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Abstract

The acclimation and kiln-drying of wood is an important process in the manufacture of all
wood products. Those working in the woodworking industry and dealing with the wood used
in manufactured products are well aware of the difficulties encountered in the proper removal
of the moisture content of wood without injury to the timber itself. When solid wood products
are dried from a green condition down to an average moisture content level close to the
service life conditions of the final product, significant moisture-induced stresses and related
fracturing can occur. The drying stresses arise because of internal constraints that are strongly
affected by the annual ring pattern, the moisture gradient over the cross section, differential
shrinkage and the inhomogeneity of the material.

The objective of the work reported here was to investigate the behaviour of softwood
during drying, in particular the stress and cracking that take place during kiln-drying. Both
experimental and numerical work was carried out so as to obtain knowledge regarding stress,
strain, mechano-sorption and crack behaviours in wood during drying. The investigations
aimed also at revealing how drying damage can best be reduced through appropriable
adjustments at the kiln-drying process and identification of the parameters adjustable in this
context. Since kiln-drying is usually performed at temperatures of 40 to 90 °C, knowledge of
how temperature and moisture affect the elastic, visco elastic and crack behaviours of wood
are of paramount importance.

The studies were carried out in several steps, each step providing knowledge used in
connection with the further steps, the experimental results being used, for example, for
verifying the numerical model, and vice versa. The major highlights of the thesis can be
described as follows:

Disc drying was investigated experimentally by measuring the strain field over the cross
section as a whole throughout the drying period. A non-contact optical 3D deformation
measuring system called Aramis was used to measure the strain field. The strains were
measured, along with a drying history that was generated, to verify a model that was used to
simulate disc samples of the same type. The stresses were analyzed so as to clarify whether
and when critical stress states were encountered during the drying process. The reversibility
of the mechano-sorptive strains, i.e. the possibility of driving mechano-sorptive strains back
to their original state, was studied then by use of the verified model.

Kiln-drying experiments were carried out, in a specially designed climate chamber under
well-defined climatic conditions, allowing the climatic variation limits for crack initiation to
be identified. The critical tensile stresses were determined by means of simulations and were
compared with the levels of tensile strength found in tests of tensile strength carried out at the
same temperature levels. Tensile strength is highly dependent upon the temperature!

Water flux in the tangential and in the radial direction at three different temperatures, and
for three different humidities at each temperature, was studied. This provided information
regarding the expected drying times under different climatic conditions. In addition data from



these studies were used to simulate three timber boards differing in the location of the pith.
The boards behaved quite differently during the drying as regards both deformations and
stresses. The variations in the initial (green) moisture content of the timber boards had a
significant effect on the final stress state present after drying.



Resume

Akklimatisering og ovnterring af tre er en vigtig proces ved fremstilling af alle tra
produkter. Alle, der er forbundet med traeindustrien og med tra i forarbejdede produkter, er
ganske klar over de vanskeligheder, der er i fjernelse af vand fra tree uden at skade dette. Nar
massivt tre terrer fra en gron tilstand til et fugtindhold anvendeligt for yderligere
forarbejdning, kan fugt-relaterede revner og sp@ndinger forekomme. Tojninger pa grund af
torring opstar pd grund af interne deformationsbegransninger, som er staerkt athengig af
tvaersnittets forskellige svind grundet fugtgradienter og inhomogenitet af materialet.

Formélet med dette projekt er at undersege néletras (softwood) adferd ved terring, med
fokus pa spendinger og revnedannelse ved forceret terring (kiln drying). Savel
eksperimenter, som numeriske modeller er brugt som varktgjer for at fa viden om
spendings-, tejnings-, mechano-sorptive og revne-udviklinger 1 tre under terring.
Undersogelserne skal bruges til at belyse hvordan terringsskader kan reduceres ved justering
af tarringsforlebene og til at afdekke hvilke parametre, der er justerbare i dette sammenhang.
I forbindelse med forceret torring, som oftest sker ved temperaturer mellem 40 og 90 °C, er
kendskab til temperatur og fugtathengige elastiske, mechano-sorptive og revnemassige
egenskaber af afgerende betydning.

Undersogelserne blev foretaget i flere trin, hvor hvert trin afdekkede viden, som blev
anvendt til de neste trin, hvor eksperimentelle resultater bruges til at verificere numeriske
modeller og vice versa. Denne athandlings vaesentligste hovedpunkter er:

Traeskivers torring blev eksperimentelt undersogt ved méling af hele skivers tojningsfelt 1
hele torringsperioden. Et kontaktfrit optisk 3D deformations malesystem, kaldet Aramis, blev
anvendt til at méle tojningsfeltet. Mélingerne af tejninger blev, sammen med en genereret
torringshistorik, brugt til at verificere en model, der simulerede samme torringsforleb.
Spendinger blev uddraget af simuleringerne og analyseret for at belyse hvorvidt og hvornar
kritiske spandingstilstande optraeder under et terringsforlob. Med den verificerede model
blev reversibiliteten af mechano-sorptive tgjninger undersogt, dvs. evnen til at fore tojninger
tilbage til oprindelig tilstand.

Forcerede torringsforsag blev udfort i veldefinerede klimatiske forhold i et specieldesignet
klimakammer, hvor de klimatiske grenser for revnedannelse blev identificeret. Ved
simuleringer blev de kritiske treekspaendingen fundet og sammenholdt med brudstyrker fundet
ved trekforsog under samme temperaturforhold: Treekstyrken er sterk afhangig af
temperatur!

Undersogelse af néletraeets torringshastighed (vand fluks) i tangentielle og radial retning er
undersogt ved tre forskellige temperaturer og tre forskellige luftfugtigheder ved hver
temperatur. Resultatet fra disse undersggelser giver information om forventede terringstider
ved forskellige klimatiske forhold. Derudover blev oplysningerne fra disse undersegelser
brugt til at simulere torring af tre planker, hvor marven 1& forskellige steder. Plankerne
opforte sig vidt forskelligt bade deformations og spandingsmessigt. Terringsforlabet blev
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derved forskelligt ved de tre modeller og variationen af begyndelsesfugt i temmer har stor
indflydelse pa den endelige spendingstilstand i traeet efter torring.



List of Symbols

The following is a list of the symbols employed in the thesis in the order they are presented:

Symbols Unit  Description
FSP % Fibre saturation point, the maximum amount of chemically bounded
moisture that can be contained within the cell walls.
MC % Moisture content of the wood.
EMC % Equivalent moisture content, the acclimatized MC.
RH % Relative humidity, the percentage of saturation of the humidity.
SVD g/m’  Saturated vapour density.
VD g/m®  Vapour density in the air.
SVP Pa Saturated vapour pressure.
T, T, °C Temperature in degrees Celsius.
T °C Reference temperature, 20 °Celsius.
m g Mass of the wooden sample, including both the wood and the
moisture mass.
my g Oven dried mass of the wood.
W Fibre saturation point at 20 °C.
W °C’'  Parameter describing the effect of the temperature on FSP.
h Relative humidity.
KK, K W Hailwood and Horrobin coefficients.
E,E.E, MPa  Elastic moduli in the longitudinal, radial and tangential directions.
G, G, G; MPa  Shear moduli in the longitudinal, radial and tangential directions.
EnEo0Eq MPa  Basic elastic moduli in the longitudinal, radial and tangential
direction.
Gi0,Gu, Gy MPa  Basic shear moduli in longitudinal, radial and tangential direction.
EnEEr °C’'  Parameter describing the effect of temperature on the elastic moduli.
Gi1,Gur, Gur oC! Parameter describing the effect of temperature on the shear moduli.
Ep Er, Eny MPa  Parameter describing the effect of moisture on the elastic moduli
Giw, Gy Gy MPa Parameter describing the effect of moisture on the shear moduli
Vir, Vi, Vi, Poisson’s ratios
My, My, My MPa! Basic mechano-sorption parameters in the longitudinal, radial and
tangential directions.
M0 MUty Myt MPa! Basic mechano-sorption parameters in shear.
T, My, My °C'  Parameter describing the effect of the temperature influence on
mechano-sorption behaviour
My, My, Myt oC! Parameter describing the effect of the temperature on mechano-
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sorption behaviour.
Shrinkage coefficients in the longitudinal, radial and tangential
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directions.

€ E¢ Evey Ew Total, elastic, mechano-sorptive and moisture strains.
Gr J/m*  Fracture energy.
w mm  Crack opening.
We mm  Ultimate crack opening.
fi MPa  Tensile strength.

Symbols  Unit  Description

f MPa  Tensile strength when changing from micro-cracking to fibre-bridging.
o MPa  Stresses.

% kg/m*h  Water flux.

A m? Area, surface area.

t min,h  Time in minutes or in hours.

o kg/m’ Density.

Important indices

/ Longitudinal direction.
. Radial direction.
: Tangential direction.
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Part 1

Introduction and summary






Chapter 1

1. Introduction

1.1 Wood drying in general

Wood was probably the first material used by man for construction purposes. With use of it,
shelters were built, simple benches and tables were made and trees were cut down and placed
across a stream to form the first bridge. Vessels were built of wood materials, for transporting
people and materials along and across both rivers and seas; thus down through the ages and
on to the present time, wood has continued to be one of the most widely used materials of all.

Lack of knowledge regarding its use, nature and functionality still exists, however, despite
wood having been in use for so long and so universally. Accordingly, it is sometimes treated
and used in a faulty and wasteful manner. One reason for this imperfect use lies in the fact
that wood has a complicated and variable structure, such that one piece can behave quite
differently from another, even if they are both cut from the same tree. The butt cut differs, for
example, from the cut of the top log; the heartwood differs from the sapwood, et cetera. Also,
the way in which the tree is cut, dried and kept affects both the behaviour and the quality of
the wood product.

Although the importance of drying wood before using it to manufacture objects was
recognized very early, the drying techniques employed were for centuries limited to air
drying and sand drying, which were very slow and highly uncontrollable processes. Near the
end of the 17" century, methods for accelerating the drying process making use of solar
panels were discovered and were employed on a small scale, but it was not until the
beginning of the 18" century that kiln-drying systems involving use of heated chamber were
built and were employed on a larger scale. Many different drying techniques have since been
developed to accelerate the drying process, ranging from the dipping of wood into boiling oil,
to the use of pressure, electric induction, microwaves, freezing processes, compression,
heated air or the presence of a vacuum, for example, and various combinations of these
methods, (see e.g. [9]).

The choice of drying methods often depends on the wood species involved, the sizes and
quantities of items, facilities and energy resources available. Methods suitable for one species
may damage other species and vice versa, large items and large quantities often requiring
large facilities, and the costs of the energy source available for heating can markedly affect
the drying methods selected. Damaged wood with visible growth defects, such as cracks,
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loose or large knots, rottenness, the presence of foreign objects or damages caused by insects
are normally sorted out as soon as discovered, already before a drying process has started, the
attempt being made in this way to only use drying energy for the drying of sound products.
Moisture-induced defects, such as fractures, cracks and lack of shape stability in solid wood
products, that come about during the drying process can likewise cause material losses,
through material of this sort needing to be sorted out after drying has been completed. Thus,
defects detected after drying can represent either already existing, but hidden or undiscovered
failures that first become visible after drying, or defects caused by how the drying process
was carried out.

Manufactures are concerned about the manner in which their timber is treated after felling.
This includes the felling of the trees, handling them, then cutting them into timber logs, the
sorting of logs prior to sawing, the sorting of boards after sawing, the drying process and
further treatments and processing of the solid timber before storing or delivering it to
customers. The drying process is probably the most critical phase in the manufacture of solid
wood products. Knowledge regarding it is to a large extent based on experience collected
over the centuries in working with wood drying. As requirements that wood products become
more uniform in quality were gradually raised, well-defined kiln-drying systems were
developed and drying-schedules designed for particular species were adjusted to the specific
kiln-drying systems involved; see e.g. [54]. Various systems and schedules are developed in
efforts to reduce waste due to distortions and cracks, yet even with centuries of experiences,
cracks are apparently still inevitable. Cracking caused by kiln-drying of solid timber is
extremely difficult to predict due to the strong orthotropic and non-homogeneous
characteristics of the material in combination with considerable numbers of microscopic
defects that can act as crack initiators.

The nature and the behaviour of wood exposed to kiln-drying and to climate changes in
general are still not fully explored, but efforts are being made to further research and expand
knowledge in this field.

1.2 Study motivation

Softwoods, such as Scots pine (Pinus sylvestris) and Norway spruce (Picea abies) are by far
the two most common wood species in northern Europe. For example, approximately 80-85
% of the forests in Sweden consist about an equal extent of pine and spruce, and Swedish
sawmills produce between 15 to 18 mill m’ of sawn timber yearly; (see [53]), about 66% of
the forests in Germany and 75% of those in Poland consist of these two species, and 2.6 mill
m’ of wood are felled yearly in Denmark, half of this being used as firewood or for paper
production. Besides Denmark’s own production of wood, approximately 7-8 mill m* of wood
are imported yearly, large parts of this being softwood used as construction wood and for
furniture manufacture. This large amount of natural material will also serve in the future as an
important building material, as well as a material for use in the furniture industry, where it is
important that wood material be free of defects, cracks or distortions. The drying process is a
major cause of cracking and distortions in structural timber. Research regarding this process

4 Department of Civil Engineering — Technical University of Denmark
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is highly relevant and questions concerning it are far from fully explored. The thesis work
deals with stresses, distortions and crack propagation caused by drying. The wood species
studied is Norway spruce, which is highly representative of softwood generally.

Knowledge of how changes in moisture can generate stresses in wood is of great
importance when constructions of wood are analysed, particularly since such stresses can be
considerable intensity and be critical additions to the stresses that already exist from external
loads on the constructions involved.

1.3 Research methods

The research presented in the thesis involved a combination of modelling and experimental
work. The experimental results are used both to accumulate input for the modelling work and
to verify the finite element model [37]. In addition, the verified model is used to trace the
development of stress, strain and cracks in timber log discs during drying. The results of this
combined work are then used to simulate the drying stresses of solid timber boards. These
boards have strong initial moisture gradients under green conditions and completely different
pith locations.

1.4 Structure of the thesis (aim and scope of the study)

The thesis is based on experimental and modelling work dealing with the drying of softwood,
work carried out by the author, and supplemented with the help of two students who carried
out experimental investigations of some of the model parameters. The aim of the thesis is to
contribute to a better understanding and an optimization of the kiln drying of wood, to
develop existing stress models further and to enhance already existing knowledge within this
research field. The levels of the studies possible within the area of moisture and moisture
related deformation and stresses in wood are many, as shown in Figure 1.1, these ranging
from the microscopic level to the structural and product level. The thesis work deals primarily
with clear wood and with different structural levels during the kiln drying of wood.

Y
=.a1h
> Mag

(LR

Preduct level Structural level Clear wood level Early/lztewood level Micro level

<
<«

v

Present study

Figure 1.1: Different levels of research in the field, indicating the relative scope of the
present study.
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Part I of the thesis contains seven chapters and five appendices, whereas Part II consists
of four appended Papers. Chapter 1 provides a brief and general account of wood drying in a
history perspective, the reasons for undertaking the present research and an overview of the
thesis itself. Chapter 2 is a summary of research done in the field of wood drying, a general
description of softwood and a summary of how variations in climatic conditions affect the
moisture content of softwood. Chapter 3 provides a description of the model parameters used
in the simulations, of the simulated geometries employed and of the manner in which
experimental results are used to generate data for the modelling work. Chapter 4 is a
description of the experimental specimens and of the setup used in the experiments. Chapter 5
presents the results of the experiments, of the simulations carried out, and of the combination
of the different research approaches employed; determination of the moisture content over a
cross section, determination of tangential tensile strength, model verifications, the study of
stress crack development in discs during drying, determination of the water flux above the
fibre saturation point, study of the dependency at results on the climatic conditions present,
and simulations of the kiln-drying of timber boards having different annual ring patterns.
Chapter 6 presents the conclusions based on the results. Chapter 7 presents various proposals
for future work. The appendices contain supplemental materials, such as an account of
different crack testing methods, of tangential tensile strength measurements, various data
from the climate chamber and matter of critical stresses and related MC values.

6 Department of Civil Engineering — Technical University of Denmark



Chapter 2

2. Softwood — basic features

This chapter provides a general account of the internal structure of the softwood material, the
moisture content of wood and of the effect of climatic conditions in the surroundings on the
moisture content of timber. Most focus is on wood drying and on kiln drying in particular.

2.1 Softwood

The stem of a tree has three physical functions, those of supporting the crown, conducting
minerals upwards from the roots to the crown, and storing manufactured nutrients until these
are needed. Whereas the entire stem contributes to the support of the crown, the outer
circumference is the only part used for conduction and storage. This part is referred to as
sapwood, whereas the remaining part is referred to as heartwood, (see Figure 2.1).

Figure 2.1: The cross section of a softwood stem.



Modelling work

Wood consists of wood cells that primarily are cells orientated in the longitudinal
direction, often referred to as tracheids. Their function is to support the stem and make fluid
transport from root to crown possible. Another type of cells radiates from the pith to the bark,
those cells being referred to as ray cells; their function is mainly to store nutrients. The
tracheids themselves being in the form of long hollow fibres, the cell walls having pits in both
the radial and the tangential direction, the major part of these being oriented in the tangential
direction. The pits and the ray cells allow fluid transport in tangential and radial directions to
take place, whereas longitudinal fluid transport occurs through pits in the ends of the
tracheids; see Figure 2.2. The radial growth of a tree takes place in a thin cambium layer
between the outer periphery of the wood stem and the bark. During the growth period, the
cambium produces wood fibres inwards and bark cells outwards. The wood fibres form
cylindrical layers of varying density dependent upon the growth season; usually one
earlywood and one latewood layer are produced yearly, the latewood normally being of
higher density than the earlywood.

Resin canal

FParenchyma

Fits

Ray cells

Figure 2.2: The cell structure of softwood, [43].

2.1.1 The moisture content of wood

A newly felled tree stem (green wood) consists of a considerable amount of moisture, the
weight of which often exceeds the weight of the solid material. The weight of the moisture in
green sapwood can be double the weight of the dry wood material. The moisture in green
wood consists of free and chemically bound water, the free water being stored in the cavity of
the cells and the chemically bound water being in the cell walls. The fibre saturation point
(FSP) is defined as the state of the moisture content (MC) in which the wood material is
saturated by chemically bound water located in the cell walls but has no free water in the cell
lumen; see Figure 2.3. The MC at FSP is approximately 30% at a temperature of 20 °C. The
bound water is more difficult to remove from the wood during drying. The wood material
shrinks, for example, when the bound water is in the process of leaving the cell wall, whereas

8 Department of Civil Engineering — Technical University of Denmark



Modelling work

the shape of the wood is unchanged during removal of the free water. The size and shape of
all timber products are thus dependent upon the MC below FSP.

MC>FSP MC=FSP . MC=0

+) Chemically bound (tff o ﬁ - ]

} m01sture in the cell " [ g d
—J / walls. 4 -[%

j~~ Free moisture 3! 3y ’ -'.)

ol

A p in the cell lumen . Y4 : f

Figure 2.3: Schematic diagram showing the free and the bound water in wood cells, [54].

2.2 Climatic conditions and the moisture content of wood

Climate (the air temperature and the humidity), ventilation around the surfaces of the material
and timber geometry are some of the important factors that affect the wood drying process.
The climatic condition under which wood is dried has a major effect on the drying velocity,
the moisture gradients and the moisture level of which the moisture content stabilises
(equilibrium moisture content [EMC]).

2.2.1 Relative humidity (RH)

The amount of water vapour in the air at any given time is usually less than that required to
saturate the air. The relative humidity [RH] is the percentage of saturated humidity, often
calculated in relation to the saturated vapour density [SVD]. The saturated vapour density is a
concept closely tied to the saturated vapour pressure. It is useful for getting the exact quantity
of water vapour in the air from the relative humidity RH. Given an RH percentage, the
density of water in the air is given by RH ¢ SVD = Vapour Density [VD]. Alternatively, RH
can be found by RH = VD/SVD. Since RH is a percentage, VD can be given in different units
as [g/m’] or [kg/m’]. For temperatures below 125 °C, SVD can be approximated from the
saturated vapour pressure [SVP] by the ideal gas law: PV = nRT, where P is the pressure [Pa],
V is the volume [m3], n is the number of moles, which is related to density by n = M/m,
where M is the mass of water present and m is the molar mass of the water (18.01528 g/mol),
R is the gas constant (8.3145 J/mol K) and T is the temperature. Thus, setting ¥ equal to 1 m’,
the density is found as P*m/(R*T) = M/V = density. Correlations between the saturated
vapour densities and the temperature were obtained through experiments. [20] summarised
results obtained in atmospheric pressure and made a fitting equation for SVD as

SVD =6.335+6718-T. —2.0887-107 -T,. +7.3095-10™* - 7.." (2.1)

Department of Civil Engineering — Technical University of Denmark 9



Modelling work

where Tc is the temperature in [°C]. The vapour densities at different RHs and the
temperatures can be calculated on the basis of an extension of eq. 2.1. Figure 2.4 shows the
variation of VD with the temperatures for selected RHs.

3
00 VD [8/m’]

100% RH

500 -

400 A

300 A

200 -

100 A

Figure 2.4: Relationship between the vapour density and the temperature at different relative
humidities,[54].

For a constant RH, the VD increases markedly when the temperature rises. For RH=90%,
for example, VD is 16 g/m’ at 20 °C, 116 g/m’ at 60 °C and 387 g/m’ at 90 °C. The
temperatures involved are highly important for evaluating a drying process, partly because of
the material properties being depended upon the temperature and partly because of the drying
costs. The costs of a drying process consist of the consumption of water needed to establish
the humidity arrived at, the energy consumption needed to heat the wood, air and water, the
energy needed to evaporate the water, the energy loss caused by convection to the
surroundings, and the costs of the ventilation needed to remove the moisture. Although the
drying costs are not discussed further in the thesis, these must be borne in mind in designing
drying schedules. The temperature-dependent properties involved are discussed in the thesis.

2.2.2 Moisture content (MC) and fibre saturation point (FSP)

The MC is defined as

(m—m;)-100 [00]

MC = (2.2)

m,
where m is the moist mass of the sample and my is the oven dried mass it has. The FSP is
defined as the moisture content of the material when all of the free water is gone and the cell
walls are saturated with bound water. This point is found to be dependent upon the
temperature of the material. The temperature dependence on the FSP is given, on the basis of
[7] or [43] by
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FSP=w oL+ w (T, ~T))-100 [%] (2.3)
FSP=0.3-0.001T-T,)-100 [%)] (2.4)

[7] as defined in eq. (2.3), and on basis of [43] being defined in eq. (2.4), where T is the
reference temperature 20 °C, T is the actual temperature in [°C], wyp is the fibre saturation
point at 7y, and wyr is the parameter describing the effects of the temperature on FSP. If the
parameters are such that wp=0.3 and wa=3.3-10'3 °C 1, the two equations are identical. The
effect of the temperature on FSP is illustrated in Figure 2.6.

223 Equilibrium moisture content (EMC)

Wood is a hygroscopic material having the ability to take in or give off moisture in the form
of vapour. The moisture content of wood depends on the RH and on the temperature of the air
surrounding it. The moisture content of a wood material, if it remains in a constant climate
long enough, comes into equilibrium with the climate. This moisture state value is known as
the equilibrium moisture content (EMC). Thus, every combination of temperature and RH
has an associated EMC value. An equation from [45] is given in eq. (2.5), where EMC is
given as a function of the temperature and the humidity

EMC =

+ e (2.5)
W \1-Kh 1+K Kh+KK,K*h

1800[ Kh K, Kh+2KK,K*h? j
where EMC is in [%], & is RH, W=349+1.29T+0.0135T2, K=0.805+0.0007367-
0.00000273T°, K;=6.27-0.00938T-0.00303T°, K,=1.91+0.04077-0.000293T° and T is the
temperature in (°C), W, K, K; and K, being coefficients based on modelling work done by
[20]. The relationship between EMC, RH and the temperature is shown in Figure 2.5. Other
equations describing the same relations were developed by Day and Nelson in 1965.

. jEMC %]

25 ' 207

20 ] s0°C
1 60 °C

15 ]

10 ]

0 20 40 60 80 100
% RH [%]

Figure 2.5: Relationship between EMC and RH at different temperatures,[45].
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The Simpson equation (2.5) represents an empirical average fit to tabulated data. It does
not account for the slight variations found between different wood species, stress states or for
the occurrence of hysteresis. Hysteresis is the phenomenon of the MC level being different at
EMC, under constant climatic conditions, regardless of whether the wood loses moisture
from a higher MC (desorption) or gains moisture from a lower MC (adsorption). Hysteresis
has been studied in a wide variety of investigations; see e.g. [11], [42], [44], [4] and [55]. In
[4], the hysteresis effect in Norway spruce was investigated experimentally, and both
Simpson’s and Day and Nelson’s models were used in the attempt to discover possible
adjustments to the models that would make the equations appropriate for both the desorptive
and the adsorptive paths, yet their results were too few to be able to define a general
adjustment parameter. Their investigations showed differences however, in terms of MC at
EMC, between desorptive and adsorptive moisture adjustments of up to approximately 1-3%.
These results were confirmed by [46], who obtained differences of 0.2-2.5%. Since the EMC
curves obtained with use of Eq. (2.5) pertain to adsorption alone, the EMC obtained for
drying can be expected to be somewhat higher than those shown in Figure 2.5 and Figure 2.6.

