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Abstract

This thesis presents an analysis of glued laminated timber (glulam) when loaded in compression
perpendicular to the grain. Both theoretical and experimental investigations have been carried
out. The main focus was related to the growth ring patterns of the laminations and their influence
on the stresses, the strains and the failure mode.

The theoretical part of the work consisted of creating a linear elastic finite element model in 2D
of glulam when loaded in compression perpendicular to the grain. Stress and strain plots created
by the model were analyzed and the influence of different annual ring patterns were investigated.
Considering compression perpendicular to the grain, a common failure mode of the cross section
is cracking due to tension perpendicular to the loading direction. The pattern and the curvature
of the annual rings have a large impact on this fracture mode. The model shall be able to predict
where in the cross section the first crack initiates.

The model was verified by experimental work. Three different geometries of glulam were tested in
compression perpendicular to the grain. Measurements of the deformations in the cross sections of
the samples were carried out with Digital Image Correlation, DIC. The DIC equipment measured
the displacements in 3D of spots in the cross section. A random pattern, called “Speckle pattern”,
was created on the cross sectional surface in order to create the spots which the DIC equipment
measures. The displacements were computed into strains and the strains were plotted over the
surface of the test specimen.

The strain plots from the DIC have been compared to the strain plots computed by the finite
element model. The main focus relate to the distribution of the strains and how these seem to
be affected by the annual ring pattern.






Sammanfattning

I denna avhandling presenteras en teoretisk och experimentell analys av limtra belastat i tryck
vinkelrdtt fiberriktningen. Analysen dr inriktad mot arsringarnas krokning och orientering i
lamellerna och deras inverkan pé spanningar, t6jningar och brottmoder.

Den teoretiska delen i arbetet var att skapa en linjarelastisk finita element modell i 2D av limtra
i tryck vinkelrétt fiberriktningen. De berdknade spanningarna och téjningarna analyserades och
paverkan fran arsringarnas krokning och orientering underséktes. En brottmod for limtra i tryck
vinkelratt fiberriktningen ar uppsprickning i tvarsnittet. Denna uppsprickning paverkas till stor
del av arsringarnas orientering och krokning i de olika lamellerna. Modellen ska kunna berédkna
var i limtratvérsnittet som forsta sprickan uppstar.

Modellens riktighet verifierades med provningar. Tre olika geometrier av limtré testades for tryck
vinkelratt fiberriktningen. Maétningar av deformationerna i tvérsnittsytan hos provkropparna
utférdes med Digital Image Correlation, DIC. DIC- utrustningen uppmaétte forskjutningen i 3D
av punkter i tvarsnittet. Med ett sa kallat “speckle monster” skapades ett slumpéssigt monster
for att DIC utrustningen skulle kunna urskilja olika métpunkter. Forskjutningarna rdknades
sedan om till t6jningar och en téjningsplot Gver tvarsnittet skapades.

T6jningsplotar fran DIC jamfordes med t&jningsplotar fran finita element modellen. Jamforelsen
var framst avseende fordelningen av tojningarna och hur dessa paverkades av arsringarna.
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Notations

D Constitutive matrix in the global coordinate system.
R Radial direction.

T Tangential direction.

L Longitudinal direction.

C Material compliance matrix.

E Young’s modulus (modulus of elasticity).
G Transformation matrix 3D.

x x-direction in global coordinate system.
Y y-direction in global coordinate system.
z z-direction in global coordinate system.
f Load vector.

t Thickness.

t Traction vector.

b Body force.

v Arbitrary weight function.

u Displacement vector.

N Element shape functions.

a Nodal point displacements.

S Stress tensor.



n unit normal vector.

K Stiffness matrix.

fy Boundary vector.

fi Load vector.

fe00 Compressive strength perpendicular to the grain
Ec 90 Modulus of elasticity perpendicular to the grain
Fe 90,maz Maximum load level

Fe 90, maz,est Estimated value of maximum load level

ho Gauge length

k.90 Increase factor in Eurocode 5

Ly, Part of the boundary £

Ly Part of the boundary £

0c,90,d Design compressive stress

€ Strain vector.

L Boundary of surface.

0 Shear strain.

v Poisson’s ratio.

o Stress vector.

% Angle in polar coordinate system.

T Shear stress.
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Denotes quantity in local coordinate system.

Matrix differential operator.
Zero vector.

partial derivative.

Integration over volume.
Integration over surface.
Integration over area.
Integration over boundary L.
Integration over boundary Lj
Integration over boundary L,
Transpose.

Inverse.
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Chapter 1

Introduction

1.1 Background

Wood is the oldest building material and it is still today one of the most common materials used
in constructional work. In Sweden, approximately 90 % of all single family houses are built in
wood. Since wood is cheap and renewable it has become more popular as a building material
in recent years. Today around 20 % of all apartment buildings in Sweden are built with timber
frames [24], [25].

Glued laminated timber, glulam, are wood elements constructed by several wood lamellae glued
together. Each wood lamella is controlled with respect to strength properties and defects. Glulam
has in general greater strength than timber and it can be produced with large cross sections and
longer lengths. Glulam is often used in construction of residential buildings, bridges and schools.

In 2011 Eurocode was adopted as a standard in structural design in Sweden. Considering wood,
one of the differences between the old Swedish standard “BKR” and the new “Eurocode” is the
strength values of glulam loaded in compression perpendicular to the grain. According to BKR,
“Boverkets konstruktionsregler”, the characteristic strength of glulam when loaded in compression
perpendicular to the grain was 7- 8 MPa. The strength of glulam used in Eurocode, considering
the same loading condition, is 2.5 MPa. In Eurocode there is also an increase factor, k. go,
which is multiplied by the strength value. This increase factor accounts for influence of support
conditions and load distribution effects.

In this thesis, the in-plane distribution of stresses and strains in a glulam cross section loaded
perpendicular to the grain will be examined. These distributions are to a large extent influenced
by the growth ring pattern of the individual laminations. A finite element model will be created
in order to compute the behavior of the stresses and strains in a plane perpendicular to the grain
of glulam. The model shall be able to evaluate where the first crack initiates. The accuracy of
the model will be confirmed by laboratory work.



1.2 Aim
The aims of this thesis are the following:

e Gain knowledge about wood as an orthotropic building material.

e Create a finite element model, of the cross sectional surface of glulam, that describes the
behavior of wood when loaded in compression perpendicular to the grain. The model shall
be able to evaluate in which region of the cross section the first crack initiates.

e By experimental work learn about the behavior of stresses and strains in cross sections of
glulam when loaded in compression perpendicular to the grain.

e Discuss how well the test standard EN 408 captures the risk of rupture in a cross section
of glulam when loaded in compression perpendicular to the grain.



1.3 Method

A literature study is made to gain information of wood as a construction material. The main
focus in the literature study is regarding the features of wood when loaded perpendicular to the
grain. Knowledge gained from the study is used to decide how to create the FE- model.

The model is created in Matlab as a linear elastic finite element model. The material is considered
orthotropic and plane stress is assumed. The input data in the model are the stiffness in radial
direction, stiffness in tangential direction, shear stiffness, annual ring pattern, width and height
of the cross section and the number of lamellae. All input data can easily be changed to fit
different conditions. Quadrilateral elements are used and the strength and the stiffness properties
are estimated from previous research work in the field made by others.

In order to validate the model and learn more about the behavior of glulam when loaded in
compression perpendicular to the grain, some laboratory work will be carried out. In the exper-
imental work, three different geometries of glulam cross sections will be loaded perpendicular to
the grain. The strains in the cross sectional surface will be computed by a DIC equipment. From
the DIC equipment the strains computed over the cross section will be exported into Matlab and
can be compared to the strains predicted by the model.

The results from the model and the experiments will be used to discuss the approach of designing
wood structures loaded in compression perpendicular to the grain in the Eurocodes. The strength
values of wood in compression perpendicular to the grain, in EN 408, will also be discussed.



1.4 Limitations
The following limitations apply for the work in this thesis:

e Plane stress is considered in the cross section perpendicular to the grain
e The annual rings are assumed to be cylindrical

e The material is assumed to be homogeneous, i.e. knots, initial cracks, resin pockets etcetera
are not taken into consideration.

e The moisture content is assumed to be constant in the whole cross section.
e The material behavior is assumed to be linear elastic up until the first crack occurs.

e The same strength and stiffness properties are used for all lamellae.



Chapter 2

Wood as a construction material

2.1 Orthotropy

Wood is a biological material which is designed to meet the needs of the living tree. The loads
acting on a tree are mainly gravity loads and wind loads, giving stress mostly in the direction
parallel to the stem. To resist these loads, wood has its greatest strength and stiffness in this
direction. The strength and stiffness perpendicular to the longitudinal direction of the stem is
much lower [1].

Wood is an anisotropic material with large differences in structural properties related to the
three principal directions of the growth. The three principal directions are called the longitudinal
direction (L), radial direction (R) and tangential direction (7'), see Figure 2.1. The longitudinal
direction is parallel to the fibre direction. Both the radial and tangential directions are in a plane
of the stem perpendicular to the fibre direction. The radial direction being radial to the annual
rings and the tangential direction being tangential to the annual rings |2]. Due to the three
directions, all perpendicular to one another, wood can be considered as an orthotropic material.

Figure 2.1: Cross-section of log with material pricipal directions L,R, T [§|



The annual rings can easily be seen in a cross section of a stem. These growth rings occur since
the tree is growing with different rates throughout the year. The lighter rings are formed during
spring and early summer and are named earlywood. The darker wood is named the latewood
and is formed during summer [2]. The properties of wood are related to the longitudinal, radial
and tangential directions and the pattern of the annual rings also influences the properties. In
the cross section of all wood elements, the radial and tangential directions vary in every point
in the cross section because of the curvature of the annual rings. In this thesis the curvature
of the annual rings will have a great significance in the modeling of glued laminated timber in
compression perpendicular to the fibre direction.

2.2 Glued laminated Timber (Glulam)

Glulam was invented in Germany in the late 19th century. In the early 1900’s it came to Sweden.
Up until the 1960’s, the production of glulam was quite modest, but in the recent decades the
production has increased. Most of the glulam in Scandinavia is used for construction of industrial
buildings, schools and residential buildings.

