

+

Ks

(cos2

1+sin θ
θ+(1+sin θ) sin θ)2

.

(13)

(14)

In Figure 8 the relative moduli, ER /Es , ET /ES and GRT /Es , and the Poisson’s
ratio, νRT , are plotted versus the relative density. From this figure it can be noted

Figure 8: Plot of elastic parameters as function of relative density according to
equations 10-14 when the cell shape angle, θ = 20◦ .

that both the curves for tangential modulus, ET , and the transverse shear modulus,
GRT , almost follow a cubic relation to density, corresponding with the Gibson and
Ashby model [8]. The radial modulus on the other hand shows a different behaviour
with an almost linear region, due to stretching of the cell walls at densities typical
for softwood. The Poisson’s ratio, νRT , requires some comments as it is very high,
especially for low densities. In an isotropic material the Poisson’s ratio limited by
the laws of thermodynamics to be in the range of −1 < ν < 0.5. The limit ν = 0.5
correspond to a material that deforms elastically under constant volume, such as
rubber. For an orthotropic material, such as wood, this limit in the plane is instead
2
1 − ET νRT
/ER > 0.
It can be noted that the equation predicts higher values for transverse Poisson’s
ratio, νRT , than the 0.3 to 0.6 listed for softwoods in material tables [35, 38].
However measurements on spruce earlywood samples have showed Poisson’s ratios
that can exceed unity [16].
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Cell wall modulus
In the above mentioned models for cell assemblies, the cell wall modulus, Es , is a
parameter. In the longitudinal direction, the cell wall modulus can be measured or
calculated from the polymers, cellulose, hemicellulose and lignin, that make up the
wood cell wall. A generally accepted value is 35 GPa [39, 40, 41].
In the transverse directions, things are more complicated. The cell structure
makes direct measurements difficult. Tensile tests in the radial direction on cell
walls showed a radial modulus of about 3.3 GPa [42]. Experimental modelling of
the mechanical properties of the transverse cell wall modulus is difficult since the
ultrastructure of the cell wall still is not very well understood, although there is
progression on this front [43]. Previous modelling attempts so far have used values
around 10-15 GPa [40, 34]

5

Transverse shear modulus

The three last papers in this thesis deals with the transverse shear properties of
softwoods. As discussed in the section on the curvature of the annual ring, the
low values of transverse shear modulus, GRT , cause large strain gradients in wood
structures such as glulam beams. However, there is a lack of good test methods
to determine the transverse shear properties of wood. Figure 9 shows how the
transverse shear modulus GRT is dependent on density. The data points represent
measurements of clear wood transverse shear modulus from different wood species.
In a global sense, the correlation is not very good, as the transverse shear modulus
differs with one order of magnitude for species with the same density.
In the beginning of the last century, Jenkin determined the torsional stiffness
in the three principal planes of spruce and three hardwoods species using torsion
tests [5]. He notes the problem that a torsion test measures two different shear
moduli at the same time. Carrington used very thin specimen that reduces this
problem and calculated the three shear moduli [44]. A problem introduced by the
thin specimen is a larger variability in measurements caused by the heterogeneous
structure of wood. Stamer measured the torsional stiffness for several wood species
using similar torsional tests as Jenkin [3]. Hörig then provided the mathematical
framework to calculate the shear moduli from these torsional tests [45, 4, 46]. A
drawback is that three different specimens with different orientations are needed to
calculate the moduli, and slight differences in density between these three specimens
will cause all the three calculated shear moduli to be inaccurate.
The standard shear test method for wood suggested by the ASTM results in
a non-uniform stress state and is thus not suitable for determination shear modulus [47].
Iosipescu developed a shear test method for metals that was later modified by
Adams and Walrath to test anisotropic materials [48, 49]. Dumail et al. tested
dry and wet spruce specimen in transverse shear using the Iosipescu method [50].
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Figure 9: Shear modulus for different species of wood plotted versus density. Solid
line represents expected values from the Gibson and Ashby model with bending of
cell walls (GRT /Es ∝ (ρ/ρs )3 ). Adopted from Gibson and Ashby [8].