MC [%]
35 1q

FSP [MC%]

30 ]

;I
25 ] EMC [RH=100%]

20 ] EMC RI'MW\
] —_—
15 4 EMC [RH=80%
EMC [RH=70%]

] —
B

101  EMCI[RH=50%] H\fm

] EmC [N

5 ] \

EMC [RH=30%] \

Y A S (R SR S S S S S
0 10 20 30 40 50 60 70 80 9 100
T[C]
Figure 2.6: The relationship between temperature and MC for different EMC values, [45]
and at the fibre saturation point, according to [37].

Figure 2.6 shows the relationship between EMC and temperature at fixed RHs, [45]. It also
shows the relationship under FSP conditions as described in eq. 2.3. Note that the relationship
for the EMC condition at a relative humidity of 100% is not linear, although the two curves
should be nearly identical. Both curves are approximations that show the same linear
tendency between 40 and 100 °C, especially when one takes into account the fact that
Simpson’s values were based on adsorption that can be a few percent less than the desorption
values. The decrease in FSP with an increase in temperature does not necessarily lead to
lesser span between FSP and EMC, since the EMC level also decreases with an increase in
temperatures, as is shown in Figure 2.6.
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Chapter 3

3. Modelling work

The development of stress in wood during drying is very difficult to predict due to the
material inhomogeneity and the moisture gradients over the cross section of the wood
samples making it difficult to know where and when the maximum stresses will occur.
Models based on experimental results were created to simulate strain, stress and crack
development in wood during drying. The simulation model employed involved the use of
Abaqus 6.82 [1] (FE software) and of special routines for wood distortion that were
developed by [37]. The routines are for solid 3D elements, their taking account of elastic
deformation, free shrinkage or swelling and mechano-sorptive deformation. The references
employed concerned a local coordinate system (/,7,7) representing the longitudinal, radial and
tangential directions, respectively, the pith serving as the centre. The changes in MC
occurring below the FSP serve as a driving force for the deformation and stress generation
that occur.

3.1 Material data for solid wood

The model employed requires use of 45 user-defined material parameters, partly for
describing the local stiffness properties (£; E, E, G; G, and G,), adjusting these to the
moisture and the temperature level involved, together with use of Poisson’s ratios, shrinkage
parameters, the mechano-sorptive parameters and the adjustments of these to moisture and
temperature at hand. All the parameters used are assumed to be representative for Norway
spruce. A typical expression for the elastic modulus and the shear modulus and their rate of
change as functions of MC and of temperature is given by

E, =E (+E (T, -T)+E, (w,(1+w, (T, ~T) - w,) (3.1)
G, =G,y(1+ G (T, =)+ G, (W, (1+w, (T, = T))—w,) (3.2)
E =E, (-w,w,T —,) - E E,T (3.3)
G, =G, (-w,w,T-W,)-G,G,T (3.4)
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where the index i represents the material directions (/,7,f), Ejis the basic elastic modulus and
Gy is the basic shear modulus, both of these moduli at the reference temperature 7,=20 °C,
where E;r, E;, Gir and G;, represent the effects of the temperature and of the moisture level
on the reference modulus. The additional parameters listed in the Table 3.1 are Poisson’s
ratios v, the mechano sorption parameters m;y, m;r, m;,, the coefficients p; describing the
coupling between the mechano-sorption effect in the different directions, the shrinkage
coefficients a;, the coefficients wy, and wy, which represent the fibre saturation point, the
coefficient w,, which represents the moisture content when equal to or below the fibre
saturation point (for a moisture content above FSP the value for FSP is employed), the
reference temperature 7), and the temperature 7. Table 3.1 shows the material parameters
used in the simulations that follow. Both the parameters and the indices refer to notations
used in [37].

Table 3.1: Material parameters used in the simulations

En=9700MPa E,g=400MPa | E,,=220MPa
Er=0.013°C’" | E.;=0.013°C' |E.;=0.013°C"
En=21000MPa | E,,~=2200MPa |E,,=1300MPa
v,=0.35 v;=0.60 v+=0.55
Giro=400MPa Giw=250MPa | G,y=25MPa
G»r=0.013°C" | Gur=0.013°C" |G,.r=0.013°C"
Giw=1163MPa | Gu=122MPa | G,n,=72MPa
mip=0.000IMPa" | m,y=0.15MPa”’ | mw=0.2MPa’’
mir=-0.01°C" | m7=-0.01°C" |mz=-0.01°C"
my7=-0.01°C" | my7=-0.01°C" |m,7=-0.01°C"
My=0.008MPa”" | m;,,=0.008MPa™ |n,4,=-0.8MPa’"
wir=0.0 w1 =0.0 w=1.0
0,=0.0071 % hearr=0.10 0 hear=0.20
Osiope=-0.038 O 5ap=0.17 0 4qp=0.35
T)=20°C wp=0.30 wr=0.0033
T[°C] Wini>0.30 Elg s10pe=0.0

The difference between the radial shrinkage coefficients for heartwood and for sapwood
being the same as was predicted experimentally by both [27] and [39]. The tangential
shrinkage coefficient (a,) was assumed to be twice as large as the radial coefficient (a,), both
for heartwood and for sapwood.

Figure 3.1 presents an example of the relationships between temperature, MC and the
elastic modulus in the tangential direction, showing how the latter is linearly related to the
temperature when the MC is constant. Similar linear relationships exist between stiffness
properties and MC at constant temperatures. The curves in Figure 3.1 show that at 20% MC
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and temperatures close to 100 °C the elastic modulus is reduced to a level close to zero,
although that it is reduced completely to zero does not seem likely, since some stiffness can
be expected at these high temperatures. The equations presented were verified up to 80 °C
and to a MC level up to a FSP governed by the temperature (see Figure 2.5). The range of 80
- 100 °C are to be regarded as an extrapolation of the relationship from 0 - 80 °C, which is not
necessarily adequate all the way to 100 °C. In these investigations, however, the temperature,
MC and the elastic modulus relationships were expanded from 0—80 to 0-90 °C.

Et [MPa]
00 -
. MC=5%
MC=10%
500 +._
. MC=15%
400 § "ol Tl
300 +~ Tl e
~o S
S~/ 5 .
200 - o ~. —
, MC=20% B R
100 / MC=25% e .ol
MC=30% e
0 . .
0 20 40 60 80 100

T ra
Figure 3.1: Relationship between elastic modulus in the tangential direction and the
temperature for different MC levels.

All of the parameters concerned with moisture content and with the fibre saturation point
were described in section 2.2.2. A relationship similar to that in Figure 3.1 can also be
applied in the radial direction.

3.1.1 Strains

The strains in wood that develop are generated not only by stresses caused by external loads,
but also by internally generated stresses driven by moisture changes. The strain distribution is
also strongly affected by the orthotropy and the inhomogeneity of the wood material.

3.1.1.1 Total strains

The solid wood material model employed takes elastic, free shrinkage, and mechano-sorptive
deformation into account. Visco-elastic deformations are not taken account of, however, since
according to investigations conducted by [51], drying-related visco-elastic strains represent
only a small part of the total strains. Temperature-related strains are not taken into account
either because of their being so small in wood generally and the variations of temperature in
the simulations being quite limited. The total strain rate is given as

£ =E,+E,+E,, (3.5)
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where £ is the total strain rate, Ee is the elastic strain rate, £, is the mechano-sorption strain

rate and fw is the moisture-induced strain rate. Reference is made to the local coordinate

system /, r and ¢.

3.1.1.2 Elastic strain
Elastic strains are related to stresses by Hooke’s law

£, =Co (3.6)
where £, and @ are the elastic strain and the stress column matrices, respectively, and C is

the compliance matrix (C ' =D, where D being the elastic material matrix). The elastic

strain rate E‘e is given by

£ =Co+Ca (3.7)
3.1.1.3 Moisture induced strain
The moisture-induced strain rate (representing the free shrinkage or swelling rate) is given by
EW =aw, (3.8)

where @ is a matrix describing the orthotropic shrinkage properties of wood and w, is the

change in moisture content below FSP.

3.1.1.4 The mechano-sorption strain
Mechano-sorption strains develop during the combination of stresses and changes in moisture

content. According to [[37]], the mechano-sorption strain rate Z‘wc is defined as
£, =Mal,| (3.9)

where /m is a matrix describing the mechano-sorption properties in the orthotropic material

directions, o 1is the stress matrix and W, is the moisture content rate.

The parameters presented here are described more thoroughly in [37].

3.2 Cracks

In the course of time, comprehensive efforts have been made to reveal the secrets of cracks in
almost all materials. The earliest investigations conducted were for steel and concrete, these
still affecting the test methods employed to a large part. Crack developments are generally
categorized in terms of three basic fracture modes: Mode I fractures are cracks caused by
tensile stresses perpendicular to the crack direction; Mode II fractures are cracks driven by
shear stress in the crack plane directed along the direction of the crack, whereas Mode II1
fractures are cracks driven by shear stress directed out of plane. In addition to these modes,
different combinations of Modes I, II and III termed Mixed Modes, are possible. For isotropic
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materials the basic modes are quite sufficient, but for strongly orthotropic material such as
wood further crack modes are needed to describe the orthotropic behaviour that occurs.
Figure 3.2 shows the three basic crack modes and the six possible crack orientations that refer
to the orthotropic material axis of the wood.

Mode | - Tension j -~
- ll .
AL~ —=
PN
|\I Made Il - In-plane shear J] L T /
S
— L7
TL -
—_ L— -]
—————) 1]
Mode Il - Qut-of-plane shear ) L1 ‘-\/
ﬂ\‘ P Ky
— el

Figure 3.2: Fracture modes I, Il and I1I and the corresponding crack orientations referring
to the wood growth axis, [46], [56].

The first letter specifying the crack orientation refers to the direction perpendicular to the
plane of the crack, and the second specifies the direction of the crack itself L, R and T
representing the longitudinal, radial and the tangential directions, respectively. The present
study is concerned primarily with crack development in the LR-plane (the TL and TR
directions), these directions often being the directions most critical conserning drying-related
fractures.

The application of fracture mechanical principles to wood began late in the 1960s,
particularly on the basis of Linear Elastic Fracture Mechanics (LEFM), a theory presented by
A.A. Griffith, (an engineer with a Doctorate from Liverpool University) already shortly after
World War 1. From the late 1960s and onwards, strong efforts was made to measure and
tabulate fracture toughness so as to verify and supplement the theory, but up until now no
standard method for the investigations of cracks has been prescribed. Several different
principles for Mode I crack tests are shown in Appendix A, and other test methods can be
added. Some of the test methods involved was designed originally for other materials, for
example a 50 cm long three-point bending test with a notch, designed for concrete and for
other isotropic materials. The three-point bending test would be ideal for crack tests of wood
in the LR and LT directions, but is difficult to implement for the other wood-crack directions.
Nevertheless, tests in the TL and the TR directions were performed by gluing wood parts
together to create a rather acceptable test specimen; see e.g. [14]. The advantage of using
standardized test methods is that this makes comparisons between different species of wood
easier. Wood crack tests can be exceedingly complex since one need to take into account the
fact that the properties of wood depend in part on the temperature and on the moisture
content, which is why information regarding climatic conditions is of such great importance
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when results are presented. Examples of the problems encountered in comparing different test
results will be presented later.

The LEFM theory was found to not take account of all of the physical phenomena
associated with wood fracture, since during the fracture tests a fracture process zone (FPZ)
was observed ahead of the tip of the crack, one that did not fit with the LEFM approach.
Various toughening mechanisms take place within this zone, such as micro-cracking and
crack bridging. The fictitious crack model, also called the cohesive crack model, is a good
approach for dealing with such physical phenomena.

The basic description of the cohesive crack model is that, for fracture mode I the fracture
process zone of a finite crack width can be described by a fictitious crack that transmits
normal stress o. This stress is assumed to be a function of the crack separation variable w (the
opening width). When w is equal to zero, the corresponding material point can transmit
normal stress ¢ up to a value equal to the tensile strength of the material, whereas for a
material point at which w=w, the normal stress cannot be transferred at all, which means the
complete fracture of a cohesive crack face. The area under the entire softening stress-
separation curve represents the fracture energy Gy [J/m?] required to completely separate the
crack faces at a given material point,

G, = j " a(wydw (3.10)

The relationship between the stress and the crack width is called the crack softening
behaviour. Figure 3.3 shows a typical stress variation along a cohesive crack.

>
i

X
. Crack softening
. _behaviour

lC’I‘GCk lmhes[ve

Figure 3.3: Sketch.ofa cohesive crack [[12]].

The softening behaviours obtained in experiments are normally not linear. Polynomial
functions are often used to fit the curves obtained, see Figure 3.4(a), that shows three
different softening curves for wood (presented in [12]), these having equal fracture energies,
Gr=240 J/m’, but different strength and ultimate crack opening values, (f; w,). Figure 3.4(b)
shows softening curves representing different fracture energies and a fixed ultimate crack
opening.
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Figure 3.4: Crack softening behaviours for TR and RT-fractures in wood: (a) Different
curves having the same fracture energy Gr= 240 J/m*, (b) Different curves differing in G
but having the same ultimate crack width w,, [12].

Many investigations of crack development and related softening curves have been carried
out in the attempt to describe the fracture behaviour of wood in an easy yet sufficient way.
The splitting method used for wood crack testing, presented in 1995 by [47 and 48],
introduced a new way of describing crack softening behaviour. It was noted there that, on the
basis of microscopic observations of crack generation, crack development could be divided
into two phases, starting with a phase in which micro-cracks generated this being followed by
a so-called fibre-bridging phase. The existence of such a two phase crack phenomenon was
documented by photos taken on a micro-scale. The crack softening behaviour shown in
Figure 3.4 is often approximated as being a bilinear behaviour encompassing each of these
two fracture phases.

Figure 3.5 shows a typical bilinear crack softening model in which (after the peak-point
wy, fi) the stress-softening behaviour is defined by two descending lines. The first line spans
the peak-point and the break-point (wp, f5), the corresponding fracture energy there being
characterised by “micro-cracking” (represented by the white triangle); this energy is referred
to as the cohesive micro-cracking energy Gy,. The second line extents between the break-
point and the ultimate fracture point (w,, 0), the fracture energy Gy, there being characterised
by “fibre-bridging” (represented by the gray triangle). The total area encompassed by this

bilinear crack softening model is said to represent cohesive fracture energy Gr = G;+Gp.
/

G.fﬂ (Component: "micro-cracking”)

Stress

7 G fp (Component; "fibre-bridging")

+
Wy Wy We

Figure 3.5: Approximated bilinear softening behaviour in the TR-fracture of wood as
described by [50] and [14].
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The cohesive fracture energy involved can be written as

GF — f;wb + ﬁ)wc

S (3.11)

where the value of the triangle (0,0), (0.f,), (wo,f;) 1s neglected.

3.2.1 Fracture energy in crack modelling

Similar to many of the material parameters of wood, its crack-related properties can vary
considerably both within a given wood species and between different wood species. The
literature study of fracture properties of Norway spruce presented here thus provides only
limited information regarding the fracture behaviour of wood in general.

It was noted in the literature that it is quite common for researchers working with wood
fracture to fail to distinguish between fractures in the radial (TR) and in the tangential (RT)
direction, even though the tensile strength of wood differs markedly in the two directions, a
fact suggesting there to be differences between these two directions in the fracture properties
as well.

In an experimental investigation (of 12 specimens) by [14] and [15] the TR-fracture
energy and the tangential tensile strength of the wood under climatic conditions of 20 °C and
65% RH (MC~12%) were determined. The results were obtained using a three-point bending
test setup. The fracture energy, micro-cracking and fibre-bridge cracking respectively, was
divided into almost equal parts as shown in Figure 3.6.
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0 0.1 0.2 0.3 0.4 0.5 0.6 b Maritime pine Norway spruce
a .
( ) Crack opening, w (mm) ( )

Figure 3.6: Softening behaviour of Norway spruce and Maritime pine, [[14]], (a) the bilinear
relationship of micro-cracking and fibre-bridging, (b) the fracture energies involved.

In [58] both the RT- and the TR-fracture energy of Norway spruce were determined at each
of four different levels of moisture content (6, 12, 16 and 30%), presumably at the same 20
°C temperature throughout. The tensile strength of the wood material was not given in the
study. The results were obtained by use of a wedge-splitting technique. The fracture energy of
spruce has been reported by [46], although without providing information concerning the

20 Department of Civil Engineering — Technical University of Denmark



Modelling work

crack orientation, the temperature or the humidity. In [47] the bridging fracture energy was
reported to represent only about 10% of the total fracture energy, the experimental tests being
performed with use of small end-tapered ‘double cantilever beam’ specimens. A summary of
Mode I test results based primarily on use of the LEFM approach has been presented by [56].
The results of 61 different investigations, involving 11 different species, 9 different test
methods and all 6 crack directions were summarised, considerable variations being present in
the results. In [19], the tangential tensile strength of Birch, Pine and Spruce were presented,
the effect of temperature, moisture and density on the material strength being shown. In
addition, the dependency of the fracture energy on the density at 12% MC and presumably at
20 °C was shown. In [38], concerning 15 tests of spruce, the fracture energy of the wood at
20 °C and 12% MC was reported, although without information regarding crack direction or
material strength being included. Use was made of a wedge-splitting technique; the load
displacement curve obtained being shown in Figure 3.7. In this study, the micro-crack part
appeared to be appreciably larger than the fibre-bridging part.

50

Linear energy
fracture behaviour

Micro-cracking

Fibre-bridging

104

0.0 0.5 1.0 1.5 2.0 25
8 [mm]

Figure 3.7: Load displacement curve for fracture in spruce specimens at 20 °C and MC =
12%, [38]. The estimated two-fracture energies (micro-cracking and Fibre-bridging) are
shown as the triangles.

Figure 3.8 provides a summary of fracture energy results for spruce. The results reported by
Vasic, summarised there, show the TR-fracture energy to be considerably larger than the RT-
fracture energy. The summary also indicates the fracture energy results to display a marked
spread. This can be due to different test methods having been used and possibly to differences
in the crack orientation.

The variation in fracture energy is due partly also to the significant variation in the tensile
strength of the wood. For example, the tensile strength as reported in [14] and [15] was
measured to be 1.66 MPa, whereas in [19] the tensile strength obtained under the same
conditions was given as being 3.0 MPa.
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Figure 3.8: A summary of different fracture energy results for spruce at 20 °C.

Neither the results for the fracture energy, the ratio of the micro-crack to the fibre-bridging
energy, nor the results for tensile strength show any completely unambiguous values. The
micro-crack energy does seem however, to be markedly larger than the fibre-bridging energy.
Only limited results were found concerning the effect of temperature the fracture properties.

The fracture parameters used in the simulations that follow are based mainly on the results
presented above obtained from the literature though partly too on my own experimental
results. The TR-fracture energy used was set to be 240 J/m* (0.00024 MN/m) and it was
assumed to be independent of the temperature. The softening curve was designed as a linear
damage evolution, the fibre-bridging energy level being assumed to be relatively low as it is
also presented as being in Figure 3.7. The tangential tensile strength was found by own
experimental study presented in the section 5.2 and 5.5. In the stress simulations, the elastic
modulus in the crack zone was adjusted in accordance with the temperature and the moisture
content.

3.3 Simulation of disc specimens obtained from timber logs

Solid wood is a hygroscopic, orthotropic and nonhomogeneous material, the stiffness
properties of which are strongly affected by the moisture content (MC). Moisture related
stress and variations in strain over nonhomogeneous cross sections are quite difficult to
predict. Several numerical and experimental investigations taking different approaches to
these behaviours have been conducted, their being summarised in Paper II [29]. The MC
within a timber log in a green condition varies over the cross section, since the heartwood has
a considerably lower initial MC than the sapwood. When a solid piece of lumber consists of
both heartwood and sapwood, large stresses can develop during drying because of the large
deformation constraints that arise. The heartwood part starts to shrink at an early stage since
it reaches FSP much earlier than the sapwood part does. The drying history is likewise
complex, through the fact that drying occurs faster above than below the FSP. How fast
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softwood dries above FSP was investigated experimentally by [27] and [59], among others,
numerical investigations regarding this being presented in [40] and [42].

Drying-related stresses in thin discs taken from timber logs are simulated here because of
these providing simple and well-defined moisture histories of the heartwood, the transition
wood and the sapwood part, this facilitating adequate calibration of the simulation model.
The model is useful in quite a general way since it can easily be used for the simulation of
stresses and fractures in kiln dried timber boards.

3.3.1 Geometry and element mesh

Simulations of the disc specimens were performed by use of the FE software Abaqus [1], a
3D stress analysis being carried out using 8-node linear brick elements of type C3DS8. The
type of specimen studied was a circular 15 mm thick disc from a timber log containing 19
annual rings and a pith. Each annual ring was partitioned into four quarters in order to make a
suitable element mesh. The parts were connected by a so-called tie-constraint that allowed the
discs to function as an inhomogeneous continuum. Each quarter of the annual rings had its
own set of material parameters as well as its own moisture and temperature histories. The
disc sample was 232 mm in diameter, which is approximately the same diameter as that of the
test specimens used for verification of the simulation model.

To simulate possible crack propagation in the radial direction, four thin fracture parts were
created. The parts were oriented from pith to bark in between the quarter parts of the annual
rings. The crack elements were 0.2 mm thick cohesive hexahedral elements of type COH3DS.
The fracture parts were connected to the solid annual ring parts by a tie-constraint that
allowed the disc to work as a continuum until it cracked. Figure 3.9 shows the dimensions,
the predefined crack pattern and the element mesh of the disc sample that was studied.
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Figure 3.9: Dimensions, predefined crack pattern and element mesh of the disc sample that
was studied.
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Figure 3.9 shows the mesh and the geometry used for the disc simulations. Each annual
ring was prescribed as being 6 mm thick and the pith as having a radius of 3 mm. The seven
annual rings closest to the pith were defined on the basis of the material parameters involved
as being heartwood, whereas the rest of the annual rings were defined by the parameters as
being sapwood. The cohesive elements were designed as 0.2 mm thick elements. The solid
elements were designed as being quadratic and as being as equal sized as possible, making it
necessary to change the seeds of the edges as the radius became larger. The seeds were
typically doubled when changes were made, as can be seen on the close up.

3.3.2 Moisture history of the disc samples

The drying history of the disc specimen conceived of as its total weight vs. time was recorded
during the drying process as a whole. The total weight as the average of the weight of the
sapwood and that of the heartwood was used to calculate the average MC-history of the disc;
see Figure 3.10. The sapwood drying history shown in Figure 3.10 was calculated on the
basis of the average MC history and the MC in the green condition. From such earlier
investigations as [26] and [27] it was observed that the drying history can be considered
almost identical for all parts (heartwood, transition wood and sapwood) of the cross section
when the drying starts from the green condition. For example, in Figure 3.10, a sapwood part
with an initial MC of 195 % needs 350 min to reach the EMC, and transition wood with an
initial MC of 70 % needs 175 min to reach the EMC. A further description of these
relationships is presented in Paper II1 [30].
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Figure 3.10: The average MC history of a disc and the calculated sapwood MC history of it
at 90 °C and 30% RH.

To provide adequate input data for the simulation model, the initial variation in the green
MC state (t = 0) together with the MC-history curves over time were obtained along the
radius (r) of the discs.

Figure 3.11 present the results of the measured MC-history field of the disc specimen that
was studied. In the disc model, the MC-history field is assumed to be axisymmetrically
distributed around the pith.
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Figure 3.11: The MC-history field used as input data for stress simulation of a disc specimen
at 23 °C and 63% RH, Paper 11 [29].

3.4 Simulation of timber boards

Timber logs are generally sawn into a number of timber boards before being exposed to kiln
drying. The sawing (board) patterns of logs are in most cases determined so as to obtain as
much volume of timber as possible. This often results in boards containing both heartwood
and sapwood. The drying of timber boards can be said to involve moisture gradients from the
surfaces to the centre of the boards, see e.g. [37], [16] and [34]. The moisture gradients that
occur due to variations in the initial (green) MC are seldom accounted for when evaluating
kiln drying. The log disc drying results presented later shows that initial MC variations have a
marked effect on the strain, mechano-sorption, stress and crack development during the
drying process. The size of the external surface from which the water evaporates also has a
strong effect on the speed of the drying process, since a small surface for a specific volume
results in a shorter drying process than a larger surface does, if the climatic conditions are
identical. It is assumed here that the moisture in given volume evaporate mainly from the
surfaces that belong to the volume in question. The drying process is more difficult to
simulate, due to the fact that MC for different volumes can sink beneath the FSP at different
times.