Glulam is made of several wood lamellae glued together, see Figure 2.2. The benefits of this
technique are several. The lamellae are sorted based on strength grades and the strongest
lamellae are placed at the extremities of the beam, where the stresses are generally greatest.
Multiple laminated timber sections also minimize the risk of defects ending up together, called
homogenisation effect. These properties of glulam makes it stronger than solid timber of the
same dimensions and is called the “Laminating effect”. Glulam beams can be produced with
large spans thanks to its high strength/weight ratio [4]. The size and length of glulam beams
are often limited by the transportation capabilities.

Figure 2.2: Cross- section of glulam. Four Lamellae

In practical design situations glulam is normally treated as a homogenous, orthotropic elastic
material. Furthermore, it is considered a transverse isotropic material meaning that the fibre
direction is in the longitudinal direction and the properties are assumed to be the same in all
directions perpendicular to the grain. In the design of glulam structures the consideration of
size /volume effects and instability problems are often of greater importance than of ordinary
wood elements, as a result of the usually large dimensions. In compression perpendicular to
the grain, the different pattern of growth rings in the cross section has a larger influence on the
behavior compared to conventional timber [5]. The effect of the curvature of the growth rings on
the stresses and strength of a glulam cross section will be studied in more detail in Chapter 2.4.



2.3 Linear Elasticity

For linear elastic materials in three dimensions considering orthotropy with the material direc-
tions defined by longitudinal, radial and tangential directions and assuming small strains, the
stresses are proportional to the strains according to Hooke’s generalized law:

& =Dé (2.1)

where & is the stress vector, & is the strain vector and D is the material stiffness matrix given
by:

T

6 =|oLL OrRrR OTT TLR TLT TRT) (2.2)
~ T
€=|erL €rrR err VLR VLT RT) (2.3)
~ a1
D=C (2.4)
— 1 — — —_
ko B0 0 o
Ao 0 0 o
e
C= (2.5)

0 0 0 0 L 0

Grr

|0 0 0 0 0 g0
The compliance matrix, C, consists of nine independent coefficients since wood is assumed to
be an orthotropic material. The subscript L, R and T refer to the three orthogonal material
directions of wood. In the expressions there are three moduli of elasticity, F;, three moduli of
shear, G;; and six Poisson’s ratios, v;; [3]. The first subscript refers to the direction of the applied
stress and the second subscript to the direction of the lateral deformation. These expressions are
valid for wood when considering the material in its local coordinate system. Hooke’s law may
also be expressed in a global coordinate system, according to:

o =De (2.6)
T

g = [Uxx Oyy Ozz Txy Taz Tyz] (27)
T

EZ[Ea:m Eyy E€zz Vry Vaxz ’sz] (28)

Where o, € and D are the stress vector, the strain vector and the stiffness matrix respectively.
The stress-strain relations in the global- and local coordinate systems are related by the direction



global

cosines between the respective coordinate axes, aj_ .,

directions may be written as:

. The transformation from local to global

o=GTs (2.9)
& =Ge (2.10)
D = G'DG (2.11)
where G is the transformation matrix [2]:
[ afaf az—ia; ajaj afaié ajaf a;ai i

xr T Z 4% €T Z 4T z

aRay  aRayn  aRaR apay, ajhaf, aRay

ahal.  afal akhak ab.al, arat aya’

T T Yy Y Z 2 z Y Yz Z T T 2 Yz z Y (212)
2a7ap 2ap0n 2apan ajanp t+apan apap t+aijan apanr+apapn
2a%a}  2a}a¥ 20543 ahal 4+ afal aial +adhal afal + abal

T T Y.y Z 42 z Y Y x Z T T 2z Yz z Y
|2apa1  2apap 20Ra7  aRarp +apap  aRrap + AR aRaT + agar ]

The assumption of plane stress is common in modeling of wood loaded in compression perpen-
dicular to the grain. In plane stress, the only stress components different from zero are in the
same plane. Assuming plane stress in the RT- plane reduces Hooke’s law to 2D. Hooke’s law
then becomes:

& =Dé (2.13)

&:[URR orT TRT]T (2.14)

By T
&= lerr err RT) (2.15)
D=C"' (2.16)
ko o
~ —v 1
1
L0 0

In modeling it is assumed that wood behaves as a linear elastic orthotropic material below the
yielding point. When the magnitude of the stresses in the material reaches the yielding point the
behavior enters the plastic zone and it no longer behaves as a linear elastic orthotropic material.



2.4 Compression perpendicular to the grain in glulam

The analysis of compression perpendicular to the grain is in this thesis carried out with the
assumption of plane stress. The mean stiffness in the radial direction is typically 10-15 times
lower than the stiffness in the fibre direction. In the tangential direction the stiffness is 1.5-2
times lower than in the radial [9)].

In most timber engineering design codes, the difference between radial and tangential stiffness is
neglected. According to [9], theoretical investigations show that assuming both the radial and the
tangential stiffness in the range of the tangential, neglecting the pattern of the annual rings and
assuming plane stress, may lead to extreme mistakes for the in-plane stresses and strains along
the depth and width of the cross section when loaded perpendicular to the grain. The reason for
the poor results when assuming the in-plane stiffness in the range of the tangential stiffness, is
according to |9] a poor approximation of the cylindrical anisotropy. Eurocode 5 uses an increase
factor, kg0, which shall take different phenomena into account. One of the main goals of this
thesis is to describe the behavior of glulam and estimate the risk of rupture when loaded in
compression perpendicular to the grain. It is therefore very essential to take into account the
radial and tangential stiffness as well as the heterogeneous orientation of the material directions.

The material directions are given by the pattern of the annual rings in a cross section, see Figure
2.3. Due to this cylindrical shape a rectangular Cartesian coordinate system cannot be used and
the material principal directions of wood may instead be defined by a polar coordinate system

[9]-

Figure 2.3: Polar coordinate system [11]

The pith location defines the origin of a polar coordinate system. Thus, each lamella has its own
coordinate system. Each material point in a lamella is in the polar coordinate system described
by the distance from the origin and the angle between the straight line from the origin to the
point and the z-axis [14]. In Figure 2.3 this angle is denoted . The radial direction in a point
expressed in the polar coordinate system has the same direction as the vector from the origin to
the specific material point. The tangential direction is perpendicular to the radial direction. For
each and every material point the stiffness properties are assumed to be known and the stiffness
matrix becomes [10]:



D=C"! (2.18)

Where C is given in equation (2.17). The transformation from the local coordinate system, i.e.
coordinate axes coincide with the material directions, into the global coordinate system can be
done by the transformation matrix in equation (2.12), but in two dimensions. In this thesis,
transformation matrices stated for plane stress, taking advantage of the relation between the
cosine and sine functions, are used. According to [10] these matrices may be written as:

c 52 —2cs
A= ¢ 2cs (2.19)

c s —cs
B=|s* ¢ cs (2.20)
2s¢ —2sc * — 2
where
¢ = cos(p) (2.21)
s = sin(g) (2.22)
-Uxx-
o= |oy (2.23)
[Ty |
o]
o= Ott (224)
| Ort
o
€= |eyy (2.25)
[ Exy ]
o
E= Ett (226)
_57’t
oc=Ac 2.27)
e = Be (2.28)
and
C=BCA! (2.29)

An important feature of the stiffness matrix in the global coordinate system is the so called “Shear
coupling effect”. For instance, considering the strains, due to the shear coupling effect an applied
off-axis uniaxial load in the z-direction leads to, apart from e, and ¢, to shear deformation ~,,

10



[9]. The shear coupling effect has great impact in the distribution of the stresses and strains in
a cross section of wood if the material directions differ significantly from the loading direction
[12]. The low value of the shear modulus, Ggr, compared to the radial and tangential stiffness
is the reason for the strong influence of the shear coupling effect in wood.

Since the difference in tangential and radial stiffness is roughly a factor 2, the contribution of
Er and ER transformed into the global system is also strongly dependent on the orientation
of the annual rings [10]. In a cross section of glulam, for instance Figure 2.2, each lamellae
has its own pith. This may result in great differences in the orientation of the annual rings
considering the whole cross section. An analysis of the stresses in material directions considering
the influence of different width and height of the cross section and varying pattern of growth
rings is presented in [13]. In Figure 2.5, the variation in magnitude of the radial and tangential
stresses is illustrated for a certain cross section. Figure 2.4 shows the test specimen with six
lamellae, double symmetric with respect to geometry and annual ring pattern. In the work by T.
Astrup et. al, the glulam cross section was loaded in tension perpendicular to the grain. However
because of the assumption of linear elastic behavior, the stress distribution in Figure 2.5 is the
same as for compression perpendicular to the grain, if the sign of the stresses is changed. The
specimen was glued to stiff steel plates in the upper and lower side and the steel plates were
prevented from rotation. An FE-model of the test specimen was created by the FE-program
COSMOS.

Figure 2.4: Cross section of glulam, double symmetric, exposed to tension perpendicular to the
grain [13]

11
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Figure 2.5: Radial stresses (left) and tangential stresses (right), [13]

In Figure 2.5 it should be noted that in a point between the third and fourth lamella the stresses in
tension are maximum for the cross section in Figure 2.4 considering tension perpendicular to the
grain. The magnitude and location of the maximum stresses in radial and tangential directions
depend on the width, number of lamellae and the annual ring pattern [13]. The occurrence of
large tensile stresses in the cross section may lead to tensile fracture, i.e. crack initiation and
propagation. To determine whether the stresses cause fracture of the material different failure
criteria are useful.

12



2.5 Strength- and stiffness properties

The strength properties of wood are generally depending on the size of the wood specimen. A
small piece of clear wood without any natural defects such as knots and cracks has usually higher
strength than larger pieces (with knots and cracks). When considering the strength- and the
stiffness properties it is therefore important to take the uncertainties regarding the volume effect
into account [1]. The influence on strength properties, due to this effect, is however depending
upon mode of loading. The variability of the strength of structural timber is greater in tension
than compression and in bending the variability is even greater than in pure tension [1].