They note that the measurement area is approximately as large as one annual ring.
This is problematic if the aim is to determine global properties of the clear wood.
In a later study Dumail et al. used the small measurement area to determine the
earlywood and latewood transverse shear moduli of spruce [51]. Another shear
test fixture developed to test anisotropic materials is the Arcan device [52]. This
fixture was used by Liu and Floeter to determine shear strength of Sitka spruce
[53]. A modified Arcan fixture has been used by Magistris et al. to measure
combined compression and shear properties of wet spruce [54]. A main drawback of
this method is the tedious and time consuming specimen preparation; small fragile
wood specimen must be bonded using adhesives to large metal blocks.
Off-axis tests
In fibre composites mechanics, off-axis tensile tests have been used for determination
of the shear properties. Tests are often performed with the fibres inclined 10◦ to the
loading axis [55]. The reason for choosing this angle is that it will also measure shear
strength. If the focus on the other hand is to measure modulus and angle of 45◦
between the fibres and the loading direction reduces stiffening effects due to shear
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coupling at the grips [56]. Yoshihara and Ohta determined the longitudinal shear
stiffnesses, GLR and GLT , and strengths using off-axis tests. They concluded that
an angle in the range 15–35◦ is good for determining shear strength, as specimens
with a lower angle seemed to fail longitudinally. Xavier et al. performed offaxis tests on Pinus pilaster to measure the longitudinal shear moduli, GLR and
GLT [57]. They performed no tests to determine the transverse shear modulus
as they incorrectly claimed that softwoods are isotropic in the transverse plane.
Transverse isotropy would make such measurements impossible. However for an
isotropic material
E
G=
.
(15)
2(1 + ν)
In reality GRT is much smaller than predicted from the transverse moduli and an
isotropic model.
In the appended Paper 3, an off-axis compression method for determination of
transverse shear modulus, GRT , is proposed [58]. The annual rings are inclined
about 45◦ and the specimen geometry can be found in Figure 10a). Thanks to the

a)

b)

Figure 10: a) Geometry of off-axis test specimen. b) Shear strain field, γRT of an
off-axis test specimen and the area (red) used for strain evaluations.
usage of a full-field strain measurement technique, the shear strain component, γRT ,
can be determined directly and no knowledge about the other mechanical properties
is needed for the determination of transverse shear modulus, GRT . Furthermore,
the application of DSP will get the strain field from a larger portion of the sample
which is needed to reduce the scatter in results due to heterogeneity of the wood
material. A DSP shear strain field of a pine (Pinus sylvestris) specimen is found in
Figure 10b)
Single cube apparatus
In the appended Papers 4 and 5, the single cube apparatus (SCA) is used to determine the transverse shear modulus, GRT [59, 13]. The test device was originally
developed by Seichepine [60] and was significantly improved by Berard et al. [61].
Figure 11a) shows a specimen mounted in the SCA before testing. Hassel et al.
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b)

Figure 11: a) A specimen mounted in the SCA testing device b) Shear strain field,
γRT , determined by DSP.

used the SCA together with other tests to determine all elastic constants from a
single wood specimen [62].
In the appended Paper 4, the SCA test method is evaluated [59]. DSP is used
to determine an area where the strain state is representative and pure shear is the
dominating deformation mode. This area is subsequently used to analyse the shear
strains. Figure 11 shows the shear strain field on a sample in the SCA during
testing. The effects of specimen orientation is also studied. A finite element model
is developed to verify the stress assumptions and a correction factor for the stresses
is suggested.
The appended Paper 5 goes into details on how the shear strains are distributed
within the annual ring [13]. DSP is used to determine the strain field with a high
spatial distribution and density distribution of the specimen is then determined
using SilviScan. The SilviScan density profile is input data for a finite element
model using the material laws in Equations 10 to 14. Shear strain fields from the
DSP measurements and the finite element model are then compared and the match
is very good. Figure 12 shows the density and shear strain distributions from three
annual rings in the central part of the specimen.

6

Conclusions

The results from the appended Paper 1 shows that stretching of the cell walls is
a significant deformation mechanism in elastic deformation in the radial direction
of softwoods. It the importance of the density variations in the annual ring for
mechanical modelling is also emphasised.
In the appended Paper 2, a micromechanics model for the transverse moduli of
softwoods was developed. This model suggests that cell wall bending is the main
deformation mechanism in the tangential direction. It also points out that there
is a substantial anisotropy at the sub-annual ring scale. The annual ring structure
then reduces this anisotropy at larger scales.
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Figure 12: Plot showing density distribution and shear strain distribution from DSP
strain measurements and FEM calculations as a function of radial cordinate in three
annual rings.

The third paper suggests a method to determine shear modulus of softwoods.
The paper stresses the fact that good shear tests for heterogeneous materials, such
as wood, should have a large measurement area for the strains.
In the appended Paper 4, the SCA shear test method is evaluated. It is found to
have a large region where the shear field is homogeneous and is found to be suitable
for shear tests of wood.
Paper 5 deals with the strain distributions within the annual rings. The functional density gradient of spruce is discussed, and the micromechanics model from
Paper 2 is extended to describe transverse shear. Large strain concentrations
are found in the low density region of the earlywood of spruce since transverse
shear strains are proportional to density in a cubic reciprocal way to the density,
γRT ∝ ρ−3 .
In summary, the present thesis addresses the elastic properties and strain distributions in the transverse plane. It is demonstrated that simple honeycomb wood
cell models may provide excellent predictive capability, in particular when they are
combined with finite element modelling. The wood cell model offers good insight
in the dominating deformation mechanisms. For instance, transverse anisotropy
effects can be explained on this basis, in particular when effects of local density distribution and earlywood/latewood aspects are considered. The strong effects from
the low GRT are intriguing. It means that local shear strains in the wood structure,
at the annual ring millimetre scale, can be very high already at low global load.
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