34.1 Board geometry and element mesh

The stress simulation of the timber boards was performed using the same type of analysis as
for the disc samples. The board studied had a rectangular cross section consisting of 4
different sub-volumes (parts); one heartwood part, two transition zones and one sapwood
part. As before, the parts were connected by the tie-constraint that allowed the board to
function as an inhomogeneous continuum. Each part was further divided into two sub-parts
close to the surfaces and a centre volume, as shown in Figure 3.12. All the sub-parts can have
their own set of material parameters and their own moisture and temperature histories.
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Transition zone Transition zone

Heartwood

Figure 3.12: An example of the board dimensions and the sub-volume patterns used to
estimate the drying history of the boards, Paper Il [31].

The thin sub-parts close to the surfaces make it possible to simulate the moisture gradient
from the surface to the centre of the board. Three different boards of equal outer geometry
were analysed to investigate how the sawing pattern affects the stress development during
drying. The three boards presented below, differ from one another in where the pith is
located. This results in considerable differences between them in the relative volumes of the
heart-, transition- and sap-wood. The heartwood volume has a radius of 40 mm and each
transition subzone is 15 mm thick. The outer geometry of the boards is one of 50x200 mm, as
shown in Figure 3.12. The element mesh of the three boards that were studied is shown in
Figure 3.13.
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Figure 3.13: The element mesh of the three timber boards that were studied, the pith of which
was located (a) in the centre of the board, (b) at the centre of the bottom
surface, (c) at the lower left corner of the board, Paper IV [31].
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Note the fine mesh in the central part of board II. Since the sub-parts close to the heartwood
have a thicknesses that reduce down to nil, biased seed was used to reduce singularities and
produce a finer mesh in these areas.

3.4.2 Moisture gradients

Many investigations of the drying behaviour of timber boards have been carried out and
different models for the transient movement of moisture have been developed. Several
moisture transport models dealing with moisture flow below and above the FSP are
summarised in [42], for example. The results of one of these models were used as a basis for
our simulations aimed at describing MC variations over a cross section. It has been observed
in materials having long capillaries that water can move in the form of a film or at the corners
of capillaries having polygonal cross-sections. Such a flow phenomenon probably occurs to
some degree in wood. This could lead to links between water-filled clusters being formed,
increasing the continuity of the liquid phase. Inclusion of film or corner flow in modelling
was investigated by [60]. Typical modelling results based on this flow phenomenon are
shown in Figure 3.14.
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Figure 3.14: Moisture content profiles simulated with use of a film flow model, [42].

Figure 3.14 shows the moisture to move to the surface with almost no gradient until the MC
becomes approximately 60-70 %; from this stage on a gradient builds up, the MC at the edge
being approximately 10-12 % lower than the MC in the central part. The gradient is found
down to a depth of approximately 10 mm.

343 Drying description of the boards

On the basis of the results from the experimental study presented in Chapter 5, the green MC
of the heartwood and the sapwood were set to 60 and 165%, respectively, the MCs of the
transition zones being assumed to be graduated linearly between the heart- and the sapwood
MC values. The material parameters used are those representing Norway spruce, showing a
density of 450 kg/m’ at 12% MC. The moisture gradient history from the surface to the centre
was estimated on the basis of the moisture profiles presented in [42], in which use of the film
flow theory was made; see Figure 3.14. Each sub-volume of the boards, such as that of the
heartwood, the transition wood and the sapwood, has its own external surfaces from which all
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of the moisture within the specific volumes involved is expected to evaporate during the
drying process. The total water flux v for each sub-volume is calculated on the basis of the
measured moisture losses at a constant climate of 60 °C and 80% RH. A further account of
how the moisture histories of the different sub-volumes were calculated and how they were
used is presented in Paper IV [31]. The results from the simulations are presented later.
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Chapter 4

4. Experimental work

The experiments reported on in the thesis were conducted in order to examine the strain and
crack development of Norway spruce during kiln drying and to investigate the drying rate or
water flux occurring under kiln drying conditions. Three different types of experiments are
reported on:

1) Experiments to study strains and fractures in log disc samples under varying climatic

conditions.

2) Tangential tensile strength experiments performed under different climatic conditions.

3) Experiment to investigate drying rate for heartwood, transition wood and sapwood.
The experiments involved test specimens and a specially designed climate chamber to
determine the climatic conditions needed and the different pieces of equipment to measure
strains, forces and weights and to evaluate the experimental results. The different facilities
employed in conducting the experiments are described below.

4.1 Climatic conditions

The drying experiments were performed under controlled climate conditions. The first couple
of experiments were conducted in a room in which the temperature and the relative humidity
were measured online by a hygrometer, a flow of air around the specimens being produced by
a ventilator: The average temperature was 23 °C and the average humidity was approx. 63%
RH. The variation in temperature was +2 °C and the variation in humidity +3% RH. All the
other experiments were performed in the climate chamber described in the following section.

4.1.1 Climate chamber

The experimental facility used to measure moisture related deformations of the test samples
of wood, when varying and well-controlled climatic conditions were needed, was a new and
specially designed climate chamber developed at the DTU, Department of Civil Engineering.
The chamber is approximately 1.1x1.1x0.9 m in size, and allows the air to circulate freely
around the specimens at a velocity of approx. 1 m/s. It has a potential temperature that range
of -70 to 180 °C and a controlled humidity range of 10 to 98% RH within the temperature
range of 10 to 95 °C. With use of items of up to 25 kg in weight inside the chamber, the rate
of temperature change is 5 °C/min, both from low to high temperatures and vice versa. The
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chamber has four free sides (top, bottom and two vertical sides), there being bushings that
enable load devices to be inserted into the chamber in a horizontal or a vertical direction. The
door to the chamber has a special window with a heating arrangement that keeps the window
clear of rime, dew and condensation. This arrangement enables cameras to take undisturbed
pictures of the test samples during any variations in climate within the chamber.

Figure 4.1: Climate chamber with specially designed window allowing Aramis placed
outside the chamber, to measure developments in the strain field for specimens placed inside
the chamber.

The deviations from the preset temperature that can take place are +0.1-0.3 °C in the
centre of the working space +0.5-1.0 °C within the space. The deviations from the preset
humidity that can occur are +1-3% RH. The general performance of the chamber described in
Appendix C. The specimens were placed on online weighting arrangements inside the
chamber during the testing process as a whole.
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Figure 4.2: Climate control in the climate chamber: (a) a preset drying schedule involving
a constant temperature and varying RH, (b) an activity report showing the current climate
conditions in the chamber together with the preset ones.

The climate conditions within the chamber are controlled by software enabling the
temperature and the humidity and the course of any changes in these, such as shown in Figure
4.2(a) to be preset. In the schedule shown (the red line), the temperature is held constant at 60
°C, but the temperature could have any predetermined course between 10 and 95 °C as long
as the level of humidity was aimed at was maintained (otherwise the temperature range could
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be as extreme as -70-185 °C). The green line represents the level of ventilation in the
chamber, but this facility is not made use of here. The blue line is the expected humidity level
throughout the experiment, which can be selected to be anywhere between 10 and 95% RH.
The activity report is shown in Figure 4.2(b), the red lines at the top and bottom being the
ultimate limits of the temperature that can be preset, whereas the line in the middle is the
preset course and the actual course (the actual temperature is kept very close to the preset
value). The blue lines at the top and bottom are the preset limits of the humidity, whereas the
curves in between are the preset course and the actual course (note that the actual course here
differs more from the preset course than the temperature). As shown in Figure 4.2, the
humidity is the most difficult parameter to adjust to preset values.

4.2 Test samples

The log disc specimens were selected from 20-year old Norway spruce trees from North
Zealand in Denmark. The trees were felled in the winter periods of the years 2009-2012,
when logs with a diameter of 200-250 mm were removed from the trees. The specimens were
selected from areas free of defects. Figure 4.3 shows the principles employed in the selection
of disc specimens.

Disc specimen ~,

Figure 4.3: Principle of selection of disc specimens from timber logs, Paper I [29].

4.2.1 Stick samples used to estimate the green MC
The variation in initial (green) MC was determined by cutting 18x18x65 mm sticks out of the
cross section, the sticks being numbered as shown in Figure 4.4.
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Figure 4.4: Stick pattern and numbering used for determining the variation found in the
green MC from the pith to the bark.

422 Disc specimens used for strain and fracture tests

Discs with a thickness of 15 mm were sawn out from the log in a frozen condition, as shown
in Figure 4.3. The thickness was determined on the basis of preliminary test results which
showed the moisture gradient in the longitudinal direction to be limited; see [26] and Paper |
[28] for a more detailed account. The samples were sawn gently by hand to reduce the risk of
damage. Each sawn disc was examined for defects, all the discs that had defects being
discarded.

423 Specimens used for tangential tensile strength tests

Test specimens for the tangential tensile strength tests were cut from discs taken from the
same logs as the disc specimens. The specimens were cut out slightly oversized in a green
condition to ascertain that the specimens were still large enough after the free shrinkage
deformations caused by the drying had taken place. The specimens were cut out in a green
condition in a size of approximately 18x50x140 mm. The specimens were then acclimatized
in a climate chamber to 18% MC at 20 °C and 85% RH before the final shaping was carried
out. The climatic conditions were set in accordance with the equilibrium moisture content
(EMC) calculations given in [45] and shown in Figure 2.5. The final dimensions of the
samples were 15x40x125 mm, these having a curved and narrowing zone in the middle, as
shown in Figure 4.5. The smallest area in the centre of the sample, where the failure is
expected to occur, is approximately 15x20 mm. The exact geometry was measured for each
specimen prior to the start of measurements, all the specimens being kept in a freezer until the
tests were carried out.
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Timber log

Test specimen

Figure 4.5: The geometry and the annual ring pattern of the specimens used for the
tangential tensile strength tests.

4.2.4 Specimens for water flux testing
The test specimens were sawn from timber logs having diameters of approximately 200 mm.
Figure 4.6 shows the sawing pattern and numbering of the test samples.

Figure 4.6: Sawing pattern and the numbering of the specimens used for the water flux
experiments.

The specimens were cut out with a band saw in a frozen condition so as to avoid
evaporation from the surfaces, which were sealed with a layer of Conclad. Each specimen in
the sapwood area had a length of 150 mm, a thickness of 35 mm in the radial direction, which
gave a width of 30 mm closest to pith and 40 mm closest to bark. The specimens referred to
as T1-T6 and T9-T14 were sealed with Conclad at the ends and on the RL-surfaces, which
allowed evaporation to only take place in the R direction only, whereas the specimens
referred to as R1-R6 and R9-R14 were sealed with Conclad at the ends and on the opposite
surfaces (TL-surfaces), allowing evaporation to only take place in the T direction. The
surface areas in the radial and in the tangential direction were at the same size (0.0105 m?),
the average maximal distance from the surfaces to the centre of the samples being 0.0175 m.

34 Department of Civil Engineering — Technical University of Denmark



Experimental work

4.2.5 Preparation and preservation of the test materials
The spruce logs were brought in to DTU-Byg either the same day or during the next few days
after the tree had been felled. The logs were cut into manageable pieces approx. 50 cm in
length. The log pieces were kept in a freezer at approximately -10 °C, the log pieces only
being brought up to be cut into test specimens, the rest being kept further in the freezer. In
this way, the green moisture content was kept intact. The specimens were created in a frozen
condition so as to reduce the risk of the evaporation of moisture from the surface during
preparation and were brought back to the freezer then until they were used in the experiments.
As mentioned earlier the specimens for the water flux tests were sealed with a layer of
Conclad on some of the surfaces so as to stop all evaporation of moisture. Conclad is a two
component sealing produced and manufactured by Condor Kemi A/S. The sealing is a
waterproof one with a permeability of Pam, which is a value of 21 m*h*mm*Hg/g according
to ASTM C 355. It has a strength of 7.5 MPa, a modulus of elasticity of 5 MPa and a
maximum strain before fracture of 260 %. The sealing can be applied at temperatures of 2-35
°C. It has a thickness of 1-1.5 mm. Its considerable strength, together with its low modulus of
elasticity makes this coating highly useful, its generating only relatively small stresses when
it follows the wood surface during shrinkage deformation. Another quality of Conclad is that
it has very good adhesive ability on wet and cold surfaces. The sealing was applied to the
surfaces when the temperature of the specimen was approximately 2-3 °C. After the sealing,
the specimens were wrapped in a polyethylene film and were placed in a climate at room
temperature until the sealing had hardened. After a few hours of hardening, the specimens
were brought back to the freezer for further preservation until the experiments were
performed. The moisture loss during the defrosting period was eliminated through film being
wrapped around the samples.

4.3 Strain measurements

The moisture-related strain fields that developed over the cross section of the disc specimens
during drying were measured in two ways. The first was by use of the Aramis system, a non-
contact optical 3D deformation measuring system used to measure the strain field; see [2].
This method requires the use of two specially designed cameras that are placed with
precision, both in between and towards the studied specimen. The other way of measuring the
moisture-related strain fields was by the use of a digital camera; the digital pictures were then
imported into the Aramis software, in which 2D strain fields can be generated. Using only
one camera seems, from experience, to be more robust and easier to work with than the 3D
system, the 2D results also being quite sufficient for these investigations. A third way of
measuring geometrical changes is that of a simple scanning of the disc specimens at different
stages of drying.

4.3.1 Strains field measurements using Aramis
The drying deformations of disc specimens were studied by use of Aramis, the specimens
being placed on a stand containing a digital load cell. An arbitrary pattern of dots, as shown
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in Figure 4.7(b), was sprayed on the surface for use in obtaining strain measurements. The
entire strain field history of each disc specimen was measured, together with the weight of the
test specimen. The climatic conditions were verified by the activity report from the climate
chamber described above.

Figure 4.7: (a) a disc specimen with a slit, (b) a specimen sprayed with a random dot-pattern
used for the Aramis measurements.

The Aramis system recognized the surface pattern of the specimen on the basis of digital
images, coordinates being assigned to the pixels of the images. Initial images obtained at the
undeformed stage served as the reference state, the image stages thereafter being recorded
during the deformation phase of the specimen using fixed intervals. The system computes
displacements and strains occurring from one image to another through determining the
movement of a square facet as compared with the movement of the neighbour facets. A more
detailed description of the strain measurements is presented in Papers I, II and III [28], [29]
and [30].

4.3.1.1 Processing of the experimental data

To compare the strains measured by use of Aramis with simulated strains, those strains
referring to the (x,y) coordinate system were transformed to a local coordinate system (r,t) of
the wood material. The disc specimens studied had nearly circular annual rings, the pith was
located close to the centre of the discs, see Figure 4.7(a). An account of how the measured
strains were transformed to local radial and tangential strains is found in Paper II [29].

4.3.2 Geometrical changes measured by scanning

The third method of measuring geometry changes of disc samples is a simple scanning by
means of an A3 scanner, normally used for scanning documents. The scanned geometries
were very precise in size 1:1. The scanning of the specimens was saved as pdf-documents.
Results obtained by use of digital measuring equipments were compared with the physical
measurements of the specimens that were made, the two being found to correlate very
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closely. The scanning was done first on the undeformed geometry of the disc samples (in
green condition) just after the samples reached EMC and finally after their being dried down
to 0% MC. This enabled the geometry under chosen conditions to be stored, these geometries
later being used as a reference together with other data, such as weight. This method was
used, for example, for determining the shrinkage coefficients.

4.4 Determination of moisture content

The moisture content of wood can be determined in various ways. The following 3 methods
are often used:

1) Use of an electrical resistance meter

2) Dielectric measurement

3) The "Oven dry" method

Measuring of the electric resistance is based on two electrodes being pressed into the
timber so that an electric current can pass through the tree along the grain from one to the
other electrode. Since the electrical resistance of wood is affected by the MC of the wood, the
measured electrical resistance of the wood can be translated into a certain moisture level. An
electrical resistance meter is easy and quick to use. It is used mostly for the measurement of
moisture content levels between 6 and 28%. The accuracy of this method is approximately
+2% MC.

A dielectric capacity measuring method makes use of a metal conductor, formed as a plate,
bracket or a ball, which is placed on the wood surface. This sensor type method is not as
accurate as the resistance meter described above. It is more suitable for measuring high MCs
below FSP, but is less suitable for the determination of low and exact wood MC values.

A disadvantage of both the methods presented above is that they cannot be used to
measure MC above the FSP level. The MC of all the wood specimens was thus determined
according to EN 13183-1: Moisture content of a piece of sawn timber. Part 1: Determination
by oven dry method. This method is the most accurate one available for determining the MC
in wood and is the only way of determining MC above FSP. The wood samples were oven
dry at 103 °C +2 °C. The samples were weighed every three hours until the weight became
constant, i.e. the dry mass my was determined. The accuracy of this method depends on the
difference in weight between the last two measurements as compared with the total weight
loss. The measurements were stopped when the MC could be determined with a deviation of
less than 0.1%.

To study the history of the weight loss of the wood samples during the experiment, a
special stand to hold the specimen was built and was placed in the middle of the climate
chamber. The changes in weight of the wood sample could then be measured online during
the entire experiment with use of a special (mV signal) load cell that was linked to the stand.
The weight of the specimen was determined manually as well, immediately before and after
the experiments. These two weight measurements were used to check the start and the end
values of the online (mV) measurements. On the basis of the online weights and the oven dry
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weight, the MC-history could be generated for the experimental process as a whole. The
maximum weight capacity of the load cell was 50 N. The setup is shown in section 4.5.2.

4.5 Experimental setup

Use was made of two different experimental setups for obtaining the experimental results
needed for the modelling work, one for tangential tensile strength testing and the other for
measuring the strain and crack propagation of the log disc samples.

4.5.1 Tensile strength test setup
The tangential tensile strength testing was performed in the setup shown in Figure 4.8. The
setup consists of a test frame and two steel rods, one of them connecting the frame with the
upper sample clamp and the other connecting the lower sample clamp with the loading device
(a load bucket), a deformation device and the test specimen being attached to the two clamps.
The load on the specimen was applied by slowly filling metal chips into the load bucket until
the specimen broke. The loading was carried out continuously over a period of approximately
five minutes. The final weight of the loading plus the weight of the experimental arrangement
beneath the specimen was used to calculate the tangential tensile strength of the material.

The tests were conducted primarily under the well-defined climatic conditions in the
climate chamber (see 4.1.1).

Figure 4.8: Experimental setup for the tensile strength testing, a: the load cell, b: the
specimen with clamps on it, c: the load device (a bucket).

The test frame was placed outside the chamber, the upper rod passing through a moisture-
tight rubber bushing at the top of the chamber and the lower rod going through a small pipe
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which also went through a bushing on the bottom side of the chamber, allowing the lower rod
to move up and down freely within the pipe. The load bucket was hanging underneath the
chamber. This setup made it possible to acclimatize the specimen prior to testing and to
perform the testing under different climatic conditions.

452 Disc sample test setup

The disc sample experiments were conducted in a setup that involved use of the climate
chamber (described in section 4.1.1), a specially designed stand, a load cell and the Aramis
system (described in 4.3.1). The stand and load cell setup is shown in Figure 4.9. The load
cell was built into the stand so as to enable there to be free ventilation around the specimen.
The specimen touched the stand at only three points and it was placed at the same height as
the heated window, enabling Aramis (or other cameras) to take pictures from outside the
chamber during the experimental process. The load cell was connected to a data logger
outside the chamber.

Figure 4.9: 4 picture of the experimental setup taken through the heated window by Aramis.
The specimen is placed on the stand in the middle of the climate chamber. The stand is
mounted on the load cell that is fixed above it.
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Chapter 5

5. Results

5.1 Moisture content

Initial variations in MC under green conditions, (t = 0) as well as history curves over time

were obtained for several points along the radius (r) of the disc specimens on the basis of

small oven dried sticks from the cross section. The principle involved in the cutting of the
sticks is shown in Figure 4.4.
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Figure 5.1: Variations in the green MC from pith to bark, Paper 111 [30].

Figure 5.1 shows variations in the green MC from pith to the bark. The four MC paths were
not identical, each curve corresponding to a quarter of the disc. On the basis of these different
MC path curves under green conditions, moisture histories for the nineteen annual rings and

the pith zone, seventy-seven different drying histories in all, were generated in connection
with each simulation. Results similar to those presented in Figure 5.1 were reported in [26].
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5.2 Tangential tensile strength

The log disc simulations were used to investigate the stress level for crack initiation and crack
propagation at different temperatures. The tangential tensile strength is a parameter needed
for the cohesive crack simulation model. Tangential tensile strength tests were performed at
three different temperatures - 20, 60 and 90 °C - under constant climatic conditions of 20 °C
and 85% RH, of 60 °C and 91% RH, and of 90 °C and 96% RH, respectively, coupled with
18% EMC in the wood. The specimens were acclimatized in the chamber for the test climate
involved for a period of at least 12 hours, before tests in question started. The results were
reported in Paper III [30], but are also summarised in Table 5.1:

Table 5.1: Effects of the temperature on the tangential tensile strength of Norway spruce at

MC=18%.
Temperature 20 °C 60 °C 90 °C
ft.00 [M Pa] ft.00 [M Pa] ft.00 [M Pa]

Test no. 1 2.55 1.14 1.20
Test no. 2 2.46 1.58 0.64
Test no. 3 2.25 1.39 0.66
Test no. 4 2.35 1.73 0.85
Test no. 5 2.05 0.75

Test no. 6 1.27

Test no. 7 1.47

Average 2.33 1.33 0.83
Standard derivation 0.20 0.32 0.26

The results presented in Table 5.1 show there to be a marked decrease in strength with an
increase in temperature, there being slight variations in the standard deviation from one set of
tests to the other. Further discussion and a comparison of these results with those obtained
with use of simulated values is to be found in section 5.5.

5.3 Experimental verification of the log disc model

In order to verify the log disc model, two experimental studies under well-controlled climatic
conditions were carried out. The first study dealt with a disc having a 1.5 mm wide (initial)
slit from bark to pith, the second study dealing with a similar disc without a slit. The first
study was also presented in Paper II [29]. The discs were dried from a green MC down to a
constant MC of 12%, a constant drying climate at 23 °C and 63% RH being employed during
the entire drying process.
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5.3.1 Disc with an initial slit

For the disc specimens studied, development of the strain field was measured during the
drying process by use of Aramis, the slit opening next to the bark being measured at regular
time intervals as well. The correlation between the experimental and the simulated results was
assessed for the strain state attained after 25 hours of drying. Figure 4.7(b), Figure 5.2 and
Figure 5.3 show the deformation state (after 25 hours of drying) representing the condition of
the wood when the heartwood reached an EMC of 12% and the sapwood was still appreciable
above the FSP level. Note that the slit shown in Figure 4.7(b), originally 1.5 mm wide, had
closed in the sapwood area and become wider in the heartwood area. This occurred because
of the tangential shrinkage of the heartwood material tenting to open the slit, at the same time
as the opening of it was suppressed by the sapwood, which had not yet started to shrink,
while the radial shrinkage in the heartwood area dragged the sapwood towards the pith,
resulting in the closing of the slit in the sapwood area.

Figure 5.2 presents a colour plot produced by Aramis showing minor strains and the
directions they take. Here all the minor strains were negative, the numerically largest strains
representing the limiting values. In most areas, the directions of the strains were nearly
tangential, this corresponding closely to the direction of the largest shrinkage coefficient of
the wood. In the heartwood area, close to the free edges of the slit in particular, much larger
strains occurred than in the remainder of the cross section. The unsymmetrical colour
variations that can be seen in Figure 4.7(a), that may possibly indicate certain variations in
the moisture level or the material properties at these locations, see the marked areas in Figure
5.2.
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Figure 5.2: Variations in the minor strains and their directions across the disc specimen
after 25 hours of drying.

To show that the slit was actually closed at this state of drying, the slit in the sapwood area
shown in Figure 5.2 and Figure 5.3(a) was repaired slightly. The facets close to the slit could
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not be calculated correctly since neighbouring facets were located in the slit and resulted in
incorrect values being obtained for the strains close to the edge, which were then discarded.

The global strains (e, €, and &), which were measured by Aramis, were transformed into
strains in the tangential and the radial directions so as to be comparable to the simulated
strains, see Paper II [29]. Figure 5.3 shows the transformed tangential strains together with
the simulated strains found at the same point in time. The simulated strain field in Figure
5.3(b) shows tendencies similar to those of the transformed one shown in Figure 5.3(a),
except for certain uneven strain variations being present. The path » used for comparing
experimental and numerical strains with one another in terms of their variation is shown in
Figure 5.3((a) and (b)), the results obtained being shown in Figure 5.3(c).
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Figure 5.3: Tangential strain distribution after 25 hours of drying: (a) measured strain, (b)
simulated strain, (c) variations in strain along the path r, Paper II [29].