The stiffness of wood is also dependent on moisture content, temperature, density, angle of load
to fibre direction, time under loading, microfibril angle etcetera. Some strength- and stiffness
properties for Spruce at 12% moisture content can be seen in Table 2.1 and Table 2.2.

Table 2.1: Strength properties for Spruce at 12 % moisture content in [MPa], [3]

for | fer | for | fer | oo | fer | fo,or | foor | fo,RT
Norway spruce | 63 29 | 49 | 36 | 28 | 3.8 6.1 4.4 1.6

Spruce 75 50 | 49 | 7.0 8.6

Table 2.2: Modulus of Elasticity and Poisson’s ratios for Spruce at 12 % moisture content in

[MPal, 2]

Spruce [MPa|
Er 13500 — 16700
Er 700 — 900
Er 400 — 650
GrLr 620 — 720

Grr 500 — 850
Grr 29.0 — 39.0
vrL | 0.018 — 0.030
vrL | 0.013 — 0.021
VIR 0.24 — 0.33

Because of the anisotropy, both the strength and the stiffness properties vary in the three principal
directions. In Table 2.1 the first subscripts denotes ¢ for tension, ¢ for compression and v for
shear. The second subscripts L, R and T denote the three principal directions of wood. The
shear strengths are for the LR, LT and RT planes respectively.

13



2.6 Norris failure criteria

Commonly used failure criteria for wood are the ones presented by Norris [15]. In three dimen-
sions one of the criteria may be expressed as:

()" + ()" + () - (8) () <1 230

Norris failure criteria says that if any of the three functions exceeds 1, failure will occur. In the
above equations expressed by Norris in 1962 the letter f denotes the strength properties. The
subscripts L, R and T refer to the three principal directions of the material. If the tensile and
compression strength differ in the above expression, the equation must be applied in a piecewise
manner. In the case of the same magnitude of strength in tension and compression each function
expresses a closed ellipsoid in the respective stress spaces with its center in the origin. The three
ellipsoids occupy a six dimensional space. Any stress state in the material is represented by a
point in this space. If the point representing a certain stress lies within the closed space created
by the three ellipsoids the material is assumed not to fail. A point lying on the border of any of
the ellipsoids represents a condition of stress which is assumed to lead to failure. For the case of
plane stress in the RT-plane, equation (2.30) is reduced to:

((;1:%)2 + (?TT)Q + (;Z;)Q - ?;R UJZ;T <1 (2.31)

A combined stress state will not lead to failure as long as the point representing the stress state
lies within the surface of equation (2.31).

14



Chapter 3

Design codes

In 2011, Eurocode was adopted as a standard for structural design in Sweden. The Furocodes are
standards in construction works in the EU developed by the European Comittee for Standardi-
sation. The Eurocodes were developed with the aim to encourage constructional work between
nations in the EU which may lead to lower costs for building projects. A main purpose of the
Eurocodes is to ensure a high quality in the design of constructional work [20]. Every nation
bound to implement the Eurocodes adapts the standards to fit their own specific conditions
such as geology, climate and level of safety. In Chapter 3.1, methods to determine strength in
compression perpendicular to the grain according to the European standards are presented.

3.1 Determination of some physical and mechanical properties
according to EN 408

Laboratory investigations of different parameters, for instance strength- and stiffness properties,
should be carried out by an accredited laboratory. Considering compression perpendicular to the
grain and determination of the strength- and stiffness parameters, f.90 and E.gg respectively,
the procedure according to the European standard EN 408 is as follows:

e The loaded surfaces shall be prepared to ensure that they are plane, perpendicular to the
loading axis and parallel to each other.

e For glulam the test specimen shall have the dimensions given in Table 3.1. Permitted
deviation of the values given in Table 3.1 is 1%.

Table 3.1: Dimensions of glulam test specimen

b x [ [mm?] | b minimum [mm| | A [mm]
25000 100 200

e The load shall be applied perpendicular to the grain and the load axis shall be in the center
of the test specimen.

e The loading equipment shall be able to measure the load with an accuracy of 1% in the
case of applied load exceeding 10 % of the maximum load.

e After an initial load has been applied, the loading heads shall be locked in order to prevent
rotation or angular movement during the test.
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e The load shall be applied as a cross head movement with constant rate.

e The estimated maximum compressive load perpendicular to the grain in newtons,
F.90,maz,est, shall be reached in the range of (300 £ 120) seconds.

The test setup is shown in Figure 3.1. The test specimen is mounted vertically between the
compression heads and the load is applied concentrically. The gauge length, hg, shall be located
centrally in the test specimen and not closer than b/3 to the loaded end of the test specimen. hg
is approximately 0.6k and defines the length over which the deformation is measured.

F—bT B S

>b/3

TPt

Figure 3.1: Test setup

The compressive strength, fc 9o, shall be determined according to:

Fc 90,max
o90 = —o2mar 1
fe90 o (3.1)

Where b is the width and [ is the length of the loaded surface. The maximum load level F¢ 90 maq
is determined using an iterative process. First an estimation of Fi. 99 mas is made, the estimated
value is called F¢ 90 maz,est- Using the test results, plot the load-deformation plot, Figure 3.2.
Calculate 0.1F, 90, maz and 0.4F¢ 90 maez- Determine where these two values intersect the load-
deformation curve. Draw a straight line between the two points, line 1. Line 2 is then drawn
parallel to line 1 and through the point defined by F' = 0 and 0.01hg. At the point where line
2 intersects the load-deformation curve the Ft 90maes value is found. If the determined value of
F.90,maz is within the range of 5% of Fi 90 maz,est then the value of F. 99 mar may be used to
determine the compressive strength. Otherwise, the mentioned procedure shall be repeated until
F¢ 90,maz 1s within the tolerance.
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Figure 3.2: Load- deformation curve

The modulus of elasticity, E. g9, may then be calculated according to:

(Fao — Fi0)ho

Eec90 = 3.2
&0 (w40 — wl())bl ( )
FlO = 0-1Fc,90,max (33)
F40 = 0~4Fc,90,ma:v (34)

Where wig and wyg are the deformations corresponding to the forces Fig and Fyp.

3.2 Comparison of strength properties of Eurocode 5 and BKR

In 1989 Sweden adopted a new design code, called Nybyggnadsregler NR, BFS 1988:18 [22].
Considering compression perpendicular to the grain of solid timber, a new strength value was in-
troduced for all strength classes. The characteristic strength value in compression perpendicular
to the grain was increased from 2.0 MPa to 7.0 MPa. As a complement to the new design codes
a series of guidance documents, “Byggvigledning, 1990”, were presented. Not until 1998, when
BKR 3 (Boverkets konstruktionsregler) was adopted, a new way of calculating the strength value
of compression perpendicular to the grain was presented. The new code used a coefficient, k.99, to
calculate the strength. The characteristic strength values, regarding compression perpendicular
to the grain, were still 7.0 MPa.

In 2011 the latest version of BKR, called BKR 13, was replaced by the Eurocodes. The strength
in compression perpendicular to the grain for solid timber and glulam, according to BKR 13 and
Eurocode, can be seen in Table 3.2 and Table 3.3. There is a large difference in the strength
properties of glulam between BKR 13 and FEurocode.
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Table 3.2: Strength in compression perpendicular to the grain according to BKR 13, [MPa]

Solid timber | C24 C27 | C30 | C35 | C40
Fooor 25 | 26 | 27 | 28 | 29
Glulam LK20 | LK30 | L30 | L40
Je,90,k 7 7 7 8

Table 3.3: Strength in compression perpendicular to the grain according to EN 338 and EN
14080, [MPa|

Solid timber C24 Cc27 C30 | C35 | C40
fe,00.k 2.5 2.6 2.7 2.8 | 2.9
Glulam (homogeneous) | GL 24h | GL 28h | GL 32h
Je,90,9.k 2.5 2.5 2.5

3.3 Compression perpendicular to the grain in Eurocode 5

According to Eurocode 5, (EN 1995-1-1:2004), considering compression perpendicular to the
grain the following equation shall be fulfilled:

0c90,d < ke90fc,90,d (3.5)
Where:
Fe 90,4
0¢,90,d = 726]0’ (3.6)
And:

0c90,4 Design compressive stress.

F.904 Design compressive force perpendicular to the grain.
Acy Effective contact surface area

feo0,a Design compression strength perpendicular to the grain.

Ee.90 Factor taking into account the effects of the load configuration, risk
of splitting and the degree of compressive deformation.

Note the subscript ,4, in equation (3.5) and equation (3.6), indicating that the compressive force,
the compressive stress and the compressive strength refer to design values. This means that their
values have been modified from characteristic values according to safety factors accounting for
duration of load and climate effects.

The effective contact surface, Ay, is calculated as the effective length multiplied by the width of
the contact surface. A method to calculate the effective length is by adding 30 mm to the actual
length, I, of the wood sample parallel to the grain that is supported [19]. However, the value
added to the length, [, may not be larger than a, [ or l1/2 see Figure 3.3. By calculating the
effective contact surface, a load spreading effect in the grain direction is taken into consideration.

The value of the factor, k. g9, shall be taken as 1.0 unless the following conditions are fulfilled:
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. In the case of a member on continuous supports, see Figure 3.3 (a), and l; > 2h the factor
kc90 may be chosen as:

o kego—1.25 (Solid Timber)
o kcgo=1.5 (Glulam)

. In the case of a member on discrete supports, see Figure 3.3 (b), and I; > 2h the factor
kc90 may be chosen as:

[ kc790:1.5 (Solid Timber)
o kcoo=1.75 (Glulam, when { < 400)

(@)

Figure 3.3: Structural element on continuous support (a) and discrete support (b), [19]
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Chapter 4

Laboratory Work

4.1 Experimental equipment- Digital Image Correlation (DIC)

Digital Image Correlation is a non-contact optical technique for measuring strain and displace-
ment [17]. The equipment works by comparing digital photos of the test specimen at different
stages of deformation. The surface, which is to be analyzed, is prepared with a layer of random
and unique pixel blocks. The system tracks the pixel blocks and measures the surface displace-
ment. Then 2D or 3D deformation vector fields and strain maps are created. In many cases the
material surface of the test specimen has enough image texture and the layer of pixel blocks are
not needed. The images from the testing may be obtained from several different sources, e.g.
consumer digital cameras, high speed video, macroscopes and microscopes including scanning
electron and atomic force microscopes. The sources delivering the images are different in different
applications. DIC is useful in many fields of science. It has been used by for instance Airbus,
AWE and British Energy and even for analysis of strains development during the processing of
chocolate. Figure 4.1 shows how Adidas uses DIC in the development of their new running shoes.