For the variations in strains along path r, an acceptable degree of correspondence was found
between the experimental and the simulated results. The measured size of the slit opening
found after 25 hours of drying and at the final EMC stage corresponded rather closely in size
to that of the simulated opening shown in Figure 5.4. After the model had been verified

44 Department of Civil Engineering — Technical University of Denmark



Results

experimentally, it was used to investigate the strain, the stress and the development of
distortion of the disc specimen during the drying process as a whole.
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Figure 5.4: Variations in the slit opening during drying, Paper 11 [29].

53.2 Discs with closed annual rings
The log discs were studied experimentally (moisture related strain field measurements) to

investigate the mechano-sorption behaviour of a closed cross section. One aim here was to
examine the reversibility of the mechano-sorption strains.

Figure 5.5: 4 disc sample exposed to a drying-wetting-drying process: (a) the uncracked
geometry of the cross section after the initial drying down to 12% EMC, (b) the cracked
geometry after crack initiation at 12% EMC, (c) the cross section showing a closed crack
after wetting up to FSP, (d) a cross section showing a large crack opening after a second
drying down to 12% EMC.

Department of Civil Engineering — Technical University of Denmark 45



Results

Figure 5.5 shows a deformed disc specimen at different stages in time during the drying
and wetting processes. The specimen was a 15 mm thick disc without a slit. The first
subfigure shows the disc sample in an uncracked condition, and with the moisture history
shown in Figure 3.11, after it had been dried from a green condition down to 12% EMC. The
second picture shows the disc sample after it has cracked from the bark to the pith. Note that
the crack was initiated (at 12% EMC) by sawing a few millimetre radial slit at the periphery
of the disc. The crack developed instantly while the slit was being sawn, which indicated
there to be a certain amount of tangential stress within the cross section. The immediate
opening of the crack at the periphery was 3.2 mm in length, the crack propagating all the way
to the pith. The disc was then put into water until FSP was reached 2 days later. The crack
closed totally during the wetting, the cross section geometry shown in subfigure (c) becoming
similar to that found under green conditions. From this condition a new 24 hours drying
period started with homogeneous drying over the cross section that took place until 12%
EMC was reached. The maximum crack opening was then 22 mm.

This disc was simulated with exactly the same material and moisture parameters as used
for the disc that had a slit. The crack propagation was simulated by removing very thin
elements along the path of the crack when EMC had been reached. At this stage the disc
worked as a disc would that had a very thin slit from the bark to the pith. Figure 5.6 shows a
history plot for simulated crack opening together with measured crack openings after the first
drying (inclusive crack initiation), after the wetting period and after the second drying.

Crack opening [mm]
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initial drying wetted drying
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Experimental
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Figure 5.6: Development of a crack opening during a forced drying-wetting-drying process.
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5.4 Simulation results

5.4.1 Simulations of discs with an initial slit

In order to study in a more detailed way the moisture-related behaviour of the disc specimens,
simulation results obtained along the path r were used to investigate how strains and stresses
develop during drying. It was the tangential strains and stresses that were studied because of
cracks propagating primarily from the pith to the bark occurring because of the tangential
stresses exceeding the tensile strength of the material.

54.1.1 Strain development

The simulation results presented in Figure 5.7 indicate that strain development in one part of
the disc (e.g. in the sapwood) is affected by the moisture history and the shrinkage behaviour
in other parts and vice versa. For example, the central part (from the pith on outward to a
radius of some 20 mm) displayed material properties and a moisture history for which, in the
case of free shrinking behaviour, would have led to the total tangential strain being identical
throughout, although under the conditions that were present the surrounding material partly
hindered shrinkage, this generating stresses and mechano-sorption strains that led to a
reduction in the total value of the tangential strains and variation in them. The same
phenomenon could be noted in the sapwood area. By comparison, the strain of free tangential
shrinkage was about 5% after 45 hours of drying. The marked curves in Figure 5.7,
representing 45 and 55 hours of drying, respectively, show marked elastic and mechano-
sorptive strain behaviour. The sapwood closest to the bark was least affected by this
mechano-sorptive behaviour.
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Figure 5.7: Variation in the (total) tangential strain along path r (at Fig. 5.3(b)) at different
times during drying, Paper II [29].

The tangential strain history is shown in Figure 5.8. Note the marked changes between 2000
and 2500 min due to the changes in MC in the sapwood area and the effect that both the
heartwood and the sapwood have on the strain development in the transition zone (around the
annual ring number 10). Further discussion of the strain development that takes place is
presented in Paper II [29].
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Figure 5.8: The tangential strain history for a path from pith to bark that a simulated drying

54.1.2

process gives rise to.

Stress development

Mechano-sorption effects make stress development difficult to predict. Figure 5.9 and Figure
5.10 present a field plot of the tangential and the radial stress components as functions of the
radius 7 and the drying time. Figure 5.9 shows there to be large variation in stress along »
during the entire drying time. The largest stress gradients are to be found close to the pith and
within the transition zone between the heartwood and the sapwood. The tensile stress within

the transition zone becomes very close in size to the tensile strength of the material. The
sapwood begins shrinking after about 35 hours (2100 min.) of drying, as clearly evident both
in Figure 5.9 and in Figure 5.10. Shortly after this, the slit starts to open (see Figure 5.4). This
changes the stress distribution markedly within the cross section as a whole. The most
pronounced changes occur in the transition zone between the heartwood and the sapwood
(see annual rings no. 10-12 in Figure 5.9).
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Figure 5.10: Radial stress, o,, as a function of the radius r and the drying time.

The stress generation in this zone is strongly affected by the early shrinking of the heartwood
and the simultaneous resistance of the sapwood, that are followed by shrinking of the
sapwood and constraint caused by the heartwood when it has reached EMC. The largest
tangential compressive stresses occur in the middle zone near the end of the drying process,
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whereas the largest tangential tensile stresses in this zone occur much earlier in the drying
process.

In the quest for a better understanding of moisture-related stresses in wood, it is of interest
to study how the stress state as a whole (o, oy, T11) develops at each material point in the
course of the drying process. Figure 5.11 and Figure 5.12 show path plots for tangential,
radial and shear stresses along path r after 15 and 45 hours of drying, respectively. For the
transition zone, there is only a slight gradient for the radial stresses and there are almost no
changes in the shear stresses. In the heartwood, the radial tensile stresses occur at a rather
early stage in the drying process (at 15 hours), their being of the same level as the tangential
stresses, although the tangential shrinkage coefficient is twice as large as the radial one.
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Figure 5.11: Variations in radial, tangential and shear stress along r after 15 h (900 min.) of
drying.
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Figure 5.12: Variations in radial, tangential and shear stress along r after 45 h (2700 min.)
of drying.

This is due to the internal constraints in these two directions being different, the elastic
modulus in the radial direction being almost twice as large as the tangential one. For both the
tangential and the radial stresses, the largest stresses along 7 are to be found close to the pith
(at the tip of the slit), because of the stress concentrations being governed by the opening of
the slit. Throughout the drying process, the shear stresses within the disc are only very slight.
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542 Effects of drying schedules on strain and stress developments
Further numerical investigations were performed to examine how different drying conditions
affect the development of strains and of stresses. Instead of using constant climatic
conditions, as in the experimental study (63% RH and 23 °C applying there), two variable
drying schedules were employed. The first schedule began with a humidity of 95% RH and a
temperature of 23 °C, changes in these continuing until the entire cross section had reached
23% EMC (according to the Hailwood-Horrobin equation). From this stage on down to 12%
EMC, the drying was simulated on the basis of the moisture history shown by the
experimental results. The second drying schedule began with climatic conditions of 95% RH
and 60 °C until a 20% EMC was reached in the cross section as a whole, changes that
occurred then leading, just as for the first schedule, to conditions of EMC = 12%. During this
simulation, the temperature was held at 60 °C. Both of the schedules aimed at removing the
free water from the sapwood before the disc specimen as a whole was dried to a lower
moisture content level, one that resulted in there being virtually no MC gradient below the
EMC, which was reached after the initial drying phase. Each of the three drying schedules
lasted for 60 hours and ended at 12% EMC. For each of the schedules, beginning at 95% RH,
the course of MC from 40 to 60 (2400-3600 min.) hours was the same.

As shown in Figure 5.9 and Figure 5.12, variations in tangential stress along path  can be
compared with those caused by each of the two modified moisture histories. Figure 5.13 and
Figure 5.14 show variations in the tangential stresses each of the three drying schedules gives
rise to after 15 and 45 hours (900 and 2700 min.) of drying, respectively.
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23°C 95% RH
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Figure 5.13: Effects of each of three separate drying schemes on variations in tangential
stress along path r after 15 hours (900 min.) of drying.
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Figure 5.14: Effects of each of three separate drying schemes on variations of tangential
stress along path r after 45 hours (2700 min) of drying.

Both Figure 5.13 and Figure 5.14 show there to be substantial reductions in the stresses
occurring under the conditions that the modified drying schedules involve. The stress
reduction in the diagram for 15 hours of drying (Figure 5.13) was most evident for the
schedule with the highest temperature, although at 95% RH the EMC was lower at this
temperature. These results indicate the clear effect of temperature on the elasticity and
mechano-sorptive properties of the discs. Note that the elastic moduli and the mechano-
sorption parameters change markedly from 23 °C to 60 °C; see Paper II [29] for further
details. Both a reduction in the elasticity modulus and an increase in the mechano-sorption
parameters lead at 60 °C to an increase in the mechano-sorptive strain and a reduction in
constraints, this resulting in a lower stress level there.

543 Simulations of discs with closed annual rings

A number of simulations of the disc samples were performed to study how the strains and
stresses develop during the drying-wetting-drying process. One of the major aims here was to
study when, and where in the cross section, the cracking occurs under such conditions. Figure
5.15 shows the tangential strain history at different locations along path » shown in Figure
5.3. Comparison of the tangential strains for the first 60 hours with those of a disc having a
slit shows the strain development to be basically the same, although the closed cross section
showed a certain pattern, especially through the sapwood area there, displaying
approximately 20% reduction in strains after the initial drying. The strain reduction was
related to differential shrinkage that occurred in the tangential and the radial directions, the
smaller radial shrinkage serving to hinder free tangential shrinkage from developing in the
closed geometry involved. Also, the stress development during the initial drying period
showed similarities to that in the disc with a slit. In both cases the heartwood area developed
tensile stresses during the first 35 hours, the sapwood area developing compressive stresses
during this period. The stresses changed from tensile to compressive, and vice versa, when
the sapwood area started to shrink after 35 hours, see Figure 5.16.
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Figure 5.15: The simulated tangential strain history as found at different distances from pith.

The elastic strains were released when the crack was initiated; this appears as a jump in the
curves at 60 hours in Figure 5.15. Figure 5.16 shows the tensile and the compressive stresses
to immediately be reduced to nearly zero when the crack is initiated. The tangential swelling
during the wetting period starts as a free swelling until the crack (shown in Figure 5.5) closes,
from this point the stresses building up to a level after 10 hours of wetting and remaining
constant then until FSP is reached after 24 hours of wetting. The stresses that developed
during the wetting period reverse the mechano-sorptive strains developed earlier and bring
the wood back into its original shape. The stresses only increase during the early part of the
wetting period, whereas the strains continue rising until FSP is reached. The crack opens
almost immediately after the second drying period has started and allows almost free
tangential shrinking of the disc as a whole to take place. The differences in the shrinkage
coefficient between the heartwood and the sapwood in connection with the stresses that are
generated, appeared to be strongest in the transition zone (r=47 mm), whereas the effect of
this sort close to pith and to bark was only limited. The substantial difference between the
initial crack opening and the final crack opening that can be seen in Figure 5.5 shows the
effect of the mechano-sorption that occurs on the stress development taking place, this effect
being due to the large initial (green) variations in MC over the cross section and the closed
geometry of the annual rings.
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Figure 5.16: The simulated tangential stress history at different distances from the pith.

Figure 5.17 shows the tangential stress path plot at different times during drying prior to
crack initiation, whereas Figure 5.18 shows the tangential stress path at different times during
wetting and during the second drying phase after crack initiation.
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Figure 5.17: Variations in the simulated tangential stress found along r at different points of
time prior to crack initiation.

The pattern prior to crack initiation showed the tensile stresses to be greatest early in the
drying process, the tensile stresses being markedly reduced at the end of initial drying period.
Both the tensile and the compressive stresses, except for the stress concentration close to the
pith, were considerable less after crack initiation than prior to that.
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Figure 5.18: Variations in the simulated tangential stress found along path r at different
points of time after crack initiation.

When the disc was initially dried down, considerable variation in the MC over the cross
section gave rise to large stresses and mechano-sorptive strains. The mechano-sorptive strains
were found to be totally reversible, however. The tangential stresses could be reduced if the
MC was distributed over the cross section homogeneously, both prior to and during the
drying process, as described in section 5.4.2, in Figure 5.13 and 5.14.

5.5 Crack developments under different drying conditions

As is known, both the elasticity and the mechano-sorption parameters of wood vary both with
the temperature and with the moisture content. The tensile strength is also affected by the
temperature, as has been summarised for three different species of wood by [19]. This
summary (shown in Figure 5.19) indicates the tangential tensile strength to decreases with
increasing temperature and MC, except for spruce, when temperature rises from 20 to 40 °C.
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Figure 5.19: The effect of temperature and of MC on tangential tensile strength in three
different wood species, [19].
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The simulations presented in section 5.4.2 revealed a marked stress reduction when the
initial (green) moisture gradient between different parts of the wood (e.g. the heartwood and
the sapwood) is reduced. The gradient can vary from FSP to EMC, FSP depending upon the
temperature and EMC depending both on the temperature and on RH. The MC span between
FSP and EMC and the drying velocity both rise when the humidity decreases (see e.g. Figure
2.6).

Experimental investigations were carried out to determine how the temperature affects the
tangential tensile strength. Disc specimens cut from the same timber log were dried in the
climate chamber under different climatic conditions, each test sample being exposed to a
constant temperature and a constant humidity. Tests at a given temperature and at intervals of
10% RH were recorded by means of Aramis and of load cells to observe whether the discs
cracked and how and when the cracking occurred. Figure 5.20 provides a summary of the
results, also presented in Paper III [30], indicating the test climates involved and whether or
not the discs cracked.
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Figure 5.20: 4 test result summary showing the relationship between the climate conditions

and the cracking of disc specimens 15 mm thick, Paper 111 [30].

The results presented in Figure 5.20 shows there to be an almost linear relationship
between temperature, humidity and crack initiation. As presented in section 3.3.2, a moisture
history was generated for each of the test cases, on the basis of the weight recordings
obtained and calculations concerning these. The discs closest to the limit line were simulated
in Abaqus, in accordance with what was taken up in section 3.3.2, each of the moisture
histories and the temperature with each associated being studied. The critical tensile stresses
were found for each of the simulations. The stress distribution and the moisture content at the
highest stress level is shown in each case in Appendix D. The critical stresses from each of
the simulations were then adjusted, in accordance with the relationships presented in Figure
5.19, to a value having a common MC of 18%. The critical stresses involved and the adjusted
values are summarized in Paper III [30]. The tangential tensile strength lay somewhere in
between the simulated stresses applying to the cracked and uncracked discs, taking the mean
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value between those from cracked and uncracked discs at 20 °C and so forth. The simulated
values are plotted directly in Figure 5.21 by use of the circular markers there, together with
the tensile strength results (x-markers) presented in section 5.2.
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Figure 5.21: Temperature dependence of the tangential tensile strength of Norway spruce, as
obtained for 15 mm thick specimens at MC=18% on the basis of test and disc
simulation results, Paper 111 [30].

Figure 5.21 shows there to be a rather close correlation between the simulated and the
experimentally obtained values here, despite the two trend lines being slightly displaced
relative to one another. Both sets of results indicate the temperature to markedly affect the
tangential tensile strength. This temperature/strength relationship can be thought to also occur
in the radial and the longitudinal directions, though this was not investigated in the project
involved here. An equation describing the relationship between the strength and the
temperature is shown as eq. (5.1):

f Lo = Fro00 (1.188 —0.00927) (5.1)

in which f; 9o 1 1s the tangential tensile strength at a given temperature in [°C] at 18% MC, and
fi00.20 1s the tangential tensile strength at 20 °C. The strength at 20 °C shown in Figure 5.21 is
set to fi 9020 = 2.4 MPa. The effect on MC of the tangential tensile strength was not evaluated
in the present project, although according to Figure 5.19, also the tangential tensile strength
appears to be dependent upon MC, whether this is in fact the case would be of interest to
investigate further.

5.5.1 Simulation of crack propagation during disc drying

The tangential tensile strength dealt with in the previous section was used in the disc crack
modelling of kiln drying carried out. A disc with crack zones as described in the section 3.3,
fracture energy as presented in section 3.2.1 and with tangential tensile strength as described
in the section 5.2 was simulated for climatic conditions of 20 °C and 30% RH. The fracture
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energy was set to 240 J/m” and the tangential tensile strength to 2.3 MPa. The drying histories
involved were created from experiments performed under these climatic conditions. The
experimentally observed crack development of the discs (by Aramis) during the drying
process was compared with the simulated results, as shown in Figure 5.22.

t=500 min

t=530 min

=750 min
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Figure 5.22: Crack and stress development in a log disc during drying condition 20 °C and
30% RH, comparisons between results of the experiments and of the simulations after
500, 530, 750, 1000, 1050 and 1500 min. being shown.
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As shown in Figure 5.22, the MC after 500 min of drying was approximately 18% in the
heartwood area, resulting in tangential tensile stresses in this area that were quite large. After
530 min of drying, the MC in the heartwood area was approximately 16% and a radial crack
through this area had developed fully. After 750 min of drying, the MC in the heartwood area
was close to EMC (MC=8-9%), whereas the sapwood area still is above the FSP. After 1000
min. the MC in the sapwood area was approximately 20%, which led to the crack closing
because of shrinkage of the sapwood. The MC in the sapwood area decreased to 17%, the
crack in the pith area was closing, and compressive stresses arose due to the contact involved.
At the end of drying, which came after 1500 min, a full crack had developed. Note the high
compressive stresses in the transition zone and the tangential tensile stresses in the sapwood
area that had build up primarily because of the initial variation in MC over the cross section.

The results shown in Figure 5.22 indicate clearly that the correlation between the
experimental results and results of the simulations states was rather high.

5.6 Water flux experiments

Large variations in MC often occur within wood cross sections when the wood is in a green
condition. The stresses related to drying and the risk of cracking can be reduced if the RH-
level in the surroundings is kept as high as possible until the whole cross section has dried
down to an EMC level close to the FSP. Knowing how the temperature and the RH affect the
water flux in wood is very useful in planning the drying schedules for timber board. It is
especially important in the case of cross sections having high green MC gradients.

Water flux tests in the tangential and the radial direction were performed in the climate
chamber at three constant temperatures (20, 60 and 90 °C) and at three humidity levels (70,
80 and 90% RH). The major goal of the study was to explore how water flux is affected by
the temperature, the RH and the size of the external surfaces the samples possess. The test
specimens used for these water flux experiments are described in sections 4.2.4 and 4.2.5.

5.6.1 Water flux above FSP

The water flux experiments were carried out in the climate chamber on both types of
specimens at the same time, which were dried in the tangential and the radial direction
simultaneously; this eliminating the risk of climate differences being found between the two
highly similar experiments. Specimens with one and the same drying direction were grouped
and were placed on a stand for this specific direction only. The weight of the specimens was
logged every 5™ minute. The climate around the specimens was kept constant during each
test. Figure 5.23 shows the moisture history for both the radially and the tangentially dried
specimens. The specimens were very similar and the drying conditions were identical for
each of the two drying directions. The results also clearly show that the flow direction has
almost no effect on the moisture histories of the samples.
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Figure 5.23: The moisture history of samples having a radial and a tangential moisture flow
at 60 °C and at an RH of 70, 80 and 90%.

The same phenomenon was observed at 20 and at 90 °C. Figure 5.24 shows the moisture
histories at 90 °C, the history from each humidity level being the average of results for the
tangential and the radial drying direction.
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Figure 5.24: Moisture history for samples dried at 90 °C and 70, 80 and 90% RH.

The water flux above FSP was calculated as the loss of mass (water) from the green condition
to FSP, divided by the area from which the water evaporates and the length of time involved.
The average water flux for each climatic condition up to the time when FSP was reached was
calculated, the results being presented in Paper IV [31]. The water flux for the nine
experiments conducted is shown in Figure 5.25.
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Figure 5.25: Water flux above the FSP level under constant temperature and humidity

conditions.

As shown in Figure 5.25, the water flux increases as the temperature rises, just as the flux
increases as the RH decreases. Under constant RH conditions, the drying time was reduced to
approximately a 33% level when the temperature was increased from 20 °C to 60 °C and to a
20% level when the temperature was increased from 20 °C to 90 °C. In addition, the time
could be reduced by a factor of two when the temperature was increased from 60 °C to 90 °C.
The drying time could also be reduced to one-third when the humidity was changed from
90% RH to 70% RH and by 50% when the humidity was changed from 90% RH to 80% RH.

The results for water flux above the level of FSP were compared with water flux results
above the FSP level for Pine that are presented in [59] and for 42 mm thick western hemlock
boards presented in [6]. The water flux was of the same magnitude in all three experiments,
despite the results applying three different species. All the species were softwoods.

5.7 Drying of timber boards

Simulations of stress development during the kiln drying of timber boards were performed to
investigate how initial variation in MC values over the cross section affects the stress and the
strain development during the drying process. The emphasis here was on the development of
tangential stress development, since the strength in this direction is less than the strength in
the radial direction; see e.g. [19] and [7]. The geometries and moisture histories of the timber
boards are presented in Paper IV [31]. The kiln drying conditions were 60 °C and 80% RH.
This climate provides an FSP of approximately 28% MC and an EMC of approx. 13% MC.
The shrinkage coefficients employed for the simulations are o, jeqs = 0.10 and o jeas = 0.20
for the heartwood and a; 4,,= 0.15 and a; ;.= 0.30 for the sapwood. The coefficients in the
transition zones were interpolated between the heart and sapwood values. The drying-related
stresses vary significantly during the drying process and the stresses are not necessarily
largest at the end of the processes. Figure 5.26, Figure 5.27 and Figure 5.28 show the
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tangential stress distribution at four specific times (15, 55, 110 and 165 hours) for each of the
boards: board I, Board II and board III.
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Figure 5.26: Timber board I: Simulated tangential stress distribution after 15, 55, 110 and
165 h of drying at 60°C and 80% RH.
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Figure 5.27: The timber board I1: Simulated tangential stress distribution after 15, 55, 110
and 165 h of drying at 60°C and 80% RH.
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Figure 5.28: Timber board I1I: Simulated tangential stress distribution after 15, 55, 110 and
165 h of drying at 60°C and 80% RH.
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The three figures above all show a stress development that changes as drying progresses,
especially in the areas close to the transition zones, but the development for the three timber
boards is different. These differences in behaviour between the boards that were studied arose
primarily on the basis of how the heartwood dried, such as whether board III, in which the
pith is located in the corner of the sample dries much faster than the heartwood of the two
other boards. A good indicator of the drying speed is the ratio of the surface areas to the
volumes involved. Larger ratios indicate faster drying of the volumes in question. The ratio of
the sub-volumes to the surfaces involved is presented in Table 1 in Paper IV [31], together
with detailed descriptions there of the tangential stresses in question, together with the
tangential strains for each of the three simulated timber boards after 165 hours of drying.

Two parametric studies were carried out to study the effect of the shrinkage coefficient
and whether the displaced moisture histories had any effect on stress development in the
boards during drying. In the one study the shrinkage coefficients (such as for the sapwood)
were designed to be identical for all the four sub-volumes, at the same time as the actual
moisture histories and those in the original simulations were identical. The other study
involved simulations based on moisture histories that were equilibrium for each of the sub-
volumes, the drying starting simultaneously in each case from the FSP level. The shrinkage
coefficients were graduated from the heartwood to the sapwood as in the original simulations.
In the studies the tangential stress histories of a point centrally located in the transition zone
closest to the heartwood, as shown for board I in Figure 5.29, for Board II in Figure 5.30 and
for board III in Figure 5.31. The three curves represent the simulations Sim I, Sim II and Sim
1.
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Figure 5.29: Timber Board I: The simulated tangential stress history at a centrally located
point in the transition wood close to the heartwood, Paper IV [31].
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Figure 5.30: Timber board II: The simulated tangential stress history at a centrally located
point in the transition wood close to the heartwood, Paper IV [31].
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Figure 5.31: Timber board II1: The simulated tangential stress history at a centrally located
point in transition wood close to the heartwood, Paper IV [31].

The figures above show clearly how large variations in the green MC and changes in the
shrinkage coefficients affect the stress development. One can also note that the sawn pattern
has a strong effect on the stress development, the sawn pattern being most critical for board
111, whereas for board II the sawn pattern has only a limited effect.
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Chapter 6

6. Conclusions

The work reported on in the thesis can contribute to a better understanding of moisture- and
temperature-related stresses and fracture in solid wood, when the inhomogeneity and the
climatic dependency of the material parameters involved, as well as variations over the cross
section of the wood in the initial (green) moisture content during the drying process are taken
into account. Wood is a strongly orthotropic material, displaying large variations from tree to
tree and from heartwood to sapwood. There are certain commonalities that can useful to take
account of when wood is dried from a green condition to a state below FSP.

The investigations carried out here made use of wood samples involving strong contrasts
in terms of material properties and MC between certain of the elements of which they were
composed, such as heartwood and sapwood, which were included in all of the experiments
and modelling investigations. The present project deals primarily with tangential stresses in
wood and radially oriented cracks in it formed through the presence of a high degree of
tangential tensile stress. The project is based in part on the results of earlier studies showing
that it is tangential strains and stresses that are particularly critical for the occurrence of
fracture in the radial direction.

The shrinkage parameters of the heartwood have been found to have an effect only about
50% as great as those of the sapwood. This contributes to significant stress generation in the
transition zone between the heartwood and the sapwood, whatever effects other factors may
have.

The results of experiments concerning crack development and results of simulations
regarding this were found to agree rather closely with one another, use being made in both
cases of measures of tangential tensile strength. The model employed here was verified by
results of the experiments. It was also found that the tangential tensile strength decreased
markedly with an increase in temperature, the dependency of the temperature and the tensile
strength being almost linear. When the temperature of the wood material increased, the elastic
moduli were reduced in size and the mechano-sorption parameters became larger. A
reduction of this sort in the level of both properties resulted in a decrease of stresses when the
temperature increased. As indicated earlier, an increase in temperature also led to a reduction
in the strength of the wood, although in the disc experiments involving exposure of the wood
to changes in the climatic conditions it was found that the reduction in strength was clearly
less than the changes in the stiffness properties that occurred. In the experiments the RH
could be reduced appreciably by a rise in temperature, without this being coupled with the
emergence of cracks. Investigations of drying speed, also referred to as studies of water flux,
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the drying above FSP being of particular interest, showed there to usually be an increase in
drying rate with an elevation in temperature, when RH remained constant, the flux increasing
as RH was reduced. Despite the cell structure of softwood providing the radially directed
sides of the cell with far more pits than directed cells are provided with, the water flux was
found to be quite similar in both directions. This may well be caused by the ray cells in the
tangential direction contributing to the water flux. No linear relationship between the drying
time, RH and the temperature was found however. At a constant RH, the drying time was
reduced to one third of the original level when the temperature was increased from 20 °C to
60 °C, and it was reduced to one fifth of the original level when the temperature was
increased from 20 °C to 90 °C. In addition, the time required for drying could be cut in factor
two when the temperature was increased from 60 °C to 90 °C. The drying time could also be
reduced to one-third when it was changed from 90% RH to 70% RH and by 50 % when the
humidity was changed from 90% RH to 80% RH.

Moisture gradients that extend occurring from the surface to the depth during the drying of
wood are well known and have been rather thoroughly investigated. It is far more seldom that
investigations take account of the green moisture gradient over a wood cross section due to
differences between the heartwood and the sapwood in the initial MC. When wood dries from
a green condition down to a level below the FSP and a difference over the cross section in the
initial MC is present, this leads to the different subparts of the cross section differing in the
time at which they dry to a level below the FSP, this resulting in the risk of a moisture
gradient producing unexpected constrains that lead to a buildup of stresses. This could be
shown in simulations of rectangular cross sections having a variable initial MC. If there are
large differences over a cross-section in the initial moisture level, the damaging moisture
gradient just referred to can be reduced if the humidity of the surroundings is kept as high as
possible during the initial drying, until the parts with the highest MC levels have been dried
down close to the FSP level, a relatively high MC level in the parts with the lowest initial
moisture level thus being maintained. This was demonstrated in the experiments involving
the discs. After that, the drying stresses tend only to be affected by the moisture gradient from
the surface to the depth. This is a familiar problem, one already accounted for in the drying
process.

It was found that stress, crack development and the drying time became less at higher
temperatures, making high-temperature drying appear more optimal, yet this fails to take
account of economic considerations, since both energy and water consumption can rise
dramatically at elevated temperatures. The costs of the increases use of energy might well
exceed the costs of the material loss involved in using lower temperatures. In taking account
of all of this, one might finally end up with a temperature somewhere in between the two
extremes, a temperature at which the energy costs, the time requires for drying, and the
amount of material which is damaged are acceptable.
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Chapter 7

7. Future work

During the work carried out, various matters have appeared to be in particular need of further
research if one is to obtain an adequate understanding of the strains and stresses and the crack
behaviours that occur during the kiln-drying of softwood.

7.1 Tangential tensile strength

Much is yet to be investigated concerning the tangential tensile strength of Norway spruce,
especially as regards its temperature and moisture dependence. Further experimental studies
are needed to extend knowledge of dependency of the strength on factors of temperature and
moisture. This is of interest not only for the wood drying industry, but also for those
segments of the timber construction industry producing timber and glulam structures exposed
to outdoor seasoning. It is likewise of interest for the design of constructions subjected to
particular high or low temperature, such as structures exposed to heat due to a fire or outdoor
construction in very cold climates. In the present work it was only the tangential tensile
strength of small cross sections of logs, or segments of these, that were studied, the scale
effects at dealing with much larger objects was not investigated. Matters of this sort are
clearly in need of further investigations.

7.2 Fracture energy

The fracture energy results of the various investigations of Norway spruce that have been
carried out provide a very scattered picture. The fracture energy level can vary, for example,
anywhere from 140 to 440 J/m* for one and the same MC and temperature level. Further
investigations of the effects of the temperature level on the fracture energy are needed. One
reason for the widely varying results for measured fracture energies obtained could be the
large numbers of test methods that have been employed. The methods seem to be too many
and too different in their construction. Some of them are ones designed originally for concrete
and metals and then adapted to use with wood, even though they may not be as satisfactory
for the testing of wood. Also, the three point bending test for determining the tangential
fracture energy of wood, for example, is a method that is rather complex to use, because of
the experimental specimen needing to be composed of three wood pieces that are glued
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together. Quite generally speaking, the results of the one method are often difficult to
compare with results of another. This may be the reason for the broad scatter found in the
fracture energy results.

A new standard for fracture energy tests of wood is needed, one in which varying
temperature and MC values are dealt with more adequately in evaluating crack developments
during kiln-drying.

7.3 Modelling work

In the present work, the conception of the moisture flow in the wood material was very much
simplified. The MC field history created was based on the water flux results presented above.
Further modelling work is needed to better simulate the transient moisture flow during the
drying process as a whole from the green to the dry condition, considering taking the marked
changes in drying speed from above FSP down to below this and further down to EMC into
account.

In order to achieve a more adequate 3D stress model, a visco elastic model of strongly
orthotropic creep behaviour needs to be developed. This latter model needs to be able to
simulate accurately how the moisture level and the temperature affect the visco elastic
behaviour of wood.

The crack model needs to be developed further to take adequate account of the moisture-
and temperature- dependent stiffness of the wood and its strength and fracture-energy
parameters. Another matter to investigate is whether there is any size effect that should be
taken account of in connection with the crack parameters.
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App D, Figure 0.1: Maximal simulated tangential stress without crack development: S33=o,
and FV2=MC, (a);20 °C and 50% RH, (b); 20 °C and 60% RH, (c),; 60 °C and 40% RH.

App D, Figure 0.2: Maximal simulated stress without crack development: S33= o, and
FV2=MC, (d); 60 °C and 50% RH, (e),; 80 °C and 30% RH, (f); 90 °C and 30% RH. .. 88
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Appendix A: Mode I test methods
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Figure 19. Different types of specimens.
(a) Three-point bending (TPB)
(b) Compact tension (CT)
(c) Double—-edge notched (DEN)
(d) Single—edge notched (SEN)
(e) Center notched (CN).
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Appendix B: Tangential tensile strength

Tangential tensile strength tests performed by Jesper and Ejnar Videbak

Tangential tensile strength

Specimen no. Dato: t[m] b [m] F [N] ft,90 [MPa]
Experiment 1 (20gr, 85RH,
18%MC):
1[03/04/2012| 0.01491| 0.01944| 739.71114| 2.552045
4103/04/2012| 0.01492| 0.01935| 709.76014| 2.458452
6|11/04/2012| 0.01484| 0.01989| 663.50794| 2.247902
8116/04/2012 0.0148 | 0.01986| 691.20034| 2.351597
9|16/04/2012| 0.01481| 0.02009| 608.90874| 2.046526
Meanvalue
Stand var.
Specimen no. Dato: t[m] b [m] F [N] ft,90 [MPa]
Experiment 2 (60gr, 91RH,
18%MC):
13|16/04/2012 0.0149| 0.01948| 331.59194| 1.142428
14|16/04/2012| 0.01471| 0.0196| 454.83294 1.57755
15|16/04/2012| 0.01474 0.0194 | 397.48414| 1.390019
16 [16/04/2012| 0.01465| 0.01945| 491.55974| 1.725119
17|19/04/2012| 0.01435| 0.0183| 198.03994| 0.754136
19|19/04/2012| 0.01465| 0.0195| 363.89974| 1.273824
20(19/04/2012| 0.01415 0.02| 417.02594 1.47359
Meanvalue
Stand var.
Specimen no. Dato: t[m] b [m] F [N] ft,90 [MPa]
Experiment 3 (90gr, 96RH,
18%MC):
22(24/04/2012| 0.01433| 0.02014| 345.89477| 1.198501
26 (24/04/2012| 0.01455| 0.02077| 192.01537| 0.635384
25(25/04/2012| 0.01441| 0.02007| 190.44417| 0.658501
28 (25/04/2012| 0.01453| 0.02045| 251.13177| 0.845167
Meanvalue
Stand var.
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ft,90
[MPa]

2.331305
0.195806

1.333809
0.319238

0.834388
0.260277
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Appendix C: Climate chamber data

Performance range for climatic testin

Temperature range +10"Cto +85°C

Temperature deviation in time

in centre of working space +0.1 Kto+0.3 K

Temperature homogeneity in space

relative to the set value +05Kto 10K

Humidity range 10 % to 95 % r. h.

Dew point range +4°C to +34°C when using plain floor element

Humidity deviation in time
in centre of working space 1% rhtoxd%r h,

Heat compensation 500 W at 25 °C to 90 °C
humidity up to max. 90 % r. h. is maintained

Climatic calibration
values are measurad at #23°C/50 % rhand #95°C /50 % . h.

Humidity diagram
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B relative humidity in % r. h. \
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Definition of linear temperature rate of change

linear cooling: tolerance range of actual value
1
N
-]
™
\\
2 e 0/ +3 min.
=
E s = actual value
E R upper tolerance
=EL \\ EEQt""E't-'CE d?pends —low er tolerance
8 \ on test specimen
™)
\\ i!— *
<t max. overshoot:
+5K
-
time (min}
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Definition: temporal fluctuation while cocling resp. heating phase depends on the temperature rate of change:

at At 5 Kimin: X=1,2 min
at At 10 K/min: X =14 min
at At 15 Kimin: X = 1,6 min
at At 20 K/min: X = 1,8 min
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Appendix D: Critical stress and ass. MC

The following figures App D, Figure 0.1 and App D, Figure 0.1 show the maximum
tangential stresses and the MC at the state of maximum stresses.
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App D, Figure 0.1: Maximal simulated tangential stress without crack development: S33=0,
and FV2=MC, (a);20 °C and 50% RH, (b), 20 °C and 60% RH, (c),; 60 °C and 40% RH.
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App D, Figure 0.2: Maximal simulated stress without crack development: S33= 6, and
FV2=MC, (d); 60 °C and 50% RH, (e),; 80 °C and 30% RH, (f); 90 °C and 30% RH.
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ORIGINAL ARTICLE
Moisture-driven fracture in solid wood

FINN LARSEN, SIGURDUR ORMARSSON & JOHN FORBES OLESEN

Deparrment of Civil Engineering, Technical University of Denmark, Brovej, DK-2800 Kgs. Lyngby, Denmark

Abstract

Moisture-induced fractures in solid timber create considerable problems for both building industries and sawmills. Cracks
caused by kiln-drying of solid timber are extremely difficult to predict. This paper reports on experiments concerned with
methods of reducing cracks in wood and with the cracking behaviour of Norway spruce discs. The spruce was dried from
green moisture content down to equilibrium moisture content at 23°C and 64% relative humidity. Moisture-related strains
and crack development were measured using a digital image correlation system, Aramis. The moisture gradient in the
longitudinal direction had a major influence on crack behaviour and was quite pronounced in discs more than 30 mm thick,
but much more limited in discs only 15 mm thick. Although the thicker discs often cracked very early in the drying process,
many of these cracks became invisible later on in the drying process, suggesting that sealing the ends of timber logs while in
the green moisture state could considerably reduce the development of end-cracks. The initial moisture content and the
shrinkage properties of the wood varied markedly from pith to bark. The importance of taking material inhomogeneities into

account when modelling crack propagation in solid wood is emphasized.

Keywords: Aramis, cracks, drying, moisture, wood.

Introduction

Wood is a strongly orthotropic, non-homogeneous
material that often contains many microscopic
defects. These can initiate cracks that propagate
during the drying process. Stresses and cracks that
develop in drying are created primarily by moisture
gradients and internal constraints caused by ortho-
tropic shrinkage.

The moisture content (MC) of green wood varies
within the cross-section of a timber log. The MC of
heartwood, for example, is considerably lower than
that of sapwood. Heartwood and sapwood differ
from each other during drying in the time required
for the fibre saturation point (FSP) to be reached;
this also suggests that shrinkage starts at different
times within different parts of the cross-section.
A complex state of strains and stresses develops as
a result. Experiments on moisture loss above the
FSP, conducted by Wiberg ez al. (2000), showed a
marked difference in the rate of drying (evaporation)
from a state above, to a state below, the FSP.
Krabbenheft (2003) has modelled and studied

numerically and experimentally the moisture trans-
port in wood both above and below the FSP. He
found the drying of wood above the FSP to be
strongly dependent on evaporation from the surface
of the wood, and drying below the FSP to be
strongly dependent on moisture transport inside
the wood. Drying above the FSP was also found to
be faster than drying below the FSP.

Mechanosorptive strains in wood can develop as a
result of drying in areas in which strong tensile or
compressive stresses build up. Numerous experi-
ments have been conducted in efforts to identify
mechanosorption caused by changes in the ambient
climate. Studies of the mechanosorptive behaviour
of wood material under constant loading and con-
trolled climatic conditions have been carried out by
Lazarescu and Avramidis (2008) and Svensson
(1995), who were able to identify and determine
the magnitude of elastic strains. The difference
between the shrinkage coefficients in the radial and
tangential directions was found to affect strongly the
internal stress generation that occurred during the
drying process (Dahlblom ez al., 1999).
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The moisture-related crack pattern in wood is
often quite complex, owing to the annual ring
structure and the different MC levels found within
the heartwood and the sapwood. Six different
orientations regarding the crack directions involved
can be distinguished: TL, RL, LR, TR, RT and LT,
where L =longitudinal, R =radial and T =tangen-
tial. Three different fracture modes (modes I, II and
III) can occur in connection with each of the six
cracking orientations. For a more detailed account of
different fracture modes, see Valentin et al. (1991).
For mode I, the directions TL and TR, which relate
to the cross-sectional behaviour of a timber log, are
the most relevant for moisture-related crack propa-
gation. One hypothesis to be investigated in this
study is that the crack behaviour is strongly affected
by the moisture gradient in the fibre direction.

The drying of wood usually occurs five to 10 times
more quickly in the longitudinal direction than in any
other direction. To examine this in detail, tests were
conducted on thin slices (discs) of a timber log,
enabling a large number of experiments to be carried
out within a short period. The boundary conditions
were simplified by using thin discs for calibration of a
combined moisture, distortion and fracture model.
Experiments were also carried out to clarify differ-
ences in drying time and in the drying rate pertaining
to a particular evaporation direction. In practical
terms, the R and T directions are the major transport
directions, owing to the preponderance of lengthwise
surfaces compared with cross-sectional areas.

The experimental results were used for calibration
and verification of a numerical crack model.
This model is a further development of a three-
dimensional (3D) distortion model presented in
Ormarsson et al. (1998, 1999).

Materials and methods
Teést spectmens

Wood specimens were taken from a 20-year-old
Norway spruce tree from the North Zealand region
in Denmark. The tree was felled in the morning of 20
January 2009. A timber log, 1.5 m long and 200 mm
in diameter (Figure 1), was removed from the tree and
cross-cut into four parts, which were marked sequen-
tially from 1 to 4 (top to bottom), before being placed
in a freezer. Specimens cut from part 1 were
numbered 1.x, and specimens from other parts 2.x,
and so on. Specimens from parts 1-3 were generally
cut into discs 30 mm thick or thicker, whereas part 4
was generally cut into discs 15 mm thick.
Experiments were conducted to analyse wood
cracking behaviour using the discs which were dried

Figure 1. The timber log used for the experiments.

from a green condition down to an MC of approxi-
mately 12%.

Experimental set-up

The experimental set-up involved several compo-
nents, which provided results for strain and weight
during drying. Figure 2 shows the equipment that
was used for strain and weight measurement during
changes in MC.

Figure 2. Experimental set-up: (A) wood disc specimen (15 mm
thick) placed on a stand; (B) two digital cameras for the Aramis
system, held in place by a camera support mounted on a tripod;
(C) Aramis computer; (D) spotlight for illuminating the speci-
men; (E) load cell mounted on a stand; and (F) load cell logger.

Online weight registration

The weight of each test specimen was recorded
during experimentation. The weight history was
used to calculate and describe the MC history.
A load cell that had a maximum capacity of 10 kg
(+ 1 g) was connected to a data logger with weights
being recorded at the same intervals (15 min) as for
the Aramis software recording. This facilitated
comparison of the two data sets.

Temperature and relative humidity

The temperature and the relative humidity (RH)
were measured by a hygrometer throughout the
experiments. Both the temperature and the RH
were kept constant at between 23 and 24°C, and
62 and 64%. These climatic conditions resulted in
an equilibrium moisture content (EMC) of 12% for
each of the test specimens.
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Spatial variation in the moisture content of green wood

To study spatial variations in MC within the cross-
section of the timber in a green condition, a 50 mm
thick disc was cut into small sticks, each 13 x 13 mm
in cross-section. After initial determination of the
MC of each of the sticks, the sticks were dried at
103°C until their weight had come into equilibrium
(MC =0%). The weight of the sticks was deter-
mined with a precision of+0.01 g and weighed
between 2.70 and 3.30 g after drying.

Strain measurements

The strains that developed in each disc were
measured by Aramis, a non-contact optical 3D
deformation measuring system (Aramis, 2007).
The system recognizes the surface structure of
specimens in terms of digital images where coordi-
nates are assigned to image pixels. Initial reference
conditions are obtained from image measurements
of initially undeformed specimens. Further images
are recorded both during and after deformation of
the specimen. Aramis then determines the deforma-
tion of a specimen from one image to another by
means of various square image details (facets) which
are typically 15 x 15 pixel facets with a 2 pixel area of
overlap. The changes in position of the different
squares define the deformations that occur. Using
two cameras enables 3D displacements and strains
to be determined. Aramis takes pictures (represent-
ing stages) at specific time steps, and displacements
on the surface of the specimen are measured and the
strains calculated. Since each facet needs to be
unique and easy to recognize, it is important that
the surface has an arbitrary pattern involving many
object characteristics and striking contrasts. This is
usually achieved, if the original surface structure is
not sufficient, by employing a stochastic colour spray
pattern. Displacements and deformations that
develop on the surface of the specimen during the
experimental process can then be both visualized
and calculated by use of the Aramis software.
Normally, preparation of the specimens is very
simple. The surface is first painted white and is then
sprayed to produce an arbitrary pattern of black
dots, but this procedure is not an optimal one for
wood since applying the paint would seal the surface
and thus impede the moisture transport. However,
preliminary tests also indicated that unless marked in
some way, wood was too homogeneous in appear-
ance. Another consideration was that wood changes
colour during drying, sometimes to the extent that
the Aramis equipment no longer recognizes the
surface facets owing to changes in colour. Further,
preliminary experiments were carried out to investi-
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gate how wood surfaces could be kept as permeable
as possible. The results led to the development of a
procedure in which the use of white background
paint was omitted, since the light colour of the wood
itself served as a background. Black dots were then
applied as sparingly as possible in an arbitrary
pattern, where the size and intensity of the most
appropriate dots depended on the size of the speci-
men. Several tests using the equipment were per-
formed before each set of measurements since
Aramis needed to be able to recognize the surface
in its entirety and supplementary dots needed to
be provided if recognition of the surface was not
intact. An example of a usable pattern is presented in
Figure 3, where moisture could evaporate from the
surface almost unhindered.

Figure 3. Arbitrarily applied pattern sprayed onto the surface of a
specimen.

When strains due to moisture gradients in the
wood appear Aramis carries out measurements on
the surface of the specimen. Gradients in wood can
develop owing to the rate of moisture transport from
the interior to the surface of the wood being slower
than the rate of water evaporation from the surface.
If evaporation occurs through a surface and a
moisture gradient develops, there can be a difference
between the strains that are measured at the surface
and those that occur within the material.

Since each Aramis stage (picture) consists of 2-3
MB of data, it is important to reduce the number of
stages to an acceptable level. At the same time, there
needs to be a sufficient number of stages to represent
experimental strain history adequately. Pictures were
taken at 15 min interval for all the experiments, since
this was considered to be an adequate time-step.
The use of impermeable white paint is an option if
evaporation through the surface is unwanted. For
example, Conclad is a two-component material which
has an extremely evaporation-resistant surface and is
able to stick to wood, even when the MC values are
very high. Conclad was used in the experiments to
coat selected surfaces of the specimens for which the
effect of the direction of evaporation on the loss in
moisture was to be examined.

Department of Civil Engineering — Technical University of Denmark 95



52 F Larsen et al.

Results and discussion
Moisture content of green wood

The MC in green wood was found to vary markedly
within the cross-section of the timber log. The MC
was low within the heartwood, which was generally
around the FSP, but was as high as 200% in the
sapwood. The first Aramis investigations of crack
propagation were expected to differ drastically
between the heartwood and sapwood. The experi-
mental results shown in Figure 4 indicated that the
transition between the heartwood and the sapwood
was not distinct.

The MC varied almost linearly from 20 mm
(MC =50%) to 50 mm (MC =200%). Close to the
pith the MC was slightly higher than the FSP
(MC =40-45%), whereas in the sapwood the MC
remained constant at about 200%. The transition
zone from low MC to high occurred in the space of
about three to four growth rings.
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Figure 4. Variation in the initial (green) moisture content (MC)
between the pith and the bark (specimen 4.8).

Drying history of test specimens

Figure 4 clearly shows how the initial MC wvaried
markedly over the cross-section of a log. The
shrinkage of the wood material started at different
times in different areas of the cross-section.
Online weight measurements were used to record
the average moisture changes that occurred within
the entire cross-section as a whole, and within the
heartwood and the sapwood separately. A 40 mm
heartwood radius segment was cut from the discs, as
shown in Figure 9, for samples 4.10, 4.4, 4.7 and
4.12.

The average MC history was calculated from
results for the heartwood, the sapwood and the discs
in their entirety (heartwood and sapwood). The
heartwood and sapwood history was compared

with the history of a complete disc (4.10) containing
both heartwood and sapwood (Figure 5). Figure 5
shows that above FSP (MC ~30%) the MC rate was
high and fairly constant until FSP was reached. The
rate changed non-linearly from slightly below FSP
until EMC was reached. The combined curve (for
the heartwood and sapwood) was an average curve
for all the heartwood and sapwood samples. The
difference between this curve and the curve for
sample 4.10 was less than the variation found
between the individual samples that were used to
calculate the average curve.
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Figure 5. Moisture content (MC) history of the 15 mm thick disc.

The same trend of moisture loss was obtained for
both the heartwood and the sapwood parts of the
samples, excluding any difference between initial
MCs. Knowledge of the initial MC value and the
MC during drying enabled an MC history for a
whole cross-section to be generated (Figure 6).

Figure 6. Average moisture content (MC) history for discs 15 mm
thick.
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Dependence of the course of drying on direction of
evaporation

As already indicated, moisture transport in wood is
much faster in the longitudinal (fibre) direction than
in the radial and tangential directions. Figure 5
shows the progress of moisture transport for the
longitudinal direction alone. The effects that the
direction of evaporation had on the drying rate were
investigated for two wood samples that were similar
in character regarding sample thickness and size of
the evaporation surfaces. The wood specimen 4.5-1
shown in Figures 7 and 8 was dried in the fibre
direction, whereas specimen 4.5-2 was dried in
combined radial and tangential directions. Both
specimens had a geometry of 50 x 150 x50 mm,
and both samples were coated with Conclad on the
smaller 50 x 50 mm surfaces and on the two surfaces
opposite to each other. The surfaces were sealed at
points at which moisture release was to be prevented,
which left two surfaces open. Since earlier investiga-
tions had shown that moisture gradients in the
longitudinal direction were smaller for 15 mm thick
discs, data from a disc of this sort (4.10) were also
included for comparison.

e

5

Figure 7. Sawn pattern of specimens 4.5-1 and 4.5-2.