Figure 4.1: DIC used for examine the strains of a foot during running [18§|
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4.2 Limitations

To achieve very good results from the experimental work, many preparations and measurements
of the wood samples would be necessary. Because of the biological nature of wood many fea-
tures differ between the samples. Some differences between the samples can be measured, for
instance the moisture content and density, whereas many other differences are nearly impossible
to measure. A list of the most important limitations in this laboratory work is presented below.

Moisture content is not measured.

Boundaries between wood surface and steel plates are not ideally friction free.

The accuracy in the measurements by the DIC is dependent of the quality of the speckle
pattern.

The speckle pattern is hand made. The same pattern can not be repeated for each and
every sample.

4.3 Implementation

The measurements of the surface strains and 3D-displacements for the glulam specimens in
compression perpendicular to the grain were carried out with a DIC equipment from Correlated
Solutions. Two cameras, each 29 Megapixel, were controlled by the DIC system, see Figure 4.2.
The light source was manually controlled. During the tests, one image pair was taken every five
seconds. The size of the facets, the rectangular surfaces in which a mean value of the strains and
displacements are computed, were carefully chosen. The size of the facets have a large impact
on the results. The DIC measures the displacements of each facet in comparison to the the
neighboring facets. Small facets leads to more accurate results, as long as the facets are large
enough to contain a unique speckle pattern. If the facets are too small some facets will not have
a unique speckle pattern and the DIC will not be able to separate these facets from the others. In
addition to the measurements recorded by the DIC-system, the load applied to the test specimen
and the load point displacement were measured and logged.

The specimens were before any experimental tests grinded at their load bearing surfaces. The
specimens were grinded in order to establish smooth and plane contact areas to the applied load.
The dimensions and weight were measured and photos were taken of each of the six sides of the
specimen.

Next part of the experimental work was to create a speckle pattern at the surface which was
about to be measured. The most important features of the speckle pattern is that it is random
and has a high contrast. The glulam samples were therefore first painted with white spray paint
and then sprayed with black paint, to create randomly located black spots. The reason for the
white and black paint was to create a high contrast, e.g. the contrast would be lower with only
the black spots on the naked wood surface.

After the speckle pattern was created it was checked by the DIC, since the randomness and
contrast of the pattern has great impact on the capacity of the DIC to track facets and calculate
the strains. In those cases the pattern was poor, it was remade. With a functional speckle
pattern the final preparation for the DIC setup was to adjust the lamp to give as much light as
possible without giving any disturbing reflections.

The boundary conditions were chosen to reflect the situation of no friction at the interfaces
between the wood and the stiff steel plates. Several layers of aluminum foil with graphite grease
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in between were used. The layers of aluminum foil and grease, at the interfaces of the wood
and the steel plates, made it possible for the wood to expand in the direction perpendicular to
the applied load. The steel plate in the bottom was fixed and rotation was prevented whereas
the steel plate at the top was allowed to rotate. The test setup can be seen in Figure 4.2.
Figure 4.3 shows the setup with the speckle pattern and boundary conditions right before the
compression test starts. During the test the wood sample is loaded in compression at the rate
of approximately five percent strain per minute. The experiment is over when there are large
deformations in the wood.
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(1) Piston (2) Top steel plate

(3) Sample (4) Bottom steel plate
(5) Light source (6) Camera 1

(7) Camera 2

Figure 4.2: The DIC setup

Figure 4.2 shows the test setup and the setup of the DIC equipment. The test specimen was
placed on the rigid steel plate in the testing machine. The stress was applied at the top of the
sample by the piston head (Top steel plate). Rotation was allowed in the joint of the piston and
the top steel plate. The two cameras of the DIC were calibrated to measure the movements in
the surface of the samples from a fixed distance, i.e. the cameras were fixed and the samples
were placed at the same place each time. The light source was manually adjusted to achieve the
best possible light conditions.

Figure 4.3 shows a close-up of the test setup. Both the steel plate in the bottom and the steel
plate at the top are shown. Note the aluminum foil with grease in between in both the bottom
and the top interfaces.
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Top steel plate,
aluminum foil and grease

Sample

Bottom steel plate,
aluminum foil and grease

Figure 4.3: Test setup
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4.4 Specimen data

Table 4.1: Dimensions and densities for the samples

Sample | Nr Lamellae | Dimensions, (I x b x h) | Density, [kg/m?|
1 5 57x89x220 440.0
2 4 07x139x138 474.2
3 3 60x114x113 449.2
4 5 55x89x221 431.4
6 3 57x115x113 468.7
8 4 03x139x137 534.2
9 3 o8x115x113 452.2
10 5 54x90x220 463.0
11 4 56x139x138 521.3
12 3 04x115x112 452.5
13 5 56x89x221 448.8
14 4 o8x139x138 496.5
16 5 54x89x221 462.4
17 4 o8x139x137 493.4
18 4 06x140x137 507.4
19 4 93x139x138 525.8
20 4 95x139x138 511.8
21 3 06x114x113 433.2
22 4 06x139x138 502.7
27 5 58x89x221 424.7
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Figure 4.2: The definition of (I1xbxh) in the test setup
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Chapter 5

The finite element method

5.1 General

In engineering mechanics many problems are described by differential equations. These equations
are in general too complicated to solve analytically and a numerical approach is then necessary.
The finite element (FE) method is a very common numerical technique.

The finite element method is based on the assumption that solution of the differential equation
or equations hold over a certain region. In most applications this is not the case, but in the
finite element method the characteristic feature is that for a certain region divided into smaller
parts, so called finite elements, it is assumed that solution of the differential equations holds for
a whole element. The calculations are then carried out over each element. The whole group of
elements of a body is called a finite element mesh. The numerical solution gets closer to the real
analytical solution with increasing number of elements.

When an approximation which is to be applied over each element is determined, the calculations
for each and every element can be carried out. The approximation of how the variables changes
over an element is often a polynomial. The polynomial is an interpolation function for the
variables between points within the elements. The value of the variables are assumed to be
known at the nodal points of the element. The numerical solutions for the elements are then
patched together to form an approximate solution for the entire body. The FE method is a
powerful tool which can be applied to arbitrary differential equations.
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5.2 Weak form of two dimensional elasticity

In the case of two dimensional elasticity the elements of the body are considered as thin disks.
For thin disks, the stresses and body forces are acting in the plane, see Figure 5.1, where b is
the body force of the disk, e.g. gravity, t is the traction vector on its boundary and “t” is the
thickness of the disk. In Figure 5.1 the vectors b and t are acting in the xy-plane.For the disk
to be in equilibrium, the equilibrium equation given by (5.1) must be fulfilled.

Figure 5.1: Thin disk loaded in plane stress [6]

(VYlo+b=0 (5.1)
o] o]
) w 0 9y
(V)" = (5.2)
0o 2 2
Jy Oz
Oxx
o= |0y (5.3)
Oy
by
o= [t] -

-l 69

From equation (5.1) the weak form of the equilibrium equation can be established. The weak
formulation is necessary to be able to later on derive the FE formulation. To create the weak
form, the equilibrium equation (5.1) is multiplied by an arbitrary weight function v. By writing
out equation (5.1) and multiplying by v, some terms will become zero and the expression turns
out to be:

~ ov ov ov ov
T _ 9Ug y x Yy
(Vv) o= B 0o + n Oyy + ( 3y + o )axy (5.6)
(%"
V s 5.7
[UJ 5-1)



Vg :vx(x,y);vy :vy(x,y);vz =0 (58)

With equations (5.2) and (5.3) and by the definitions of t and b in Figure 5.1, equation (5.6)
can after use of the Green-Gauss theorem be written as:

/ (Vv)ledv = / vitds + / vibdv (5.9)
\%4 S \%4

For a thin region, e.g. Figure 5.1 and noticing that o,, = 0, = 0, equation (5.9) may be written
as:

/ (Vv)lotdA = 7{ vittdL + / vIbtdA (5.10)
A L A

This is the weak form for two dimensional problems, also called the virtual work principle [6].
It is important to notice that the letter t, differs from t in equation (5.10). The letter t is the
thickness of the region, whereas the vector t is the traction vector.

5.3 The finite element formulation of two dimensional elasticity

The displacement vector u, is given by equation (5.11):

u= [“x] (5.11)

The displacement is to be approximated by equation (5.12). In equation (5.12), N is the ele-
ment shape functions and a is the nodal point displacement vector. The shape functions are
approximations of the variation of the variables over an element. There are several such ap-
proximations depending upon what sort of elements that are used. Linear, quadratic, qubic and
quartic polynomials are some possible approximations.

u= Na (5.12)

According to the Galerkin method an arbitrary weight vector is chosen as:

v = Nc (5.13)

Since v is arbitrary, c is also arbitrary and it can be written:

Vv =Bc;B=VN (5.14)

Equation (5.14) is then inserted into the weak formulation, equation (5.10):

cT</ BTatdA—fNTttdz— / NTbtdA> =0 (5.15)
A L A

From equation (5.15) it can be seen that since c is arbitrary equation (5.15) can be written as:
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/ BlotdA = f NTttdL + / NTbtdA (5.16)
A L A

Equation (5.16), states the balance principle for the body [6]. It is emphasized that equation
(5.16) applies irrespectively of the constitutive model. The equation of (5.16) therefore holds
for elasticity theory, as well as for instance for plasticity theory. Next step in creating the FE
formulation is to choose the constitutive relation, i.e. the assumption of the material behavior.
Assuming linear elasticity:

o =De (5.17)

o= |oy (5.18)