Figure 8 shows the effects of the MC gradient
(piece thickness) on the rate of moisture loss. Eva-
poration from specimen 4.10 was considerably faster
than that from specimen 4.5-1. Above the FSP, the
evaporation rate for both specimens was constant.
The rate of moisture release decreased thereafter until
the EMC state was reached. Evaporation during this
phase was also faster for the thinner specimen 4.10
than for sample 4.5-1, which was thicker.

Comparison of the longitudinally dried specimen
4.5-1 and the transversally dried specimen 4.5-2
showed the rate of moisture loss from green down to
an MC =60-70% to be almost the same. The rate of
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Figure 8. Effects of the direction of evaporation and the specimen
thickness on moisture loss. MC =moisture content.

moisture loss in 4.5-2 changed gradually from this
state until FSP was reached, and this was followed
by a linear decrease in MC until EMC was reached.

Shrinkage coefficient

Since free shrinkage is the main factor causing
distortion of the wood, good shrinkage data are
needed for simulating moisture-related deformation.
The experimental study presented here dealt with
the estimation of the radial and the tangential
shrinkage coefficients (x, and «,) for heartwood
and sapwood, respectively. Examples of specimens
used for estimating the shrinkage coefficient are
shown in Figure 9. All the specimens used for
estimation of the shrinkage coefficients were slit
from the pith to the periphery, allowing the shrink-
age to develop quite freely within samples that
consisted solely of heartwood or sapwood
(Figure 9c¢—¢).

Tangential and radial dimensions were measured
at different MC levels. The initial dimensions was
determined for green wood (MC >FSP), which
determined the geometry at the FSP and under
oven-dry condition (MC =0%).

The dimensions and MC were also determined
when EMC was reached. The initial length in the
radial direction at stage (1) is denoted as /.;, whereas
the initial length in the tangential direction (along
the bark) is denoted as the perimeter length /;;, the
inner perimeter as 4.44,5w00q and the outer perimeter
as 4.4y carmwood- 1 he corresponding total weight of the
specimens is denoted as #.;. The total weight is
Myater1 + Mo, Where mgy =dry weight of the wood at
MC =0%. The new lengths (/, and /) and the
weight (#1,012) at stage 2 were determined following
the loss in moisture.
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Figure 9. Samples 4.10 and 4.4 used for estimating the shrinkage
coefficients: (a) 4.10, wet condition; (b) 4.10, dry condition; (c)
4.4, wet condition; (d) 4.4} cartwoods dry condition for heartwood;
(€) 4.450pwoods dry condition for sapwood.

These data enable both the change in moisture
and the shrinkage coefficients to be estimated as
noted in egs (1)-(3):
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The tangential shrinkage coefficients for all of the
samples were quite similar, but there was a rather
large variation in the radial coefficient. The shrink-
age coefficients and the FSP obtained for specimens
3.1, 4.10 and 4.4 are shown in Table I.

Table I. Shrinkage coefficients and fibre saturation point (FSP).

Sample no. % inner % outer o, FSP (MC%)
3.1 0.20 0.14 30.0
4.10 0.31 0.15 31.8
4'4h:artwood 0.28 0.09 30.4
4. 4sapwood 0.31 0.20 0.16 31.1

Note: «, =tangential shrinkage coefficient; «, =radial shrinkage
coefficient; MC =moisture content.

Heartwood (o ~0.1) was also found to have a
smaller radial shrinkage coefficient than sapwood
(2, ~0.16).

Strain results

The Aramis system was used to register progressive
surface strain generation during drying from
green down to EMC. Three and two examples of
strain fields involving major strains are shown for
specimen 3.1 and 2.7, respectively, in Figures 10-14.
The examples are from different times during the
drying process. The specimens were 30 mm thick
and specimen 3.1 had a 5mm wide slit that
extended from the pith to the bark, while specimen
2.7 had no slit. Figure 10 shows a major strain plot
after 37 h of drying.

Figure 10. Distribution of major strains within specimen 3.1 after
37h of drying (MCrearewood ~12-20%, MCqypwood ~60-T0%).
MC =moisture content.

Figure 6 indicates the heartwood was below, but
the sapwood was above the FSP. Major strains are the
largest principal strains, whereas minor strains are
the smallest principal strains. The small lines in
Figures 10-14 indicate the strain direction. If major
and minor strains are both negative then minor
strains are numerically largest. Major negative strains
were found for samples 3.1 and 2.7 in almost the
entire cross-section and were mainly oriented in
the radial direction, which shows that minor strains are
mainly tangential, except for the fracture zones where
major strains were positive and tangentially oriented.

Subtracting the shrinkage strains from the total
strains indicated that positive strains were present in
large areas in both tangential and radial directions.
Figure 10 shows furthermore that the slit is partly
(almost completely) closed in the sapwood area,
which is due to shrinkage deformation of the heart-
wood. Figure 11 shows a clear crack pattern in the
radial direction, extending across the entire sapwood
area. This crack pattern is similar to the crack
patterns observed at the ends of the logs, which
indicates the moisture gradients in the longitudinal
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direction to have a pronounced effect on the crack
pattern. Note also in Figure 11 that when the slit had
started to open the heartwood cracks were mainly
closed, showing major negative strains in the radial
direction of heartwood.

Figure 11. Distribution of major strains within specimen 3.1 after
55h of drying (MCheartwood ~12-15%; MCupwood ~25-35%).
MC =moisture content.

Figure 12. Distribution of major strains within specimen 3.1 after
75 h of drying (MCheartwood =MCaapwood =equilibrium moisture
content). MC =moisture content.

Figure 12 shows the major strain field after drying
of the entire cross-section down to an EMC of 12%.
Each of the cracks observed in Figures 10 and 11 are
closed and not observable from the Aramis results.
The slit is large and there are relatively large negative
(radially oriented) major strains within the entire
cross-sectional area. Plots of the major strains for
specimen 2.7 without a slit are shown in Figures 13
and 14. The plots apply to the same drying stage as
in Figures 10 and 11.
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Figure 13. Distribution of major strains within specimen 2.7 after
37h of deil'lg (Mchearmood “‘12720%: Mcsapwmd ""60770%)-
MC =moisture content.

Figure 14. Distribution of major strains within specimen 2.7 after
55h of drying (MChreartwood ~12-15%, MCq pwood ~25-35%).
MC =moisture content.

The crack patterns, which consist mainly of radial
cracks, are similar to the patterns observed for the
specimens with a slit, except that the heartwood
cracks were also present after 55 h of drying.

The results presented in Figures 10-14 supports
the hypothesis that the moisture gradients in both
the longitudinal and the radial directions had a
pronounced effect on the crack pattern, the effect
of the slit becoming limited owing to the moisture
gradient being the main driving force for crack
propagation.

To reduce the effect of the longitudinal moisture
gradient on the crack pattern in 15 mm thick speci-
mens, 4.10 and 4.6 were also studied. Figures 15
and 16 shows major strain plots after approximately
25 h of drying, in discs both with and withour a slit.
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The drying of a 15 mm thick disc for 25 h produces a
degree of drying corresponding that found in a
30 mm thick disc after 37 h of drying. The moisture
gradient in the fibre direction in these thinner discs
was markedly reduced compared with the thicker
discs and led to a large radial variation in the major
strains presented within the transition zone without
any fracturing of the specimens.

Maijor strains [%]

Figure 15. Distribution of major strains within specimen 4.10
(with a slit) after 25 h of drying (MCreartwood ~ 12%, MCgapwood
~60-70%). MC =moisture content.

The development of strains in different discs, all at
the same early drying state, shows the same tendency
as can be observed when comparing Figures 10, 13,
15 and 16.

The strains in the sapwood areas are approxi-
mately zero, especially when the MC in the sapwood
is above the FSP, whereas the shrinkage-related
strains in the heartwood areas, which are mainly
negative strains, are considerably larger. The major
strains vary in a rather smooth fashion across the
heartwood area in the case of the 15 mm thick discs
(Figures 15 and 16), whereas in the 30 mm thick
discs the propagation of cracks (in zones with
positive strains) occurs in more varying fashion. In
the longitudinal direction, the propagation of cracks
was found to be related to the moisture gradient.

Figure 16. Distribution of major strains within specimen 4.6
(without a slit) after 25h of drying (MCheartwooa ~12%,
MCupwooa ~00-70%). MC =moisture content.

Conclisions

The experimental results presented contribute to the
knowledge of how roundwood samples behave dur-
ing drying. The MC difference between the heart-
wood and the sapwood, specimen thickness,
boundary conditions (slits or no slits) and shrinkage
variations strongly affect the strain and fracture
behaviour that occurs during drying. The long-
itudinal MC gradient had a pronounced effect on
the crack pattern in the roundwood disc specimens
30 mm thick or thicker. Cracks that developed at an
early stage in the drying process were found to
disappear visually at the end of the drying process. It
would therefore appear that the sealing of the ends of
logs under green moisture conditions would mark-
edly reduce the risk of cracks at the ends of logs
during the drying of solid timber products.

It has been verified that the radial shrinkage
properties are different in the heartwood area
compared with the sapwood area.

The results indicate that moisture-related fracture
modelling should take the degree of inhomogeneity
of the material into consideration, along with the
MC gradient in the longitudinal direction and
variations in MC development, both in heartwood
and in sapwood zones.

Future work

The use of Aramis measurements opens up new
possibilities for calibrating and validating distortion
and crack models. The results obtained can be used
to compare how moisture-induced displacement and
strain fields develop during the drying process as a
whole. Aramis measurements also make it possible
to compare in detail how strains and cracks develop
in small regions of a specimen. The aim here was to
develop and explore the use of numerical models
that simulate distortion and fracturing in solid wood
under ambient climatic conditions corresponding to
those found in typical kiln-drying. New models
can be calibrated by experimental verification when
moisture-related strains and fracture propagation
during kiln-drying are measured using Aramis.
In addition, drying schemes were sought that were
as effective as possible for the elimination of cracks
in drying.
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Abstract:

When solid wood dries from a green condition to a moisture content used for further processing,
moisture-induced fracture and stresses can occur. The drying stresses arise because of internal
deformation constraints that are strongly affected by the cross sectional moisture gradient
differential shrinkage and the inhomogeneity of the material. To obtain a better understanding of
how stresses develop during climatic variations, the field histories of stresses (and strains) in cross-
sections in their entirety need to be studied. The present paper reports on experiments and numerical
simulations concerned with analysing the development of strains and stresses during the drying of
15 mm thick discs of Norway spruce timber log. The samples were dried at 23 °C and relative
humidity (RH) of 64% from a green condition to equilibrium moisture content (EMC). The
moisture gradient in the longitudinal direction was minimised by use of thin discs simplifying the
moisture history of the samples studied. The strain field history was measured throughout the
drying process by use of a digital image correlation (DIC) system. Numerical simulations of the
samples agreed rather well with the experimental strain results obtained. The stress results also
indicated where in the cross section and when fractures could be expected to occur during drying.
More optimal drying schemes showed markedly reduced stress generation.

Keywords:
Drying, modelling, moisture, wood, digital image correlation system, FEM

Introduction:

Solid wood is a hygroscopic, orthotropic and nonhomogeneous material, the stiffness properties of
which are strongly affected by the moisture content (MC). The MC within a timber log in a green
condition varies over the cross section, since the heartwood has a considerably lower initial MC
than the sapwood. Solid timber needs to be dried from a green condition down to moisture content
below that of the fiber saturation point (FSP) before it can be used as a construction material. When
a solid piece of timber contains both heartwood and sapwood, considerable stresses can develop
during drying because of the large moisture gradients that arise. The heartwood part starts to shrink
at an early stage since it reaches FSP much earlier than the sapwood part does. The drying history is
likewise complex through drying occurring faster above than below the FSP. Experiments by
Wiberg et al. (2000) and by Krabbenheft (2003) on moisture loss above and below the FSP showed
the rate of drying (evaporation) to be higher above the FSP than below it. It was found that above
the FSP the drying of wood is strongly dependent upon evaporation from the surface of the wood,
and drying below the FSP was strongly dependent upon moisture transport inside the wood. Further
numerical investigations of drying above the FSP have been carried out by Salin (2006) (2010),



who evaluated the occurrence of damage zones produced by sawing and by other actions affecting
the wood surface as a function of for the drying speed.

Mechano-sorptive strains that develop during the combined occurrence of moisture change and
stress generation can reduce the occurrence of stresses related to drying. Numerous experiments
have been conducted in efforts to identify mechano-sorption strains caused by changes in the
ambient climate. Studies of the mechano-sorptive behaviour of wood material under constant
loading and controlled climatic conditions have been carried out by Armstrong et al. (1962),
Lazarescu et al. (2008) and Svensson (1995), who were able to identify and determine the
magnitude of elastic, mechano-sorptive and visco elastic strains. How mechano-sorption parameters
affect the distortion of solid timber has been investigated numerically by Ormarsson (1999) and by
Fortino et al. (2009), for example. Differences between shrinkage coefficients in the radial and the
tangential directions have been studied experimentally and been found to strongly affect the stress
generation that occurs during the drying process (Dahlblom et al., 1999).

Moisture related stress and strain fields in nonhomogeneous cross sections are extremely difficult to
predict. Several numerical investigations taking different approaches to this have been conducted:
Felix et al. (1992) modelled stress and strain development in thin quadratic cross sections (discs).
Clair et al. (2003) used discs taken from logs to investigate shrinkages properties, primarily in the
radial and the tangential directions. Bonneau et al. (1993) constructed a 2-zone model for analysing
the drying of wood containing both heart and sapwood, Kang et al. (2002) developed a
mathematical model for studying strains and stress development (within a cross section) based on
differences between MC in heartwood and in sapwood. The numerical results presented showed
stress variations of interest within the cross sections. Kang et al. (2004) conducted an experimental
investigation later of radial shrinkage in solid wood discs. Kowalski et al. (2007) made use of an
acoustic emission method in experiments aimed at monitoring the state of stresses in dried wood
discs. The experiments were so performed that evaporation could only occur from the bark of a
cylindrical wood disc. Sreekanth et al. (2009) performed drying experiments at 130 °C in a
specially constructed setting involving use of discs 30 mm in diameter, for studying crack
propagation due to tangential stresses. The experimental findings were used to verify a model
developed for predicting fracture behaviour.

The experiments reported on in the present paper were conducted to examine strain field
development during the drying of thin discs taken from a timber log. Since the drying of wood
occurs much faster in the longitudinal direction than in any other directions, using thin discs enables
the experimental time to be reduced appreciably and the moisture gradient in the longitudinal
direction to be reduced to an absolute minimum. The degree of deformation constraint can also be
varied by using discs with and without a slit from pith to bark, these having open and closed annual
rings respectively. The drying direction for kiln dried timber is predominant radial and tangential
which is different from the direction in these experiments. The thin discs are used because they
provide simple and well defined moisture histories which facilitate calibration of the simulation
model. The mechano-sorptive behaviour caused by moisture gradients (or internal constraint)
during drying is universal regardless the drying direction. The calibrated model is therefore useful
in general and can easily be used for simulation of stresses and fracture of kiln dried timber boards,
especially when drying of boards with large moisture gradients in green condition are simulated.
Note, large gradient can occur in wooden discs because they consist of both heartwood and
sapwood with marked difference in green moisture content. The degree of variation in the
transversal strain fields within the cross sections of the wood was measured during the drying
process by means of a DIC system, Aramis (2007). The experimental samples were also simulated
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by use of a 3D distortion model developed by Ormarsson et al. (1998, 1999), the moisture content
history and the shrinkage properties of the samples being obtained in the experimental study.

Materials and methods

The research method employed is a combined experimental and numerical one. Strain fields in thin
disc specimens obtained from a solid timber log were measured during drying by use of the DIC
system, simulations of the drying stresses and strains being performed by use of a finite element
model.

Strain field measurements

Test specimens

The test specimens were selected from a timber log (1.5 m long and 200 mm in diameter) 20-year
old Norway spruce tree growing in the North Zealand section of Denmark and felled in January,
2009. After the log was removed from the tree, it was cross cut into 4 sections before being placed
in a freezer for conservation purposes. The disc-shaped specimens to be studied were later cut from
the respective sections of the log in a frozen condition so as to avoid moisture loss during
preparation of the specimens. The specimens were carefully selected (see Figure 1) from areas free
insofar as possible of defects and with the aim of obtaining samples as homogeneous (in tangential
direction) as possible so as to keep the effects of variations in the material properties at a minimum.
Even such carefully selected specimens varied to some extent, the colour variations shown in Figure
2 indicating there to be certain variations both in moisture content and in material properties.

Disc specimen
P A

Figure 1: Principle of selecting test specimens.

To reduce internal constraints within the disc specimens during the drying process that followed, a
1.5 mm wide slit was sawn from the bark to the pith; see Figure 2 (a).

Figure 2: (a) Disc specimen with a slit (b) sprayed specimen with random pattern used for Aramis measurements.

Experimental setup
To study drying deformations of the specimen by use of the DIC system, the disc was placed on a
stand containing a digital weight cell together with fan ventilation around the disc (see Figure 3).



An arbitrary pattern of dots, as shown in Figure 2(b), was sprayed on the surface for use in
obtaining strain measurements. The entire strain field history of the disc specimen was measured by
the DIC system, at the same time as the weight of the test specimen, together with the temperature
and RH of the surrounding air, were recorded by a logger at 15 minutes intervals.

Both the temperature and the RH were kept (nearly) constant throughout the experiments, their
being set to values of 23 °C and 63% RH. According to the Hailwood-Horrobin equation adapted
for wood by Simpson (1973) and described in Baronas et al. (2001) and in Ball et al. (2001), the
EMC of the samples could be expected to reach about 12%. For a more detailed account of the
experimental setup, see Larsen et al. (2011). The dry weight of the specimens was determined by
oven drying of them at 103 °C.

Figure 3: Experimental setup: (a) Disc specimen, (b) Digital cameras, (¢) Computer for data logging, (d) Weight
cell, (e) Relative humidity gauge, (f) Temperature gauge, (g) Fan ventilation, (h) Cold light.

Data recording

The strain field across the surface of the disc was measured by the DIC system. The system
recognized the surface pattern of the specimen on the basis of digital images, coordinates being
assigned to the pixels of the images. Initial images obtained in the undeformed stage served as the
reference state, the image stages thereafter being recorded during the deformation phase of the
specimen with use of fixed intervals. The DIC system computes displacements and strains occurring
from one image to another by means of movements of small square facets that are typically 15x15
pixels in size with a 2x15 pixel area of overlap with each neighbouring facet. The normal strains (e
and &) and shear strains (yx,=2&xy) are found for each of the facets. The principal strains, termed
major and minor strains (g, and &;), which are based on the two types of strains just referred to, are
calculated by use of Eq. (1). Note that the minor strains can be numerically the largest if these are
negative or if both the major and the minor strains are negative. The angle between the x-axis and
the first principal axis (1-axis) is also calculated by use of the DIC system on the basis of Eq. (2).

2
c =€x+g},+ 8x+€_u +e 2 (1)
1,2 2 - 2 xy

§- O.Stan( 28y J )

£, —¢&,

Further processing of the experimental data

To compare the strains measured by use of DIC system with simulated strains, those strains
referring to the (x,y) coordinate system were transformed to the coordinate system (r,t) of the wood
material. The disc specimens studied had almost circular annual rings and the pith was located close
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to the centre of the discs. Each facet in the undeformed state has (x,y) coordinates in the DIC
system. The values for all other facets were estimated on the basis of the coordinates for the facets
covering the pith and the radial and tangential directions, making use of the angle between the x-
axis and the radius, the latter extending from the pith to the facet; see Fig. 2(b).

The strain transformation from the (x,y) coordinate system to the (r,t) coordinate system is given in
matrix form as

£=Ge &)
Or
g, cos’@ sin’@) sinf cos) | &,
g |= sin’6 cos’6 -sinf cosfl | &, 4)
Yl |-2sinfcosf 2sinfcost cos’d-sin’6 |y,

where & represents the transformed strains in the directions (r,t) of the wood material, G is the
transformation matrix and & contains the measured strains in the global coordinate system (x.,y).

Modelling

Simulation of the disc specimens that were studied was performed by the finite element (FE)
software Abaqus (2008), a 3D stress analysis being carried out using 8-node linear brick elements
of type C3DS. The type of specimen studied was a circular 15 mm thick disc divided into 20
geometrical parts, its consisting of a small pith area and 19 annual rings. These parts were
connected by a so-called tie-constraint that allowed the disc to function as an inhomogeneous
continuum. Each part of it has its own set of material parameters and its own moisture and
temperature histories. The simulation model involved the use of special routines for wood distortion
developed by Ormarsson (1999). The model takes account of elastic deformation, moisture-induced
shrinkage and mechano-sorptive deformation. Visco-elastic deformations are not taken account of,
since according to investigations conducted by Svensson (1997), drying-related visco-elastic strains
represent only a very small part of the total strains. The references employed concerned a local
coordinate system including the / (longitudinal), » (radial) and ¢ (tangential) directions, the pith
serving as the centre. The experimentally observed changes in moisture content beneath the FSP
functioned as a driver for the deformations. The initial variations in MC (under the green
conditions, t = () as well as the development of the MC-curve over time were obtained along the
radius (r) of the discs. Figure 4 shows the result of the measured moisture history for the disc
specimen used to provide input data for the model. In the model, the moisture content field over the
cross-section is assumed to be axisymmetrically distributed around the pith.

Figure 4: MC history used as input for simulation of the disc specimen.



Results and discussions

The development of the strain field over the cross-section of the disc specimen was measured
during drying, the results being used to verify the simulation model. The strain results at various
times (obtained from the DIC system and FE-software) were compared, although here the results
for just one time level (25 h of drying) will be presented.

Experimental verification of the simulation model

Material parameters

Table 1 shows the material parameters used in the simulation model. Both the parameters and the
indices refer to notations described in Ormarsson (1999). The stiffness, mechano-sorptive,
shrinkage and temperature parameters used are representative parameters for Norway spruce trees.

Table 1. Material parameters used in the simulations

Ep=9700MPa E,g=400MPa | E;=220MPa
Ep=0.013°C"' Eq=0.013°C" | E=0.013°C"
En=21000MPa | E..=2200MPa |E,,=1300MPa
vy=0.35 vie=0.60 Vi=0.55
Gro=400MPa Gu=250MPa | G,y=25MPa
Grr=0.013°C" | Gur=0.013°C" |G,7=0.013°C"
Gw=1163MPa | Gp=122MPa | G,n=72MPa
mi=0.0001MPa" | m,=0.15MPa”" | my=0.2MPa’”’
myr=-0.01°C"' mr=-0.01°C" | mz=-0.01°C"!
muyr=-0.01°C" | myr=-0.01°C"  |myz=-0.01°C"
My =0.008MPa™ | min=0.008MPa™" ,n,=-0.8MPa™
wiy=0.0 1;=0.0 U=1.0
0,=0.0071 Oy heare=0.10 s heare=0.20
asl'opf:'o- 038 Oy Sap:0.17 oy Sap:0-35

Ty=20°C wp=0.30 wr=0.0033
T=23°C Winir>0.30 E siope=0.0

A typical expression for the modulus of elasticity and its rate of change as functions of MC and of
temperature are given by
E =E,(Q+E (T, -TN+E, (w;(I+wg (T, -T)—w,)

w

Es =E (_Wf'nW;TT -W,)- Ei{)EiTT

iw

(%)
(6)
where the index i represents the material directions (/,7,f), Ejis the basic elastic modulus and Gy is
the basic shear modulus, both of them at the reference temperature 7y,=20 °C, Er, Ei., Gir and Gy,
representing the effects of the temperature and of the moisture level on the reference modulus. The
additional parameters contained in the table are Poisson’s ratios v;; the mechano sorption behaviour
mig, M, My, the coefficients y;; describing the coupling between the mechano-sorption effect in the
different directions; the shrinkage coefficients w;; the coefficients wy, wyr representing the fibre
saturation point; the reference temperature T9; and the initial temperature 7. The difference between
the radial shrinkage coefficients for heartwood and for sapwood was obtained in an experimental
study presented in Larsen et al. (2011). A similar difference has been confirmed by Rosner et al.
(2009) and by Larsen et al. (2011), for example. The tangential shrinkage coefficient (a,) was
assumed to be twice as large as the radial coefficient (@) both for heartwood and for sapwood.
Note that both of the indices i and j represent the material directions (/,»,f).
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Experimental results

For the disc specimens studied, development of the strain field was measured during the drying
process by use of the DIC system, the slit opening next to the bark being measured at regular time
intervals as well. The correlation between the experimental and simulated results was assessed for
the strain state attained after 25 hours drying. Figures 2 (b), 5 and 6 show the deformation state that
resulted after 25 hours of drying, and Figure 4 shows the conditions present when the heartwood
reached EMC of 12%, the sapwood at that point still lying significantly above the FSP. Note that
the slit shown in Figure 2 (b), which originally was 1.5 mm wide, had closed in the sapwood arca
and become wider than 1.5 mm in the heartwood area. This occurred because of the tangential
shrinkage of the heartwood material striving to open the slit, at the same time as the opening of it
was suppressed by the sapwood, which had not yet started to shrink, while the radial shrinkage in
the heartwood area dragged the sapwood towards the pith, resulting in the closing of the slit in the
sapwood area.