€= |eyy (5.19)
| Vzy

The matrix D in equation (5.17) takes different forms depending on whether plane stress or plane
strain is considered. The strains given by € are on the other hand irrespective of whether plane
strain or plane stress is assumed. The strains in € are derived from the displacements using the
kinematic relation:

e=Vu (5.20)

From equations (5.12) and (5.14) equation (5.20) becomes:

e =Ba (5.21)

And equation (5.17) may be written:

o = DBa (5.22)

Using equation (5.20) in the expression for the balance principle for the body, i.e. equation
(5.16), yields:

( / BTDBtdA)a: ?{ NTttdL + / NTbt dA (5.23)
A L A

For the two dimensional body expressed in equation (5.23), considering linear elasticity, the
natural boundary condition is given by the traction vector t along the boundary, L£;. The
essential boundary condition is given by the displacements in u along the boundary, L, see
Figure 5.2
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Figure 5.2: Natural and essential boundary conditions

The natural boundary condition given by t, may be written:

t =Sn (5.24)
Where:
S — [“m Tmy] (5.25)
Ty  Oyy

n= [”x} (5.26)

In equations (5.25) and (5.26), n is the unit normal vector in the xy-plane normal to £. The
boundary conditions of the body can be given in the form:

t=Sn=h on Lp; u=g on Ly (5.27)

Where h and g are known vectors. Using the boundary conditions of (5.27) in (5.23) finally
yields [6]:

(/ABTDBtdA>a:/£

The above equation, (5.28), is the finite element formulation for two dimensional elasticity.
Equation (5.28) may also be written in a more compact form according to:

NThtdc + /

NTttde + / NTbtdA (5.28)
Ly

A

h

K= / B'DBtdA (5.29)
A
f, = / NThtdL + / NTttdL (5.30)
L Ly
flz/NTbtdA (5.31)
A

Where K is the stiffness matrix, f}, is the boundary vector, fj is the load vector. Using the format
in equations (5.29), (5.30) and (5.31), the FE formulation becomes:

Ka = fb + f] (5.32)
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5.4 Quadrilateral elements

In the model of glulam in compression perpendicular to the grain the stresses and strains are
in this thesis computed with quadrilateral elements. The quadrilateral elements are four node
elements, see Figure 5.3. In order to later on calculate the element stiffness matrix for the
element, two more degrees of freedom are introduced. This new node is located in the center of
the element and its coordinates are calculated as the mean value of the coordinates of the corner
nodes. The element is then considered as four triangular elements and the element stiffness
matrix, one for each triangle, is provided by evaluating linear displacement approximations over
the four triangular regions, see Figure 5.4 . The stresses and strains are computed according to
the four element stiffness matrices. The stresses and strains for the whole quadrilateral element
are then computed as weighted mean values from the values of the four triangular elements [7].

Figure 5.3: Quadrilateral Elements [6]

i T=a; + ax + azy
T;

X

Figure 5.4: Linear displacement approximation, for considered triangular element
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Chapter 6

Model

6.1 Limitations

The model is based on some assumptions and simplifications that are listed below. Wood is
a heterogeneous material with a large variety in the material structure and simplifications are
needed.

Variation in moisture content is neglected.
The annual rings are assumed to be cylindrical.
Clear wood is considered, i.e. no knots, cracks or resin pockets.

The moduli of elasticity are constant in the three principal directions,
i.e. not affected by the distance from the pith.

Linear elastic material behavior is assumed, i.e. no plasticity.

Glue lines are not modeled explicitly, i.e. no difference in moduli of elasticity and Poisson’s ratios in
the interfaces between the lamellae compared to the rest of the cross section.

Plane stress is considered.
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6.2 General

A linear elastic finite element model was created in Matlab considering assumptions of plane
stress. The geometry was created in a general manner, i.e. the model is not specific for any given
geometry or annual ring orientation. Width, height and number of lamellae are input variables
that are easily chosen. The locations of the piths for each lamellae are also input values to the
model, which allows every lamella to have its own annual ring pattern. Within each lamella the
annual ring pattern is then assumed to be cylindrical.

For each and every element, the radial and tangential directions are computed with respect to
the annual ring orientation of the actual lamella. This means that the local coordinate system is
known for every element in the geometry. The global coordinate system is chosen, the direction
cosines are calculated and the transformation matrices, two for each element, are established ac-
cording to equations 2.19-2.29. The transformation matrices are then used to transform the local
D- matrices into the global D- matrices and the stiffness matrices are computed for quadrilateral
elements.

The moduli of elasticity, Poisson’s ratios, shear modulus and strength properties are input pa-
rameters to the model. The strength properties are chosen for clear wood since the model is for
research purposes on a material level, e.g. not on a structural element scale. Both the strength
properties and the moduli of elasticity show significant variation in magnitude between different
wood species. Density and number of annual rings are other factors affecting the magnitude and
ratio of stiffness and strength properties.

Some stiffness parameters for glulam according to EN 14080 and Poisson’s ratios for different
wood species [3| are presented in Table 6.1. In Table 6.2 some strength properties for clear wood
are presented [3]. These tables show examples of stiffness and strength properties that can be
used as input data to the model.

Table 6.1: Stiffness properties in [MPa| and Poisson’s ratios

Wood species ER ET GRT VRT VRT
Norway spruce | 790 | 340 | 30 | 0.84 | 0.34
Spruce 710 | 430 | 23 | 0.51 | 0.31
Scots Pine 1000 | 500 | 70 | 0.61 | 0.31
Structural elements | Ego g mean | Ggmean
Glulam, GL 24h 300 650
Glulam, GL 32h 300 650

Table 6.2: Material strength properties in [MPa]

Sort of wood | frt | fRre | frt | fre | fRT
Norway spruce | 49 | 3.6 | 28 | 3.8 | 1.6

Spruce 4.9 | 7.0
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6.3 Elements

Quadrilateral elements were chosen in the model. As described in Chapter 5.4, the stresses and
strains for a quadrilateral element are computed as mean values of the stresses and strains in
four triangular elements. To improve the accuracy of the model it was taken advantage of the
parameters being computed in four triangles in each element. Instead of calculating the mean
values for stresses and strains of a whole element the values from the triangles were weighted
according to their area of the whole element. Thus each element delivers four values of output,
one output in each node, instead of one mean value holding for the whole element.

To examine how sensitive the model is to the size of the finite element mesh a plot of the ratio
‘;—-Z (Stress in horizontal direction of the cross section divided by the applied compressive stress)
in a vertical cut in the middle of the width as function of the height was carried out. The plot
can be seen in Figure 6.1. The plot was made for a glulam cross section with three lamellae, see
Figure 6.2. The numbers in the label of the figure gives the number of elements/width. In the
height of the cross section the ratio elements/height is as close as possible to the elements/width.
The size of the finite element mesh has a modest impact on the result when the stresses in the
nodes are close to the applied stress. In the regions where the stresses are large, the size of
the finite element mesh has a greater impact on the result. The reason for the large stresses in
some areas is related to the pattern of the annual rings. Because of the difference in stiffness in
radial and tangential directions, the stresses can be very large in those areas where the pattern
of the annual rings is disadvantageous considering stiffness. In these regions, the estimation of
the radial and tangential directions has a larger impact and the size of the finite element mesh
is of greater importance.

Stress—plot

. Red 40
e - Blue 80

~ Green 160
. Black 200
01l

0.08 S

0.06 - .

Height [m], y
£

0.04 S,

0.02-

0 I I I I
-1.5 -1 -0.5 0 0.5 1

Stress—ratio in horizontal direction

Figure 6.1: The effect of the size of finite element mesh on the stress-ratio, g—f The stresses are
plotted in the nodes. The applied stress is 1 MPa in compression.
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Figure 6.2: Dimensions of the cross section. Black dots marks the piths. The stresses are
calculated along the dotted line.
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6.4 Loading and boundary conditions

The loading and boundary conditions in the model shall correspond to the conditions in the
experiment. In the experimental work the glulam cross sections were exposed to compression
perpendicular to the grain by two very stiff steel plates, see Chapter 4.3. The upper stiff steel
plate was allowed to rotate. In the laboratory work, aluminum foil and grease were used at the
interfaces of the wood and the steel plates in an attempt to create the condition of no friction. In
fact there is still some friction at the boundaries and the boundaries in the model may therefore
be chosen as either friction free or friction. Since the upper steel plate was not prevented from
rotating in the experiment, the upper boundary in the model can be given a small rotation.

The load applied in the experiments is modeled as displacement control. Displacement control
means that the nodes in the upper segment are given a displacement in the vertical direction.
In the model, three different boundary conditions were investigated.

Boundary condition 1

e The nodes in the lower segment of the test specimen are locked in the vertical
direction and one node is locked in both vertical and horizontal direction.

e The nodes in the upper segment are given a displacement in the vertical direction
and are free to move in the horizontal direction.
The displacement is constant along the whole width of the specimen.

Figure 6.3: Boundary condition 1

Boundary condition 2

e The nodes in the lower segment are locked in both vertical direction and horizontal direction.

e The nodes in the upper segment are displaced in the vertical direction
and prevented from movement in the horizontal direction.
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Figure 6.4: Boundary condition 2

Boundary condition 3

e Boundary condition 1 or boundary condition 2 and in addition
the upper segment is given a small rotation.

Figure 6.5: Boundary condition 3
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6.5 Evaluation of parameters and annual rings

In order to be able to compare the model and the laboratory results, a set of stiffness and
strength properties were chosen. These estimated properties were then assumed to hold for all
test specimens.

The mean density of all test specimens, see Table 4.1, was calculated and used as a guideline
value for determination of the moduli of elasticity in the model. The strength values were chosen
for clear wood pieces of spruce at 12 % moisture content, see Table 6.4.

Table 6.3: Modulus of Elasticity in the model [MPal]

Er | Er | Grr | vrR
750 | 462.5 | 31.5 | 0.26

Table 6.4: Strength properties in the model [MPa)

fir | for | fer | for | fRT
49 | 2.8 | 7.0 3.8 1.6

As an attempt to recreate the best possible annual ring pattern of the samples, the tangential
direction for each element in the model was plotted over an image of the respective sample, see
Figure 6.6. From the images of the samples, the location of each pith in the cross section can
be calculated. The locations of the piths are then input data to the model. The plot of the
tangential directions in the model, see Figure 6.6, shows if the model captures the right pattern.
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Figure 6.6: Annual rings
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Chapter 7

Results and analysis

In order to estimate the accuracy of the model, a comparison of the results from the FE-model and
the experimental results will be presented in this Chapter. The main focus of the comparison
is considering the strain distribution rather than the exact strain magnitudes. The stiffness
parameters differ for each sample and their values can only be estimated. In the model, the
stiffness parameters are constant for all samples and are based on the mean density as a guideline.
Unlike the estimated set of stiffness values, the material structure for each and every sample is
simulated in the model. Results and analysis for three samples, one for each geometry, are
presented. For further results see Appendices.

7.1 Illustration of the laboratory results

The experimental work was carried out for all samples in Table 4.1. An example of the results for
a test specimen will be presented to illustrate what type of data and results that were obtained
during testing.

The stress plotted as a function of the deformation for Sample 4 can be seen in Figure 7.1. The
material behavior is fairly linear elastic up until roughly 2.3 MPa. After the fairly linear elastic
part the material enters the nonlinear zone. Images by the DIC shows that the first crack initiates
at the stress of approximately 2.5 MPa. The first crack is marked by a red dot in Figure 7.1.
Once the material has entered its nonlinear zone, the behavior will be plastic when the applied
stress of the sample is increased. For the present work, the part of most interest in the graph is
up to the point where the first crack occurs.

In Figure 7.1 six different stress states are marked. An image of the deformed sample corresponds
to each stress state. Thus, Figure 7.2 - Figure 7.4 show the deformation of the sample during
testing.
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Figure 7.1: Stress- deformation plot, Sample 4, the initial crack is marked by “*”
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Figure 7.2: Image 1 and Image 2
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The strains computed by the DIC were imported into Matlab. Since the strains from the DIC
are computed in random points of the cross- section, the values of the strains were interpolated
to a symmetric and evenly distributed grid of points to accomplish a strain plot for the whole
cross section. The strains for Sample 4 at an applied compressive stress of approximately 1.8
MPa can be seen in Figure 7.5 - Figure 7.7. Figure 7.8 shows the cross section of Sample 4.
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Figure 7.5: Strains in horizontal direction €., Sample 4
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Figure 7.6: Strains in vertical direction &,, Sample 4
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Figure 7.7: Shear strains e,,, Sample 4

Figure 7.8: The cross section of Sample 4
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7.2 Results and analysis

7.2.1 Sample 21 - 3 Lamellae

Images of the cross sections and the sides of the samples are used for detecting imperfections such
as cracks, knots, resin pockets etcetera. These imperfections have great impact on the results
from the experiments. All sides of Sample 21 can be seen in Figure 7.10.

(d) (e) (f)

Figure 7.10: Images of the sides of Sample 21. (d): Cross- section used for measurements.
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(d): Front side
® (b)
(e): Back side

(©)

Figure 7.11: Scheme of which image corresponds to which side of the sample as seen by the
cameras.

7.2.2 Stress- Deformation plot

Figure 7.12 shows the stress- deformation curve from the experiment and the model. The be-
havior is fairly linear elastic up until the first crack. This linear part of the material behavior
therefore coincides quite well with the linear elastic model. The slope of the curves are similar,
they are almost parallel, which indicates that the assumed stiffness parameters in the model
seems to be reasonable considering the global stiffness. An obvious difference between the curve
of the model and the experimental curve is the offset.

There can be many reasons for the offset seen in Figure 7.12. A finite element model is a
numerical method of solving differential equations and the accuracy of the results depends on
the size of the elements. The finite element mesh used is 200 x 200 elements which creates a
fairly accurate result, see “cyan” in Figure 6.1. The boundary conditions used in the model is
for no friction between the wood surface and the steel plates. In the experiment, graphite grease
and aluminum foil was used in an attempt to create the case of no friction. It is, however, not
possible to create a scenario that doesn’t have any friction at all. The annual rings are simplified
as cylindrical, which is not always the case. Knots, resin pockets, existing cracks before loading
etcetera are neglected in the model. The stiffness properties are strongly dependent upon the
density of the wood and also the distance from the pith. The density is estimated as a mean
value for the whole sample, but the density and therefore also the stiffness parameters differ
significantly between the different lamellae of the cross sections.
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Figure 7.12: Stress- deformation plot, Sample 21. Black: Experiment, Blue: FE- model , “*”
marks the initial crack, “*” mark the points for the comparison of the strains.

A close-up of the stress plot, Figure 7.13, reveals a non linear behavior during the first approxi-
mately 0.3 mm. This non linear behavior has a large contribution to the offset. The reason for
the non linear behavior is non ideal testing conditions such as material settlements and not ideal
plane surfaces. All samples show the same initial nonlinear behavior.

) % 10° Stress plot

= = = =
N N [ (o]
T T T T
I I I I

Mean stress [Pa]
=

0.8t ]
0.6f ]
0.4t ]
0.2t ]

0 ‘ . |
o 05 _ 1 15 2
Displacement u_[m] x107°

Figure 7.13: Close-up of the initial part of the stress plot
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7.2.3 Strains

The comparison between model and experiment regarding the strains can be seen in Figure 7.14.
The comparison is made for the mean stress of approximately 1.5 MPa in both the results from
the experiment and the model. In Figure 7.12 and Figure 7.13, the points of 1.5 MPa are marked
with a “*”.
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Figure 7.14: Strains in horizontal direction €,, Sample 21. Left: Experiment, Right: FE- model

The strains predicted by the model are smaller than the strains from the experiment. The
magnitude of the strains are however not the most important aspect in the comparison. The size
of the strains depends on the chosen stiffness parameters which varies for each and every sample.
Since the stiffness parameters used in the model are mean values for all samples, the magnitude of
the strains are fairly inaccurate. It should be noticed that the strains in the horizontal direction
are positive. The strains are in tension. For large stresses, the positive strains in horizontal
direction may lead to cracks.

An important aspect in the analysis is the distribution of the strains. In the experiment plot,
Figure 7.14, the greatest strains are in the middle left side and in the upper right corner. It can
also be seen that these two areas with the largest strains almost coincide with each other. In the
model plot, Figure 7.14, the largest strains are in a region from middle left side up to the upper
right corner. The smallest strains are in the bottom, the middle right side and the middle upper
side. In Figure 7.10 (d), it can be seen that the largest strains are in the areas where the annual
rings are tilted approximately 45 degrees to the loading direction. Because of the high stiffness
in the radial direction and the low shear stiffness, it is likely that the annual rings will, for high
stresses, be forced to slide against each other in these areas.

To improve the accuracy of the model one can examine the stiffness parameters for the particular
piece of wood. Other error sources are mainly the ones mentioned previously in the discussion
of Figure 7.12.

The strains in the vertical direction can be seen in Figure 7.15. The conformance between the
model and laboratory result is for the vertical strains not as accurate as for the horizontal strains.
An explanation for the difference may be the appearance of knots. Considering compression,
knots are in general stiffer than clear wood. On the other hand, considering tension as in the
case of Figure 7.14, knots are in general weaker than clear wood pieces.
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Figure 7.15: Strains in vertical direction ¢,, Sample 21. Left: Experiment, Right: FE- model

The shear strains are shown in Figure 7.16. The magnitudes differ, but the model manages to
capture the strain distribution in general. In the two lowest lamellae, the largest strains seem
to have some sort of triangular shape. These areas can be seen in the model as well. In the
upper part of the plots, the upper lamella, the highest strains from the laboratory work are in
the interface between the lamellae. In this region, near the upper right corner, the annual rings
differ significantly in the interface of the lamellae, see Figure 7.10 (d). These great differences in
the pattern of the annual rings are a probable reason for the high values of strains. These large
strains are also present in the result from the model. A difference between the model and the
experimental result is the area in the upper left corner. A possible reason for the high strains
generated by the model may be that the angle between the curvature of the annual rings and
the load direction are near 45 degrees and the boundaries have no friction. In the experiment
the annual rings curvature is the same, but the boundaries are not ideal frictionless.
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Figure 7.16: Shear strains e,,, Sample 21. Left: Experiment, Right: FE- model

7.2.4 Norris failure criteria

In order to evaluate where the first crack is to be expected, the Norris failure criteria is used. The
strength properties that are used in the criteria can be seen in Table 6.4. The strength properties
are estimated values that hold for spruce in general. The strength properties used in the model
are mean values corresponding to Spruce at 12% moisture content. Due to the uncertainties of
the value of the maximum stress and the uncertainties regarding the chosen strength values, the
model can not predict for what load the first crack will initiate. It may instead be used to predict
where the first crack could be expected, see Figure 7.17 and Figure 7.18.
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Figure 7.17: Norris failure criteria, Sample 21. Left: Red marks the region where the first crack
is predicted by the model, Right: Effective stress based on Norris failure criterion
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Figure 7.18: Image showing where the first crack occurred during testing, Sample 21

The model predicts that the first crack will initiate in the upper lamella, near the boundary.
The real crack initiates in the border between the upper and middle lamella. At this border,
annual rings with opposite radial directions coincide. In the spot where the crack initiates the
tangential directions of the annual rings of the upper and the middle lamella seem to be parallel.
This means that the radial directions of the annual rings in the upper and middle lamella are
pointing towards each other. Since the largest stiffness is in the radial direction, large stresses
will develop in this spot. The stiffness preventing the annual rings to slide along each other is
the shear stiffness and the tangential stiffness. The shear stiffness is much lower than the radial
stiffness and the tangential stiffness is roughly half of the radial stiffness. Because of the low
stiffness (tangential and shear) in the LT-plane the material starts to slide along the annual rings
which leads to a crack in this spot.

An explanation for the difference between the model and experiment may be the boundary
conditions in the model. The boundary conditions used in the model are for the case of no
friction, in fact there is some friction at the boundaries and this friction prevents the material
to expand.
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7.3 Sample 11 - 4 Lamellae

Images of Sample 11 can be seen in Figure 7.20. This test specimen has more knots than Sample
21.