Strain plots from the DIC system show that minor strains, which all were negative and the
numerically largest strains represented the limiting values. In most areas, the directions of the
strains were nearly tangential, this corresponding closely to the direction of the largest shrinkage
coefficient. In the heartwood area, close to the free edges of the slit in particular, much larger strains
occurred than in the remainder of the cross section. The minor plots from the DIC system was
almost identical with the transformed strain plot shown in Figure 5(a).

Verification of the simulation model

The global strains (ex, ¢, and ¢,,) that were measured by the DIC system were transformed into
tangential and radial directions so as to be comparable to the simulated strains. Figure 5 shows the
transformed tangential strains and the simulated strains at the same point in time. The simulated
strain field in Figure 5(b) shows tendencies similar to those of the transformed one shown in Figure
5(a), except for certain uneven strain variations. The path » used to compare experimental and
numerical strains in terms of their variation is shown in Figures 5 (a and b), the results obtained
being shown in Figure 5 (c).
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Figure 5: Tangential strain distribution after 25 hours drying. (a) Measured strain (b) Simulated strain (c) Strain
variation along the path r.

The variations in strains along path r show an acceptable degree of correspondence between the
experimental and the simulated result. The measured slit opening after 25 hours of drying and at
the final EMC stage corresponded rather closely in size to that of the simulated opening shown in
Figure 6. After the model was verified experimentally it was used to investigate strain, stress and
the development of distortion of the disc specimen during the drying process as a whole.
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Figure 6: Variation in the slit opening during drying.

Simulation results

Strain development

To study in a more detailed way the moisture-related behaviour of the disc specimens, simulation
results obtained along the path r were used to investigate how strains and stresses develop during
drying. The tangential strains and stresses were studied because of the cracks propagating primarily
from pith to bark due to tangential stresses exceeding the tensile strength of the material.
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Figure 7: Variation in the (total) tangential strain development along r at different times during drying.
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Figure 8: History plots for tangential strain located at different distances from the pith.

The simulation results presented in Figure 7 indicate that strain development in one part of the disc
(e.g. in the sapwood) is affected by the moisture history and the shrinkage behaviour in other parts



and vice versa. For example, the central part (from the pith outward to a radius of 20 mm) showed
material properties and a moisture history that in the case of free shrinking would have been
identical throughout, although under the conditions present the surrounding material partly hindered
shrinking, this generating stresses and mechano-sorption strains that led to a reduction in the total
value of the tangential strains. The same phenomenon could be noted in the sapwood area. By
comparison, the strain of free tangential shrinking was about 5 % after 45 hours of drying. The
marked curves in Figure 7, which represent 45 and 55 hours of drying, respectively, show marked
mechano-sorptive strain behaviour. The sapwood closest to the bark was least affected by this
mechano-sorptive behaviour. Figure 8 shows historical plots of the tangential strain at different
positions along the path. Note the elastic strains in the sapwood area (=77 and =107 mm) during
the first 35 hours of drying before the sapwood area starts to shrink, and how the strains are largest
close to the heartwood.

Stress development

The mechano-sorption effects make the stress development difficult to predict. Figure 9 presents
plots of the tangential stress along the path » at different drying times, Figure 10 shows historical
plots of the tangential stress at fixed locations along the same path. Figure 9 indicates there to be
large variations in stress for all the drying times that were studied. The largest stress gradients occur
close to the pith and within the transition zone between the heartwood and sapwood. The largest
tensile stresses occur close to the pith at the end of the drying process. This is caused mainly by a
local stress concentration that builds up in front of the tip of the slit when the slit starts to open. The
tensile stresses within the transition zone are found to be very close in size to the tensile strength of
the material. The sapwood begins shrinking after about 35 hours of drying, as clearly evident in
Figures 8 and 10. Shortly after this, the slit starts to open (see Figure 6), which changes the stress
distribution markedly within cross section as a whole. The most pronounced changes occur in the
transition zone between the heartwood and the sapwood (see curves =47 mm and =77 mm in
Figure 10). The stress generation in this zone is strongly affected by the early shrinking of the
heartwood and the simultaneous resistance of the sapwood, followed by shrinking of the sapwood
and constraint caused by the heartwood when it has reached EMC. The largest compressive stresses
occur in the middle zone at the end of the drying process, whereas the large tensile stresses in this
zone occur much earlier in the drying process.
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Figure 9: Variation in the tangential stress along r at different drying times.
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Figure 10: History plots for tangential stress located at different distances from the pith.

Effects of the drying schedules on the development of stress

Further numerical investigations were performed to examine how different drying conditions affect
the development of strains and of stresses. Instead of using constant climatic conditions as in the
experimental study (63% RH and 23 °C applying there), two variable drying schedules were
employed. The first schedule began with a relative humidity of 95% RH and a temperature of 23
°C, changes occurring then until the entire cross section had reached EMC. From this stage onward
then, the moisture history based in the experimental results was followed down to where
EMC=12%. In terms of the Hailwood-Horrobin equation, EMC=23% when conditions of 95% RH
and 23 °C are reached. The moisture history used as input for simulation of the disc specimens is
presented in Figure 11.

The second drying schedule began with climate conditions of 95% RH and 60 °C, changes that
occurred then leading, just as for the first schedule, to conditions of EMC=12%. Under these initial
climate conditions, the equilibrium moisture content became EMC=20%. During this simulation,
the temperature was held at 60 °C. These two schedules aimed at removing the free water from the
sapwood, before the disc specimen as a whole was dried to a lower moisture content, resulting in
there being virtually no MC gradient below the FSP. Each of the three drying schedules lasted for
60 hours and ended at EMC=12%. For each of the schedules beginning at 95% RH, the course of
MC from 40 to 60 hours was the same.
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Figure 11: Moisture content history for the disc specimen, when the starting climate condition was 23 °C, 95 %
RH and the ending condition was 23 °C, 63% RH.

Variations in stress along path r, as shown in Figure 9, can be compared with those caused by each
of the two modified moisture histories. Figure 12 shows the variations in tangential stresses caused
by the three drying schedules after 15 and 45 hours of drying.
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Figure 12: Influence of drying schemes on variation of tangential stress along the path r after 15 and 45 hours
drying.

Figure 12 shows substantial reductions in the stresses occurring under the conditions that the
modified drying schedules involved. The stress reduction in the diagram for 15 hours of drying was
most evident for the schedule with the highest temperature, although at 95% RH the EMC was
lower at this temperature. These results indicate the clear effect of temperature on the elasticity and
mechano-sorptive properties of the discs. Table 2 shows how the elastic moduli and mechano-
sorption parameters change from 23 °C to 60 °C. Both the reduction in the elasticity modulus and
the increase in the mechano-sorption parameters lead to an increase in mechano-sorptive strain and
a reduction in constraints at 60 °C, this resulting in a lower stress level there.

Table 2. Stiffness and mechano-sorption parameters for different temperatures at EMC with

95% RH
Temp. | Parameters
23°C | E=286MPa
23°C | E,=510MPa
23°C | m=0.21 MPa”
23°C | m,=0.16 MPa’
60°C | E=184MPa
60°C | E,=325MPa
60°C | m=0.28 MPa’'
60°C | m,=0.21 MPa’

At the end of the drying process there was almost no discernable difference between the stress
values for the two modified drying schedules, despite their obviously differing in the level of
variation in stresses earlier in the drying process.

Conclusions

The results for the experimental strain field (as recorded by DIC system Aramis) for the disc
specimen that was studied was used to verify the simulation model. The materiel parameters used in
earlier model investigations of Norway spruce were found to be appropriate here. The model was
used to simulate the distribution of moisture-related strains and stresses within the disc specimens,
making use of moisture histories based on different drying schedules that were similar to schedules
in practical use in kiln drying. The results of the simulations clearly emphasize the decided effect
that drying schedules have on stress development during the drying process.
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Drying schedules beginning at 95% RH (slow drying at the start) showed more marked stress
reductions than found under climate conditions of 63% RH. The modified drying schedules
employed showed the final stress level to not be affected by the temperature level. Differences
between the material properties of the heartwood and the sapwood were found to have only a
limited effect on the stress development as compared with the much larger effects that variations in
MC had.

Future work

Further numerical results are to be verified by experiments to be conducted in a new climate
chamber at DTU.byg, where strain developments are to be measured by use of Aramis under
ambient climate conditions that correspond to those of typical kiln-drying. A major aim of this work
will be to enable drying schedules to be optimised more effectively through reducing the stresses
that occur during drying, this in turn serving to reduce the risk of crack propagations. Another aim
of the experiments that are planned will be to clarify the time consumption within different drying
schedules so as to be able to better optimise the drying process through taking both time relations
and stress developments in the wood into account.
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Abstract:

After timber logs have been sawed into solid boards, and before they have been processed further,
they need to be dried from a green condition to a moisture level below the FSP. Timber is normally
dried by kiln-drying, during which moisture-induced stresses and fractures can occur. The drying
stresses arise through internal constraints that are strongly affected by differences in green moisture
content between the heartwood and the sapwood, the moisture gradient being caused by the forced
drying, the differential shrinkage taking place and the inhomogeneity of the material. Cracks occur
primarily in the radial direction, due to tangential stresses that exceed the strength of the material.
The present paper reports on experiments, numerical simulations and studies concerned with
determining the fracture behaviour of Norway spruce log discs under various climatic conditions.
The moisture gradient in the longitudinal direction was minimised by use of thin specimens,
simplifying the description of the moisture flow in the samples studied. The specimens designed for
tensile testing were acclimatised to a moisture content of 18%, their tangential tensile strength at 20,
60 and 90 °C being measured. These tensile strength values were used in disc simulations as limit
state values for crack initiation. The disc results of the simulations were compared with those of
experiments involving the same temperature levels as those for the tensile strength tests. The
comparison showed rather close agreement between results of the simulations and experiments.

Keywords:

Tangential tensile strength, cracks, drying, modelling, moisture, wood, FEM

Introduction:

Solid timber needs to be dried from a green condition down to a moisture content (MC) below that
of the fiber saturation point (FSP) before it is used as a construction material. When a solid piece of
timber board contains both heartwood and sapwood, considerable stresses can develop during
drying due to the increases in the internal constraints that arise. These stresses can easily exceed the
tensile strength of the boards, cracks in it thus developing. In the course of time, comprehensive



efforts have been made to reveal the secrets of cracks in materials of nearly all kinds. Crack
development is generally categorized in terms of three major fracture modes. A mode I fracture is a
crack caused by tensile stresses perpendicular to the direction of the crack. A mode II crack is one
caused by shear stress acting parallel to the direction of the crack. A mode III crack, finally, comes
about through shear stress acting in the crack plane as well, perpendicular to the direction of the
crack. In addition to these three basic modes, combined modes, termed Mixed Modes, can occur.
For isotropic material, the three basic modes are quite sufficient for describing what occurs, but for
strongly orthotropic materials such as wood further crack modes are needed in order to describe the
orthotropic crack behaviour that takes place. Smith et al. (2003) and Valentin et al. (1991) pointed
out, in connection with each of the three basic crack modes, the six possible crack orientations that
are possible in relation to the material axis within the wood. Crack propagation in the TL and TR
directions is of major interest in the present study, earlier investigations having shown these to be
the direction most critical for the development of moisture-related fractures.

Ever since the late 1960s, efforts have been made experimentally to determine the fracture
properties of wood so as to verify and supplement fracture theories for wood that here been
employed. Up till now, no standard testing methods have been prescribed for investigations of this
sort. That which makes wood crack tests particularly complex is the fact that wood fracture
properties depend both on temperature and on MC, making it highly important, when results are
presented, that information regarding climatic conditions be included as well. A Linear Elastic
Fracture Mechanic (LEFM) was the first theoretical approach used in efforts to understand wood
fracture, but it failed to account for all of the physical phenomena associated with wood fracture.
The fictitious crack model, also termed the cohesive crack model, was found to be a better
approach.

The basic description of the cohesive crack model is that, for Mode I fractures, a fracture process
zone of a finite width can be described by a fictitious (line) crack that transmit the normal stress g,
the size of which is a function of the separation w (width of the opening) involved. By definition,
when w=0, the normal stress o which is transmitted corresponds to the tensile strength of the
material, whereas when w=w, the normal stress is nil, this defining the state of a complete fracture
of a cohesive crack. The area under the softening stress-separation curve in its entirety represents
the fracture energy Gr [J/m’] required to completely separate the crack faces at a given point. The
relationship between the stress reduction and the opening width involved is termed the crack
softening behaviour. The softening behaviour obtained in experiments is normally not linear.
Instead polynomial functions can be fitted to some degree to the experimental curves obtained, see
e.g. Coureau et al. (2006).

Many investigations of crack development and of the softening curves related to these have been
undertaken in the attempt to describe behaviour in an easy, yet sufficient way. Stanzl-Tschegg et al.
(1995) presented a splitting method to use for studying fracturing of wood. The results led to new
ways of describing the crack softening behaviour of wood. Microscopic observations of crack
development indicated that the cracking process could be divided in two phases; first, development
of a micro-cracking zone and then the change to a fibre-bridging zone. The crack-softening
behaviour was approximated on the basis of the linear behaviour in each of these two zones. Stanzl-
Tschegg et al. (1994) presented prior to this the bilinear crack softening model employed here, in
which the stress-softening zone (that appeared after a peak-point (wy, f;) had been reached) was
defined by two descending lines. The energy associated with the first span, involving the line
extending from the peak-point to the break-point (wy, f3), is termed the cohesive micro-cracking
energy Gy, For the second span, represented by the line extending from the break-point on to (w.,
0), the energy involved is termed the cohesive fibre-bridging energy Gg. The total encompassed by
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the bilinear crack softening model corresponds to the cohesive fracture energy Gr=Gy+Gp. This
same basic model was also described by Vasic and Smith (2002).

The fracture properties of wood can vary markedly within individual species. Many of these
reported results do not differ whether the property is in the radial or the tangential directions,
despite these two directions differ markedly in term of tensile strength, indicating there to be
differences as well in terms of fracture energy and the way fractures propagate. Dourado at al.
(2008) measured the fracture energy in the tangential direction and the related tangential tensile
strength under climatic conditions of 20 °C and 65% RH (EMC~12%) for 12 specimens. The results
were obtained using a three point bending test setup. Vasic and Stranzl-Tschegg (2007) obtained
fracture energies in both the radial and the tangential directions at four different levels of moisture
content, presumably at 20 °C for each of 4 different species, although the tensile strength of these
different wood species was not presented, the results being obtained using a wedge-splitting
technique. Smith et al. (2003) reported fracture energies for spruce, but without information
concerning direction, temperature or humidity. Smith and Vasic (2003) determined experimentally
the relative distributions of the total fracture energy and the bridging fracture energy under
conditions in which the bridging fracture energy represented only about 10% of the total energy,
testing being performed using small end-tapered double-cantilever-beam specimens. Valentin et al.
(1991) presented a summary of the state of the art in this area based on test results obtained using
different test types and different wood species in Mode 1. These were found to be large variations of
the fracture properties obtained. Gustafsson (2003) presented tangential tensile strength results for
birch, pine and spruce, the effects of temperature, moisture and density on the strength of the wood
being shown, in addition to this was the degree of dependence of the fracture energy on the wood
density involved presented, the latter under constant climatic conditions of 12% MC and
presumably at 20 °C. Reiterer and Sinn (2002) obtained the fracture energy at 20 °C and 12% MC
for 15 test samples of spruce, although the crack direction and the tensile strength were not
reported. The results were obtained using a wedge-splitting technique. Their load displacement
curve showed the micro-crack part of the total fracture energy to be considerably larger than that for
the fibre-bridging part. Vasic and Stranzl-Tschegg (2007) showed the fracture energy in the
tangential direction to be considerably greater than that in the radial direction. The tensile strength
values of Norway spruce that Dourado et al. (2008), Dourado (2008), and Gustafsson (2003)
obtained differed a great deal in size.

The experimental results reported in the present paper aimed at to determining the tangential tensile
strength of Norway spruce and how it is affected by the temperature. Experiments of two different
types were performed: One of these involved uniaxial tensile strength testing within a climate
chamber at three different temperature levels (20, 60 and 90 °C), the humidity level being set so as
to obtain a moisture content of 18% MC (according to Simpson (1973)). The other type of
experiment involved kiln-drying tests of wood discs at different temperature levels and different
humidity’s. Whether the discs cracked and the crack development if they did crack were studied
during the drying process. The experimental disc samples were then simulated by use of a 3D
distortion model developed by Ormarsson et al. (1998 and 1999), the moisture histories and the
shrinkage properties of the samples being obtained by experimental study. At the experimentally
observed crack location, the maximum tangential stress values (that should represent approximately
the tangential strength of the material) and the associated moisture content were found for different
climatic states on the basis of disc simulations. These two different approaches to determining the
tangential tensile strength were then compared, showed their agreeing rather well and indicating
there to be a marked reduction in strength as the temperature increases.



Materials and methods

The research method employed was a combined experimental and numerical method in which the
crack development as measured was used to validate simulated results.

Test specimens

The test specimens were selected from 20-year old Norway spruce trees from North Zealand in
Denmark. The trees were felled in the winter months of the years 2009-2012, logs having a
diameter of 200-250 mm being removed from the trees. The specimens were selected from areas
free of defects. The pieces of logs obtained were conserved in a freezer at approximately -10 °C.
The specimens were shaped in a frozen condition so as to reduce the risk of the evaporation of
moisture.

Specimens for tensile strength tests

The specimens were initially cut in a green condition, each to a size of approximately 18x50x140
mm. The specimens were then acclimatized in a climate chamber to 18% MC at 20 °C and 85% RH
before the final shaping was carried out. The climatic conditions were set in accordance with
equivalent moisture content (EMC) calculations as given in Simpson (1973). The final dimensions
of the samples were 15x40x125 mm, there being a curved narrowing zone in the middle of each as
shown in Figure 1. The narrowest area, at the centre of each sample, where failure was expected to
occur, was approximately 15x20 mm in size. The exact geometry of each specimen was measured
before the test measurements began, each specimens being conserved in a freezer until the tests
were carried out.

Figure 1: Geometry and the annual ring pattern of the specimen used for tangential tensile strength tests.

Disc specimens for kiln drying tests

Discs 15 mm thick were sawn out from the log under frozen conditions. The thickness employed
was based on preliminary test results, the moisture gradient in the longitudinal direction being
disregarded; see Larsen et al. (2010 and 2011). The samples were sawn gently by hand so as to
reduce the risk of damages occurring. Each sawn disc was examined for defects, each disc with
some defect being discarded.
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Experimental setup

Tensile strength tests

The tangential tensile strength tests were performed in the setup as shown in Figure 2. The setup
consisted of a test frame, a rod between the frame and the clamp holder for the specimen,, a rod
between the lower clamp holder and the loading device (the load bucket), a deformation device and
the test specimen attached to the two clamp holders. The loading on the specimen was carried out
slowly by filling the load bucket with small metal chips until the specimen finally broke. The
loading was increased linearly over a period of approximately five minutes.

Figure 2: The setup for tensile strength test within the climate chamber: a. load cell, b. the specimen together
with the clamps, c. the loading device.

The tests were conducted in the climate chamber under three well-defined sets of climatic
conditions; 20 °C and 86% RH, 60 °C and 91% RH, and 90 °C and 96% RH. The test frame was
placed outside the chamber, the upper rod going through a moisture-tight rubber bushing on the top
of the chamber, the lower rod going through a small pipe that also goes through a bushing on the
bottom side of the chamber, allowing the lower rod to move freely up and down within the pipe.



The load bucket was hanging beneath the chamber. This setup made it possible to acclimatize the
specimen prior to testing and to perform the testing under different climatic conditions.

Disc drying setup

The log disc experiments were conducted in a setup that involved use of a climate chamber, a stand,
a load cell for weight logging of the disc specimen, together with Aramis (2007), a digital image
correlation system for measuring deformations of the disc specimens. The experimental setup is
shown in Figure 3. The load cell was built into the stand, the stand being designed so as to enable
there to be free ventilation around the test specimens: Each specimen only touched the stand at three
individual points, its being placed at the height of the heated window, enabling the cameras (located
outside of the chamber) to record the deformation of the disc during the drying process. The load
cell was connected to a data logger outside the chamber. When the experiments were finished, the
dry weight of each of the specimens was determined after oven drying of them at 103 °C.

Figure 3: Experimental setup: (a) the climate chamber, its having specially designed window and well-controlled
lighting, temperature, humidity and air circulation, as well as the Aramis cameras placed outside the chamber;
(b) the specimen placed on a specially designed stand having a load cell located inside the chamber.

Numerical simulations

A number of simulations of the disc specimens that were studied were performed by use of the FE
software Abaqus (2008), special routines for wood distortion developed earlier by Ormarsson et al.
(1998 and 1999) being included in it. The stress analysis carried out made use of using 8-node
linear brick elements of type C3DS8. The specimen studied was a circular 15 mm thick log disc
containing 19 annual rings and a pith. The 19 annual rings were divided further into 8 parts, each
with its own set of material parameters, as well as of moisture and temperature histories. Four of
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these parts were assumed to represent crack zones having cohesive crack properties, each of the
other parts being shaped in the form of a quarter of an annual ring. All the annual ring parts were
connected by tie-constraints that allowed the disc to function as an inhomogeneous continuum. The
disc diameter was 232 mm, which was approximately the same diameter as that of the test
specimens.

Figure 4 shows the mesh of the disc sample that was studied, as well as the position of the crack
zones. The possible crack zones were simulated with use of 0.2 mm thick cohesive hexahedral
elements of type COH3DS8. The crack zones were connected to the solid parts by so-called tie-
constraints. The initial variations in MC (under the green conditions) as well as the development of
the MC-curve over time were obtained along the radius (r) of the discs. Figure 5 and Figure 6 show
experimental results for the disc specimens used to generate the moisture history that was needed as
input data for the model. In the model, the moisture content field over the cross-section is assumed
(for the case in question) to be axisymmetrically distributed around the pith.

0.2 mm Cohesive elements

Figure 4: Dimensions, predefined crack pattern and element mesh of the disc sample that was studied.

Moisture histories needed for the disc simulations

The drying history of the disc specimen in terms of weight vs. time was recorded during the drying
process. The weight was an average value that took account of both the sapwood and the
heartwood. It was used to calculate the average MC for the disc specimen; see Figure 5. The
sapwood had a green MC value that was considerably higher than the average MC value. The
drying history of the sapwood was calculated on the basis of the average curve of the MC history.
In earlier investigations by Larsen et al. (2010a, 2010b) it was shown that the course of drying
(reduction in MC) for the heartwood and sapwood sections could be considered to be virtually
identical, but that the drying started at very different MC levels under green conditions. For
example, as shown in Figure 7, a part with an initial MC of 190% needed 350 minutes to reach
EMC, whereas a part with an initial MC of 75% needed 175 minutes to reach the same MC level.
Figure 7 shows the average moisture history for the pith and for areas at five different distances
from the pith.
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Figure 5:An average measured MC history and the corresponding calculated sapwood MC history at 90 °C and
30% RH.

Initial variations in MC under green conditions, (beginning at t = 0) as well as curves over time for
the MC history were obtained for several points along the radius (r) of the disc specimens on the
basis of small ovendried sticks taken from the cross section of the disc.
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Figure 6: Variation in green MC from pith to bark.

Figure 6 shows variations in the green MC from pith to the bark. The four MC paths are not
identical, each curve applying to only a quarter of the disc. The existence of these different MC path
curves, each under green conditions, results in the nineteen annual rings and the pith zone all having
their own moisture histories, a total of seventy-seven different drying histories being generated in
connection with each simulation.
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Figure 7: MC histories for the pith and at five different material points along the r at climatic conditions of 90 °C
and 30% RH.
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Material parameters

The material parameters used for the solid wood material here are ones presented earlier in Larsen
et al. (2012) and in Ormarsson (1999). The stiffness, mechano-sorptive, shrinkage and temperature
parameters employed here are ones representative of Norway spruce trees. Radial shrinkage
coefficients for heartwood and for sapwood obtained in experimental studies reported in Larsen et
al. (2011) and Rosner et al. (2009) constitute supplements to the parameters given in Ormarsson
(1999). The tangential shrinkage coefficient (¢,) employed in the present study was assumed to be
twice as large as the radial coefficient (), for the heartwood and the sapwood alike.