(d) (e) (f)

Figure 7.20: Images of the sides of Sample 11. (e): Cross- section used for measurements.
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Figure 7.21: Scheme of which image corresponds to which side of the sample as seen by the
cameras.

7.3.1 Stress- Deformation plot

Sample 11 is a four lamellae test specimen. Figure 7.22 shows the stress- deformation plot. The
experimental curve shows great linearity up to approximately 2 MPa, then the behavior starts to
enter the nonlinear zone. The curves are nearly parallel, indicating that the stiffness parameters
in the model and in the experiment seem to be in the same range of magnitude. The reasons for
the offset are probably the same as for Sample 21.

As seen in Figure 7.22 the first crack initiates far into the nonlinear region. Since the material
deforms irreversibly in the plastic zone, the FE-model can no longer predict the behavior in this
region. The first crack marked in Figure 7.22 is however the first crack visible by the naked eye.
Therefore, the crack may initiate at an earlier state, not visible by the naked eye, and the model
could still predict its location.
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Figure 7.22: Stress- deformation plot, Sample 11. Black: Experiment, Blue: FE -model, “*”
marks the initial crack, “*” mark the points for the comparison of the strains.
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7.3.2 Strains

The strains in the horizontal direction are positive, i.e. the strains are in tension. Note, the
magnitudes of the strains in Figure 7.23 as well as for Figure 7.24 and Figure 7.25 are not
accurate because of the estimated stiffness parameters. The most apparent similarities are in
the middle region of the plots where most of the strain behavior is captured by the model. The
model shows the largest strains in the pith of the second lamella, whereas the experiment shows
large strains in the surroundings of the pith. The large strains in the pith, predicted by the
model are reasonable. The reason for the large strains from the experiment on the left and the
right side of the second lamella pith, may be because of the knots in the cross section. It can be
seen in Figure 7.20 (e), that there are two knots in the upper part of the cross section pointing
towards the areas where the experiment computes the largest strains. Since these knots may be
stiffer than the rest of the cross section, it is possible that these knots increase the stress on the
material beneath.
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Figure 7.23: Strains in horizontal direction €., Sample 11. Left: Experiment, Right: FE-model
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Figure 7.24 shows the vertical strains. Both plots have similar patterns, neglecting the values of
the strains. The region with the largest strains in the experimental result is where the annual rings
have an angle of approximately 45 degrees to the load direction, see Figure 7.20 (e). The model
shows large strains in the same region. This region has a narrow part, seen in the experiment
plot, that stretches up to the point where the second lamella has its pith. The plot from the
model also shows large strains at the pith of the second lamella. Note that the regions with
the largest vertical strains are the same regions as the largest strains in horizontal direction, see
Figure 7.23. The large vertical and horizontal strains in these regions are probably because of
the knots in the cross section, as mentioned in the discussion of Figure 7.23, and because of the
annual rings are tilted roughly 45 degrees to the loading direction. In an area where the annual
rings are tilted approximately 45 degrees to the load direction, the stiffness of the shear modulus
has a great impact on the stresses and strains.
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Figure 7.24: Strains in vertical direction ¢,, Sample 11. Left: Experiment, Right: FE-model

Finally, the shear strains are illustrated in Figure 7.25. The behavior of discontinuous strains
over the interfaces of the lamellae is well simulated by the model. The discontinuity occurs
because of the discontinuity in the annual rings. This property is a main difference between
glulam and solid timber.
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Figure 7.25: Shear strains e,,, Sample 11. Left: Experiment, Right: FE- model
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7.3.3 Norris failure criteria

According to the model the first crack will occur in the interface between the lamellae in the
middle, see Figure 7.26. The left plot in Figure 7.26 shows that the first region to fail is the one
closest to the pith of the third lamella. Near the pith, the global stiffness in the vertical direction
is reduced since the annual rings curvature becomes large.

Norris 1 Norris 2

0 0
-0.15 -0.1 -0.05 0 -0.15 -0.1 0

Figure 7.26: Norris failure criteria, Sample 11. Left: Red marks the region where the first crack
is predicted by the model, Right: Effective stress based on Norris failure criterion

The point where the first crack initiates is marked in an image of the sample from the experiment,

Figure 7.27. Note that the point where the crack occurs is the same as Norris failure criteria
predicts in the model.
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Figure 7.27: Image showing where the first crack occurred during testing, Sample 11
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7.4 Sample 16 - 5 Lamellae

Sample 16 is a five lamellae test specimen. Images of the sides, Figure 7.29, reveals that there
are some knots in the specimen.

(a) (b) ()
(d) (e) ()

Figure 7.29: Images of the sides of Sample 16. (e): Cross- section used for measurements.
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Figure 7.30: Scheme of which image corresponds to which side of the sample as seen by the
cameras.

7.4.1 Stress- Deformation plot

The stress- deformation graph, see Figure 7.31, shows a linear elastic behavior of the experiment
curve up to approximately 2 MPa. The first crack initiates at 2.6 MPa after some nonlinear
behavior. The model curve is almost parallel to the linear elastic part of the experimental curve,
indicating that the stiffness in global direction of the model is close to the global stiffness of the
sample. The fact that the first crack occurs close to the linear elastic range and the model and
experiment have a similar stress- deformation ratios, indicates that the model has some of the
conditions needed to predict where the first crack occurs.
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Figure 7.31: Stress- deformation plot, Sample 16. Black: Experiment, Blue: FE- model, “*”
marks the initial crack, “*” mark the points for the comparison of the strains.
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7.4.2 Strains

Comparison of the strains in horizontal direction in Figure 7.32 shows many similarities between
model and experimental results. The model manages to simulate the correct distribution of the
strains. Some of the largest differences in the horizontal strains seem to be at the top of the
sample. Deviations in the boundaries at the top are possible reasons for the differences. As seen
in Figure 7.29, the lamellae of Sample 16 have quite circular annual rings. The circular annual
rings in the sample may contribute to the good conformity of model and experimental results.
Another possible reason for the similarities may be related to the size of the sample. Since the
sample has five lamellae with different annual ring pattern the impact to the strains caused by
the annual rings is large. The width and the depth of the sample are small in comparison to
the height which may contribute to the impact of the annual rings. Further, the influence of the
boundaries is smaller for tall samples. Note that some of the largest strains are beneath the pith
of the upper most lamella, the reason for this is discussed further in the analysis of the strains
in vertical direction.
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Figure 7.32: Strains in horizontal direction €., Sample 16. Left: Experiment, Right: FE- model

There is also a good conformity regarding the vertical strains, see Figure 7.33. The reasons
for the similarities and differences are mainly the same as for the horizontal strains. The areas
with the largest strains, the blue regions, are in the areas right beneath the piths of the above
lamellae, see Figure 7.29 (e). The reason for the large strains is that the stiffness in the radial
direction is greater than in the tangential direction. Figure 7.29 (e), shows that the material
directions beneath the pith of lamella 4 and lamella 2 are tilted approximately 45 degrees to the
vertical direction. The stiff radial direction above the pith takes much of the loads and leads
them into the area beneath the pith where the material is softer due to the change in the material
directions. From the experiment plot in Figure 7.33 it can be seen that the area with the largest
strains in the bottom of the sample spreads out in four directions. These four directions are in
the direction of where the annual rings have a curvature of 45 degrees to the loading direction.
This indicates that the global stiffness in the vertical direction is lower where the directions of
the annual rings are 45 degrees to the load direction.
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Figure 7.33: Strains in vertical direction ¢, Sample 16. Left: Experiment, Right: FE- model

The shear strains are presented in Figure 7.34. The shear strains show greater differences than
the horizontal and vertical strains. The choice of the stiffness parameters has a larger impact
on the shear strains than on the vertical and horizontal strains. The shear strains are acting in
the plane and the ratio of the stiffness properties and the Poissons value therefore have a large
impact. The discontinuous pattern of the annual rings over the borders of the lamellae also have

a larger impact on the shear strains.
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Figure 7.34: Shear strains e,,, Sample 16. Left: Experiment, Right: FE- model
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7.4.3 Norris failure criteria

The model predicts that the first crack will initiate in the bottom boundary of the sample, Figure
7.35. This prediction is wrong according to the experimental result. As seen i Figure 7.36 the
first crack occurs between the third and second lamella. The second crack to initiate in the
experiment is however in the bottom boundary. The point where the model predicts the first
crack is the center of the pith of the bottom lamella. It is reasonable that large strains will occur
in this point. If the boundaries in the experiment would be friction free, as the case in the model,
it is possible that the crack in the experiment would occur in the point predicted by the model.
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Figure 7.35: Norris failure criteria, Sample 16. Left: Red marks the region where the first crack
is predicted by the model, Right: Effective stress based on Norris failure criterion
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Figure 7.36: Image showing where the first cracks occurred during testing, Sample 16

66



Chapter 8

Discussion

8.1 Improvements of model

The precision of the model will never be better than the quality of the input data. It is therefore
very important to ensure a good accuracy of this data. To improve the precision of the strength
and stiffness properties one must know the wood species, the density of the wood, the moisture
content, the range of annual rings in the particular piece of wood etcetera. Another improvement
of the model is to create boundary conditions that better reflect the real conditions in the
experiment. Boundary conditions modeled with springs as an attempt to recreate the scenario of
friction may improve the results. The elements in the model are quadrilateral elements which use
a linear displacement approximation of the nodal values over the areas of four triangles. One can
also use (in the case of plane stress) Melosh elements, Turner- Clough elements or Isoparametric
elements which may improve the results. The annual rings are modeled as cylindrical which is
not always the case of the annual rings in wood. If the annual ring pattern of the wood differs
significantly from the cylindrical shape, another approximation in the model may improve the
results.

The model is linear elastic which is a good approximation of the behavior of wood before large
deformations. The material behavior is however not ideal linear elastic and a model with a
nonlinear approach can improve the results. The largest error sources in the model are because
of neglected imperfections in the wood. By taking the imperfections of the wood into account
the model will be considerably more accurate.

8.2 The Eurocodes

The design codes for structural timber and glulam, regarding compression perpendicular to the
grain, are presented in Chapter 3. One of the aims in this thesis is to discuss how well the
Eurocodes describe the behavior of glulam in compression perpendicular to the grain, these
being based on the testing procedure of EN 408. From the experimental results, the strength in
compression perpendicular to the grain can be calculated. Table 8.1 shows the strength values
in compression perpendicular to the grain for all samples. In Figure 8.1, the strength values are
plotted in the stress- deformation curves from the experiment. It can be seen that the strength
properties are in the nonlinear region of the material behavior. According to (EN 408 : 2010 +
Al : 2012), the strength, f. oo, shall utilize some of the remaining strength after the material
behavior has entered its plastic deformation.

The initial cracks are also marked in the stress- deformation curves in Figure 8.1. For some
samples the calculated strength, f.g0, is larger than the stress state for which the first crack
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occurs. For other samples the calculated strength is lower than the stress state for the first
crack. In the calculation of f.g09 as presented in Chapter 4, the risk of crack propagation is
not taken into consideration. The calculation of f.g9 only says that the maximum strength is
reached for a certain deformation. Wood is however an anisotropic material and the strength
for an element of wood, for instance the samples in this thesis, depends on how the principal
directions are orientated in the element. One can question if the strength tests and the calculation
of fe90, according to (EN 408 : 2010 + Al : 2012), are accurate enough. In design situations
it is impossible to know if the strength values will lead to cracks and the size of these cracks.
If the wood elements have a poor annual ring pattern with respect to the strength properties,
cracks may initiate which probably makes the material weaker. Another uncertainty is whether
fe00 is a good assumption of the material strength independent of the loading conditions. For
instance, if the samples in this thesis would be a part of a beam, continuously supported in the
bottom boundary and loaded in compression at the upper boundary, the conditions for the crack
propagation would probably be different.

In the design codes of wood in compression perpendicular to the grain, different loading scenarios
are taken into account by the increase factor k. go. For special conditions, presented in Chapter
4, the compressive stress may obtain a larger value thanks to the k. go- factor. The idea of the
factor is to take advantage of different phenomena, for instance the load bearing effect in the
surrounding material of the load. Since wood is a complex material and has a large variability
in its features, the phenomena taken into account in k. go are very hard to calculate. For some
conditions the factor can be set to 1.5. In equation (3.5), k.90 being 1.5 leads to an increase of
the design compressive stress, o904, by 50 %. For the loading condition in the experimental
work and from the stress- deformation curves, Figure 8.1, an increase of the compressive stress by
50 % in the region of the strength values, “o” in Figure 8.1, would lead to failure for all samples.
Thus, if it is assumed that the approach in Eurocode 5 with k. oo is appropriate, this means that
some sort of limitation of the use of k. g9 should be defined.
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Table 8.1: Strength properties of the Samples

Nr Lamellae Sample fc,90 fc,90,crack fc,90,ma;r
3 3 2.8 3.4 4.4
3 9 2.9 3.0 4.6
3 12 3.1 3.4 4.8
3 21 2.8 2.5 3.8
4 2 3.4 3.6 4.0
4 8 3.5 2.5 4.8
4 11 3.1 3.5 4.1
4 14 2.6 2.2 5.2
4 17 3.4 3.1 4.6
4 18 3.1 3.2 4.2
4 19 3.4 2.5 4.1
4 20 3.8 4.0 5.0
4 22 3.3 2.8 5.0
5 1 2.6 2.5 2.9
) 2.5 2.5 3.0
) 10 2.8 3.0 3.4
) 13 2.6 2.5 3.3
) 16 2.5 2.6 3.5
S 27 2.8 2.0 3.4
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Figure 8.1: Stress- deformation plot of 3, 4 and 5 lamellae specimen. “o” marks the strength

properties and “*” marks the initial crack
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Chapter 9

Conclusions

As a building material there are a lot of benefits using wood. Thanks to the biological nature
of wood, the material has great strength in the fibre direction and a low density which are good
properties for building materials. Another good feature of wood, with an increasing importance
in the society, is that the material is renewable. But wood being a biological material also
makes it anisotropic with large variability in its material properties. This makes wood a complex
material, and as a result the calculations of wood requires many simplifications.

One simplification in design situations of wood is neglecting that the strength properties depends
on the pattern of the annual rings. The model and the laboratory work in this thesis show that the
annual rings have a large impact on the behavior of stresses and strains in a plane perpendicular
to the grain. In the determination of the strength properties in (EN 408) the value of the
compressive strength only depends on a limit of plastic deformation. In Eurocode 5, different
material behavior for different loading scenarios are simplified by the increase factor, k. g9. The
increase factor may be chosen to 1, 1.5 or 1.75 for glulam depending on support conditions.
The contribution to the design compressive stress, thanks to k. go, is large while there are many
uncertainties regarding the simplifications. According to the results in this thesis, some sort of
limitation in the use of k. g0 should be defined.

The finite element model captures most of the material behavior in the glulam cross sections. In
the linear elastic range of the material behavior, the model and the results from the experiments
show a good conformity in the case of few imperfections in the samples. For many samples the
model manages to predict where the first crack will initiate. Especially for the five lamellae
samples the model manages to describe the material behavior very well. A reason for the better
results of the larger samples may be a smaller impact of the boundary conditions. One way to
improve the model is to make the boundary conditions in the model more similar to the real
conditions in the experiment.
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Appendix A

Results
Sample 9 - 3 Lamellae
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Figure 9.1: Stress- deformation plot, Sample 9. Black: Experiment, Blue: Model, “*” marks the
initial crack, “*” mark the points for the comparison of the strains.
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Figure 9.2: Strains in horizontal direction €, Sample 9. Left: Experiment, Right: FE- model
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Figure 9.3: Strains in vertical direction e,, Sample 9. Left: Experiment, Right: FE- model
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Figure 9.4: Shear strains e;,, Sample 9. Left: Experiment, Right: FE- model
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Figure 9.5: Norris failure criteria, Sample 9. Left: Red marks the region where the first crack is
predicted by the model, Right: Effective stress based on Norris criterion

Figure 9.6: Image showing where the first cracks occurred during testing, Sample 9
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Sample 21 - 3 Lamellae
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Figure 9.7: Stress- deformation plot, Sample 21. Black: Experiment, Blue: Model, “*” marks
the initial crack, “*” mark the points for the comparison of the strains.
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Figure 9.8: Strains in horizontal direction €,, Sample 21. Left: Experiment, Right: FE- model
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Figure 9.9: Strains in vertical direction ¢,, Sample 21. Left: Experiment, Right: FE- model
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Figure 9.10: Shear strains e,,, Sample 21. Left: Experiment, Right: FE- model
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Figure 9.11: Norris failure criteria, Sample 21. Left: Red marks the region where the first crack
is predicted by the model, Right: Effective stress based on Norris failure criterion

Figure 9.12: Image showing where the first crack occurred during testing, Sample 21
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Sample 11 - 4 Lamellae
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Figure 9.13: Stress- deformation plot, Sample 11. Black: Experiment, Blue: Model, “*” marks
the initial crack, “*” mark the points for the comparison of the strains.
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Figure 9.14: Strains in horizontal direction e,, Sample 11. Left: Experiment, Right: FE-model

83



Experiment Epsilon y

Model Epsilon y

-0.008

-120 -100 -80 -60 -40 -20 0

-0.12 -0.1 -0.08 -0.06 -0.04 -0.02 0

Figure 9.15: Strains in vertical direction &,, Sample 11. Left: Experiment, Right: FE-model
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Figure 9.16: Shear strains e,,, Sample 11. Left: Experiment, Right: FE- model
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Figure 9.17: Norris failure criteria, Sample 11. Left: Red marks the region where the first crack
is predicted by the model, Right: Effective stress based on Norris failure criterion

Figure 9.18: Image showing where the first crack occurred during testing, Sample 11
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Sample 18 - 4 Lamellae

©10° Stress plot
45 w

Mean stress [Pa]
: : :
L L L

=
o
T
L

0.5 q

0 I I I I I
0 0.005 0.01 0.015 0.02 0.025 0.03

Displacement uy [m]

Figure 9.19: Stress- deformation plot, Sample 18. Black: Experiment, Blue: Model, “*” marks
the initial crack, “*” mark the points for the comparison of the strains.
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Figure 9.20: Strains in horizontal direction €., Sample 18. Left: Experiment, Right: FE- model
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Figure 9.22: Shear strains e,,, Sample 18
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Figure 9.23: Norris failure criteria, Sample 18. Left: Red marks the region where the first crack
is predicted by the model, Right: Effective stress based on Norris criterion

Figure 9.24: Image showing where the first crack occurred during testing, Sample 18
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Sample 4 - 5 Lamellae
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Figure 9.25: Stress- deformation plot, Sample 4. Black: Experiment, Blue: Model, “*” marks
the initial crack, “*” mark the points for the comparison of the strains.
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Figure 9.26: Strains in horizontal direction &, Sample 4. Left: Experiment, Right: FE- model
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Figure 9.27: Strains in vertical direction &,, Sample 4. Left: Experiment, Right: FE- model
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Figure 9.28: Shear strains e;,, Sample 4. Left: Experiment, Right: FE- model
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Figure 9.29: Norris failure criteria, Sample 4. Left: Red marks the region where the first crack
is predicted by the model, Right: Effective stress based on Norris criterion
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Figure 9.30: Image showing where the first cracks occurred during testing, Sample 4
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Sample 16 - 5 Lamellae
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Figure 9.31: Stress- deformation plot, Sample 16. Black: Experiment, Blue
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Figure 9.34: Shear strains
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Figure 9.35: Norris failure criteria, Sample 16. Left: Red marks the region where the first crack
is predicted by the model, Right: Effective stress based on Norris failure criterion

Figure 9.36: Image showing where the first cracks occurred during testing, Sample 16
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Appendix B
Laboratory Work
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Figure 9.37: Stress- deformation plot, 3 Lamellae
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Figure 9.38: Stress- deformation plot, 4 Lamellae
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Stress— Displacement plot
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Appendix C

Annual rings
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Figure 9.40: Annual rings, Sample 21
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Sample 11
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Figure 9.41: Annual rings, Sample 11
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Sample 16
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Figure 9.42: Annual rings, Sample 16
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