The fracture properties of the wood, including fracture energy, the softening curves and the tensile
strength, are needed for the cohesive crack simulations carried out. The investigations of the
fracture energy presented in the introduction are summarised in Figure 8:
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Figure 8: Summary of the fracture energy results obtained for spruce at 20 °C.

Dourado at al. (2008) and Dourado (2008) reported the tangential tensile strength of Norway spruce
to be 1.66 MPa, whereas Gustafsson (2003) found it, under similar conditions, to be 3.0 MPa. No
such contradictory results for the fracture energy of the wood, for the ratio of its micro-crack to its
fibre-bridging energy level, or for its tensile strength have been obtained, however. According to
Smith and Vasic (2003) the micro-crack energy level appears to be appreciably higher than the
fibre-bridging energy level, only limited results being obtained regarding temperature effects on the
fracture properties. In the present simulations, the crack properties employed were based on an
evaluation of the results presented above and on own experimental results. The fracture energy
employed was Gg = 240 Im?, its being assumed to be independent of the temperature. Since
according to Smith and Vasic (2003) the fibre-bridging part of the fracture energy is relatively
small, the softening curve was designed as representing the evolution of linear damage. In the
simulations presented here the following cohesive fracture relations were employed:

f, @,
G, = 5 (1)
2
o =f-1L®
: 2G,

where Gris the fracture energy needed for cohesive crack generation, G, is the tangential stress in
the crack zone, f; is the tangential tensile strength of the wood material, @ is the crack opening
variable in the crack zone and @, is the limiting value for the crack opening at the ultimate fracture
point. The cohesive expressions presented above represents a linear softening model for the crack



generation, instead of a bilinear model applying both to micro-cracking and to fibre-bridge
cracking.

Figure 9 shows both linear and bilinear softening behaviours to represent identical fracture energies
but differing tensile strengths. It can be noted that for the bilinear softening behaviour the fibre-
bridging part is only 10% of the total fracture energy Gr.
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Figure 9: Linear and bilinear softening behaviours involving the same fracture energy but three different tensile
strengths.

Figure 9 shows the linear and the bilinear model to involve identical tensile strengths and to follow
almost the same path because of the only small fibre-bridging part.

Results and discussions

The tangential tensile strength of the wood material was measured by means of the tensile strength
test described above and by comparing the simulated stresses involved with the degree of crack
initiation during disc drying produced experimentally. The aim here was to study how the tangential
tensile strength of the wood is affected by the temperature level and to verify the model through
comparing the simulated stress levels at the point of failure with the strength as determined by
means of the tensile strength test. Crack simulations were performed on the discs then making use
of the tensile strength as assessed here and of the fracture energy as described above, these being
considered to be primary cohesive crack properties. The crack development was followed and
compared with pictures generated by the Aramis equipment at selected points in time during the
drying process.

Tangential tensile strength test

The tangential tensile strength is a parameter needed for crack modelling. Tests of tangential tensile
strength were performed at three different temperatures - 20, 60 and 90 °C - under constant climatic
conditions of 20 °C and 85% RH, 60 °C and 91% RH, and 90 °C and 96% RH respectively, coupled
with 18% EMC in the wood. The specimens were acclimatized in the chamber for at least 12 hours,
under the climatic conditions present there, before the test started. The results are summarised in
table 1:
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Table 1: Effects of temperature on the tangential tensile strength of Norway spruce at MC=18%.

Temperature 20°C 60 °C 90 °C
fioo [MPa] froo [MPa] fi90 [MPa]

Test no. 1 2,55 1,14 1,20
Test no. 2 2,46 1,58 0,64
Test no. 3 2,25 1,39 0,66
Test no. 4 2,35 1,73 0,85
Test no. 5 2,05 0,75
Test no. 6 1,27
Test no. 7 1,47
Average 2,33 1,33 0,83
Stand. dev. 0,20 0,32 0,26

The results presented in Table 1 show a marked decrease in the strength of the wood occurred with
an increase in temperature, slight variations in the standard deviation taking place while this was
under way.

Determination of the tangential tensile strength by drying of the disc specimens

Both numerical and experimental investigations of disc specimens were performed to study the
effects of temperature on the tangential tensile strength of the wood. The disc specimens were
selected from the same timber log as before so as to minimise the variation between samples. The
discs were dried with use of different drying schedules (involving both different temperatures and
different RH levels in the climate chamber). The Aramis system and the load cell were used to
measure the strain and the changes in weight during the drying process. Aramis was also used to
study whether and at what point in time the discs cracked. The experimental results, representing
both cracked and uncracked samples are shown in Figure 10.
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Figure 10: lllustrations of cracked and uncracked disc samples after various drying processes.

The limit curve separating the cracked and uncracked samples is almost linear, the cracked samples
being placed beneath the line and the uncracked samples above it. At low temperatures the discs
crack at a higher level of humidity than they do at higher temperatures. An average moisture history
was generated for each of the test samples, on the basis of the recorded weights of the samples. All
of the disc samples close to the crack-limit line were simulated in Abaqus (2008) when exposed to



climatic conditions corresponding to those shown in Figure 10, MC histories being generated for all
of the annual rings, as shown in Figure 7. The tensile strength limit was set at a level higher than
that of the expected maximum tensile stresses in order to determine the areas in which the
maximum stresses and the related MCs occurred. Table 2 shows the climatic conditions, the critical
tangential tensile stresses in the transition zone where cracking begins, the MC values related to this
and whether cracks are created or not during the drying process for those specimens that were
closest to the crack-limit line shown in Figure 10.

Table 2: Simulated critical tangential tensile stresses in the transition zone under different climatic conditions.

Temperature RH Critical tensile stress Moisture content  Crack information
[°C] [%] [MPa] [%o] Crack/No crack
20 50 2,50 23,0 Crack
20 60 2,11 19,0 No crack
60 40 1,69 20,0 Crack
60 50 1,68 14,5 No crack
80 30 1,26 18,5 Crack
90 30 1,65 9,0 No crack

Table 2 shows that a rise in temperature tends to reduce the critical tensile stress in the samples,
even though the stress results in the table cannot be compared with one another directly because of
their differing in the MC values associated with them. Taking as a point of departure results
reported by F.E. Siimes (1967), Gustafsson (2003) found tangential tensile strength to be affected
by both temperature and MC for each of three different wood species, (see Figure 11). His results
indicated the strength of wood to decrease with an increase in temperature and in MC, except for a
rise in spruce when the temperatures rise from 20 to 40 °C.
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Figure 11: Dependence the tangential tensile strength on temperature and on MC, Gustafsson (2003).
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Figure 11 also shows how the strength of the wood is reduced when MC increases from 5% and
upwards. Results of this sort can also be expected in connection with increases in MC involving
other starting temperatures. The stresses shown in Table 2 have been adjusted in Table 3 to a MC of
18% on basis of the results shown in Figure 11. The values in question were evaluated further to
determine the tensile stress values for each temperature at which cracks could develop. These stress
values were somewhere in between the simulated stress values for cracked and for not cracked
discs, taking the middle value between cracked and not cracked discs at 20 °C and so forth. The
values, shown by the circular markers, are plotted directly in Figure 12. The crosses in Figure 12 are
the tangential tensile strength results from table 1.

Table 3: Estimated tangential tensile stresses under conditions of 18% MC state.

Temperature RH Critical tensile stress Moisture content Crack information
[°C] [%0] [MPa] [%o] Crack/no crack
20 50 3.03 18.0 Crack
20 60 2.19 18.0 No crack
60 40 2.05 18.0 Crack
60 50 1.42 18.0 No crack
80 30 1.30 18.0 Crack
90 30 1.01 18.0 No crack

The critical stress values obtained were compared with the results of the tests of axial tensile
strength presented in Table 1. The results presented in Figure 12 indicate there to be a close
correlation between the critical stresses and the measured strengths, even though the two trend lines
are slightly displaced. An equation describing the relationship between tangential tensile strength
and temperature is

fLo0r = o020 (1.188—0.00927) (3)

where fi 997 18 the tangential tensile strength at a fixed temperature T in °C at 18% MC, and f; 9929 is
the reference strength at T=20 °C. In Figure 12 the parameter fi 9020 is set to 2.4 MPa. The effect of
MC on the strength was not evaluated in the present study, but according to Figure 11 the strength
of the wood is highly dependent upon the MC level.
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Figure 12: Effect of the temperature on the tangential tensile strength as estimated from tests and from disc
simulations at 18% MC.



Both simulated and experimentally obtained results show clearly that the temperature has a marked
effect on the tangential tensile strength. Although this temperature-strength relationship could be
thought to also occur in the radial and the longitudinal directions, this was not investigated here.

Comparison of experimentally observed and simulated crack development

The fracture model based on equations 1 and 2 was implemented in a disc model. The disc
simulation presented in Figure 13 is for low temperature drying at 20 °C and 30% RH. Results of
the simulation were compared with those of a disc drying experiment involving exposure to the
same climatic conditions. Figure 13 shows both simulated and experimentally observed crack
patterns at four different points in time during the drying process.
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Figure 13: Both experimentally observed and simulated crack patterns, together with variations in tangential
stress in a disc sample at different times during the drying process under climatic conditions of 20 °C and 30%
RH.

The comparisons provided in Figure 13 show there to be close agreement between the simulated
crack development obtained and the experimental results. The stress situation after 9 hours of
drying, when only the heartwood had dried just below FSP, reveals a crack in the heartwood that
developed shortly before this state had been reached. The heartwood area was geometrically fixed
by the surrounding sapwood, which led to a buildup of stress when the heartwood shrank. The crack
generation that occurred released some of the tensile stress in the heartwood zone, whereas marked

134 Department of Civil Engineering — Technical University of Denmark



tensile and compressive stresses accumulated in the transition zone. The stress situation after 12.5
hours of drying, when a large part of the transition zone had dried to a MC below FSP, shows the
tensile stresses having been reduced and the zone of large tensile and compressive stresses having
moved further out towards the sapwood. The final stress situation after 25 hours of drying shows
marked compression stresses that had been built up in the outer zone of the heartwood area due to
the shrinkage of the sapwood area.

Conclusions

The two differing approaches employed (the one based on use of tensile tests and the other on use
of disc simulations) for determining the tangential tensile strength of Norway spruce were found to
correlate closely with one another. It was also that when MC remained constant the strength of the
wood markedly decreased in linear fashion in response to a rise in temperature. An equation
applying to this relationship was found. The close agreement of the two methods could be seen as
rather clear verification of the simulation model.

Through taking advantage of the present strength findings, together with the related crack
formulation, the simulation model that was developed was able to simulate the entirely of the crack
propagation that took place in the disc samples studied when they were exposed to different drying
schedules. The examples shown in Figure 13 illustrate rather well the close correlation found
between experimentally observed and simulated crack patterns during the drying process as a
whole.

Future work

It is well known that MC has a strong effect on most of the properties of wood. Certain limited
results also exist indicating the effects that MC has on the tangential and radial tensile strength of
wood. Knowledge of the latter is of considerable importance in analysing crack developments
during the kiln-drying of wood. Another and related matter studied rather little thus far but very
worthy of investigation is that of the fracture energy found under at different climatic conditions.
Another matter that should be studied is that of the stress development during the kiln-drying of
timber boards showing large variations in the initial (green state) MC gradients over cross sections
of the boards.
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Abstract:

Timber logs are sawn into timber boards in a green condition before being kiln dried, prior to
further use, to a moisture content below the fibre saturation point. The drying can easily lead to high
stress levels developing during this process. For timber boards consisting of both heartwood and
sapwood, a rather large initial moisture gradient over the cross sections can be present in the green
condition. This variation in initial MC means that different cross sectional areas can differ
considerably in the time at which the FSP is reached in the course of the drying process. This can
result in strong moisture gradients developing in the transition zones between these areas. The
initial moisture gradients, the differential shrinkage that occurs, and the inhomogeneity of the
material make it relatively complex to simulate the stress history during the drying process as a
whole. The present study reports on experimentally obtained water flux results, representing
different subareas in the cross sectional plane, used as input data for stress simulations concerned
with the kiln-drying of timber boards having strong initial moisture gradients in the green condition.
The simulations were performed for Norway spruce timber boards having green MC levels ranging
from 60 to 180% and climatic conditions of 60 °C and 80% RH. Three different sawn patterns were
investigated; each cross section obtained containing heartwood, sapwood and transition zones
between these. The simulations showed the initial green moisture gradient to have a marked effect
on stress development in the boards during drying.

Keywords:
Wood, timber board, drying, moisture gradient, modelling, FEM

Introduction:

Timber boards are sawn from timber logs prior to kiln drying, often in patterns designed so as to
obtain as large a volume of solid timber as possible. This frequently results in cuts containing both
heartwood and sapwood. The drying of timber boards generally involves the presence of moisture
gradients from the surface to the centre of the board during the drying process; see e.g. Ormarsson
(1998, 1999), Ekevad et al. (2011) and Mounji et al. (1991). The increases in the size of these
gradients that occur over the cross section due to variations in the green moisture content are
seldom accounted for when evaluating kiln drying. Larsen and Ormarsson (2012) showed variations
in the green MC to have a marked effect on strains, stresses and crack developments during the
drying process. Mechano-sorption strains that develop during the combined occurrence of stresses
and changes in moisture level can reduce the level of the stresses generated during drying. How
mechano-sorption parameters affect the distortion of solid timber has been investigated numerically
by Ormarsson (1999) and by Fortino et al. (2009), for example.



The surface from which water vapour evaporates also has an effect on the average drying speed
since the drying speed is stronger for a small than for a larger surface/volume ratio, provided if all
other climatic conditions remain constant. The drying process is also highly complicated to analyse
since the MC can readily fall below FSP at different times, the frequency which this occurs
depending upon the volume ratio of heartwood to sapwood, as well as the initial variation in MC in
the green condition, and the associated surface areas. The drying history is likewise complex,
although drying occurs faster above than below the FSP. Experiments by Wiberg et al. (2000) and
by Krabbenhaft (2003) on losses in moisture above and below the FSP showed clearly that the rate
of drying (the water flux) is higher above the FSP than below it. It was found that above the FSP the
drying of wood is strongly dependent upon evaporation from the surface of the wood, and that
below the FSP drying is strongly dependent upon moisture transport inside the wood. An overview
over different drying models has been presented by Salin (2010), regarding in particular moisture
transport and gradients above FSP. It was observed for materials other than wood that water can
move in the form of a film or in the corners of capillaries that have polygonal cross-sections. It is
possible that this phenomenon also occurs in the wood material. If it does, this would mean that
links between water-filled clusters could be formed, increasing the continuity of the liquid phase.
The inclusion of a film or of corner flow in modelling here was investigated by Yiotis et al. (2004).
Using their method to include this phenomenon, a MC situation similar to that shown in Figure 1
would seem likely to occur.
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Figure 1: Moisture profiles when film flow is included in modelling (Figure from Salin (2010))

Figure 1 shows that 1-D moisture floats to the surface almost without a gradient until the MC gets
down to 70%; from this stage onward a gradient beginning to arises, the MC at the surface, when it
reaches FSP, becoming approximately 10-12% smaller than the MC in the material at the centre of
the board. The gradient occurs at a depth of approximately 10 mm.

The present paper concerns an experimental study of water flux in Norway spruce samples exposed
to climatic conditions of 60 °C and 80% RH. The experimental results were used then as input data
for stress simulations of kiln-dried timber boards having large moisture gradients in the green
condition. Three different board types in terms of location of the pith, all of them containing both
heartwood and sapwood, were simulated. The simulations were performed for investigating the
effect of the initial (green) MC gradient on stress development in the timber boards during drying.
The simulation model employed was based on a 3D distortion model developed earlier by
Ormarsson (1999), use being made of the moisture histories created by the experimental flux results
presented here and the shrinkage properties generated from the experimental results by Larsen et al.
(2010).
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Materials and methods

The method employed is a combined experimental and numerical one in which the results of
experimentally obtained moisture histories were used as input data for the stress simulations of
different timber boards exposed to kiln drying.

Test specimens for water flux experiments

Experiments were performed to examine the water flux in Norway spruce samples during forced
drying. The specimens involved were selected from the sapwood area in 20-year old Norway spruce
trees from North Zealand in Denmark. The trees were felled in the winter of 2011-2012, logs having
a diameter of 200-250 mm being removed from the trees. The specimens were cut out in a frozen
condition, so as to avoid evaporation from the surfaces, with a band saw. The samples were 150 mm
in length and had a thickness in the radial direction of 35 mm, giving them a width of 30 mm
closest to pith and of 40 mm closest to bark. The specimens referred to as T1-T6 in Figure 2 were
sealed with a layer of Conclad (a two component sealing layer produced by Condor Kemi A/S),
both on the ends of the specimens and on the RL-surface, allowing evaporation to occur in the R
direction only, the specimens referred to as R1-R6 being sealed by Conclad on the ends and on the
TL-surface, allowing evaporation to only occur in the T direction. The radial and tangential surface
areas are equal in size (0.0105 m?), as are the average maximum distances from the surfaces to the
centre of the specimens (0.0175 m). Figure 2 shows the principles upon which the sawing patterns
to obtain samples having the same dimensions in radial as in the tangential direction

Figure 2: A sketch showing the pattern for cutting out the specimens used for to studying the radial and the
tangential water flux.

Experimental setup

The water flux experiments performed during kiln-drying were conducted in a setup involving use
of a climate chamber, a stand and a load cell. Further information regarding the climate chamber
setup can be found in Larsen and Ormarsson (2012). The load cell built into the stand was
connected to a data logger outside the chamber. The stand was so designed that the specimens
touched the stand at only few points, providing for free ventilation around the specimens that were
tested.

Modelling of timber boards

The simulation of the timber boards was performed by the FE softwere Abaqus (2008), a 3D stress
analysis being carried out using 8-node linear brick elements of type C3D8. The type of specimens
studied were rectangular timber boards containing 4 sub-volumes (parts) differing in their material
properties and their drying histories, differences between the heartwood, two transition zones and



properties and their drying histories, differences between the heartwood, two transition zones and
the sapwood being of particular interest. The parts were connected by a tie-constraint which
allowed the board to function as an inhomogeneous continuum. Each part (sub-volume) was further
partitioned into thin sub-parts close to the surface of the board, as shown in Figure 3. Each sub-parts
was provided with its own set of material parameters and its own moisture and temperature history.

Transition zone
Sapwood

Transition zone
Heartwood

N

0.050m

z =L | = r_. - J
0.200m |

Figure 3: A simulated timber board consisting of a heartwood part, two transition zones and a sapwood part.

The thin sub-parts close to the surface enabled simple estimates of the moisture gradient over the
cross section to be obtained. Three different board types were used to investigating the effects of the
sawn pattern on the stress development that occurred during drying. The boards differed in the
location of the pith, but each consisted of a heartwood area, a sapwood area and two transition
zones in between. The heartwood area was defined as having a radius of 40 mm, the thickness of
each transition zones being set to 15 mm. The timber boards had dimensions of 50x200 mm, as
shown in Figure 3. The mesh of the three boards is shown in Figure 4. Note the fine mesh in the
central part of board II. Since the thicknesses of the sub-parts close to the heartwood diminish down
to a value of nil, so biased seeding was used to reduce singularities and make the mesh finer in these
areas.

(c) Board!

I -
I | UL ERA L RN
A AEE LR R

(b) Board Il

(a) Board Il

Figure 4: The element mesh of the timber boards studied, where the pith being placed either (a) in the centre of
the board (Board l), (b) at the centre of the lower surface of the board (Board li), or (c) at the lower left
corner of the board (Board Il).
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Material parameters

The material parameters used in the model are the same as used in Larsen et al. (2012) and in
Ormarsson (1999). The stiffness, mechano-sorption, shrinkage and temperature related parameters
used are representative for Norway spruce. The different radial shrinkage coefficients for heartwood
and sapwood obtained in experimental studies presented in Larsen et al. (2010, 2011) and in Rosner
et al. (2009) supplements the shrinkage coefficients presented in Ormarsson (1999). The tangential
shrinkage coefficient was assumed to be twice as large as the radial coefficient, both for the
heartwood and the sapwood.

The moisture histories of the timber boards are based on the experimentally obtained water flux
results presented in the next chapter. Each part, the sapwood part, for example, is assumed to
consist of a sub-part in the centre and two outer layer sub-parts. Each sub-part has its own moisture
history, in which the MC-curve for the outermost layer moves to a point 5% lower than the MC-
curve for the next layer that again moves to a point 5% lower than the MC-curve for the central
volume. This is a simplified estimation of the moisture gradient that exists from the centre of the
board to the surface. The average of these three MCs follows the average moisture history as
described in Figure 7; this implies that some of the sub-parts have an MC that is below average and
others one that is above average, as shown in Figure 5.
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Figure 5: Examples of moisture histories within a given sub-volume (parts).

Results and discussions

The results of the water flux experiments presented below were used as an input (driving force) for
the stress simulations of the kiln-dried timber boards that showed a marked variation in MC values
in the green condition.

Water flux experiments for estimation of moisture histories

Several water flux tests in the tangential and the radial directions were performed in a climate
chamber at three different temperatures (20, 60 and 90 °C) and three different humidity levels (70,
80 and 90% RH). The aim of these experiments was to explore the dependence of the water flux on
the temperature, the humidity and the radial and the tangential material directions. Investigations of
timber drying are often concerned simply with moisture related behaviour below the FSP level, but
the drying history above the FSP level for board samples consisting of both heartwood and sapwood
is also of considerable interest. The test specimens used for the water flux experiments are shown in
Figure 2. The experiments were carried out in the climate chamber, in which a number of specimens
were dried simultaneously in the tangential and the radial drying direction, respectively. This
eliminated the risk of variations in climate between two similar experiments. Specimens with one
drying direction (radial or tangential) were grouped and were placed separately on a stand. The
temperature, humidity and air flow around the specimens were kept constant throughout the
experiment. The specimens involved and the drying conditions were identical for both the drying



directions. The moisture histories obtained showed no appreciable differences in drying speed
between these two directions. The water flux in the two directions is thus, insofar as one can
determine, identical, although the cell structure of the softwood provides the radially directed cell
sides with far more pits than the cell sides in the tangential direction. This suggests that the ray cells
in the tangential direction likewise contribute to the moisture flux.
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Figure 6: An experimentally obtained moisture history for sapwood at 60 °C and 80% RH and the associated
water flux during the three different drying phases (that above FSP, slightly below FSP and that below
FSP).

To obtain portions of both heartwood and sapwood of sufficient size in one and the same timber
board, the cross section were selected as being 50x200 mm in size; see Figure 3 (and Figure 7). On
the basis of the value of MC in the green condition presented in Larsen et al. (2010, 2012), the
average green MC was estimated to 60% in the heartwood area and to 165% for the sapwood,
whereas for the transition zones it was linearly graduated between the heart- and sapwood values.
The material properties used were those representatives for Norway spruce with a density of 450
kg/m® at 12% MC. The moisture gradient from the surface to the centre was estimated on the basis
of moisture profiles with use of film flow presented by Salin (2010); see Figure 1. Each sub-volume
of the board, i.e. heartwood, transition zones and sapwood, has its own surfaces from which water
can evaporate during drying. The moisture histories of these sub-volumes were estimated on the
basis on the water flux measurements presented above. The moisture history of the sapwood (at 60
°C and 80% RH) and the associated water fluxes, for example, are shown in Figure 6. The water
flux was determined on the basis of

_ Am
A, A

surf

Vv

(M

where Am is the change in weight of a sub-volume, 4y, is the surface area associated with this sub-
volume, At is the time during which the weight loss occurred, and v is the water flux. It was found
that the water flux started with a relatively high flux until FSP (for 25% MC) was reached, at this
point the flux was reduced and then remained constant until approximately 18% MC, at which point
the flux was reduced again to a constant value until 13% EMC was reached. The water flux was
divided into these three MC phases, each phase involving a constant moisture loss velocity. The
MC-curves in Figure 7 show the average values for each of the sub-volumes. The water content in
each of the different sub-volumes of the timber board was calculated on the basis of the different
sub-volume sizes, the density and the moisture content. The amount of water, #,4., in each sub-
volume was calculated as
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where V is the volume of the respective sub-volume of the wood, pyoa 1225 1S the wood density at
12% MC, k; is a constant = 112 and w is the moisture content in [%)]. The time needed for drying a
given sub-volume within each of the drying phases / from a moisture content of w, down to a
moisture content of w; is calculated as
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where w, is the upper (limit) moisture content value in [%], w; is the lower (limit) moisture content
value and v; is the water flux for the respective drying phase. The average course of drying for each
of the sub-volumes starts at the green MC condition, the water flux thereafter being governed by the
surface area and the average MC within each part. It was assumed that the water vapour did not
move from areas of low MC to areas of higher MC. All the moisture histories were generated on
basis of these conditions. Figure 7 shows the dimensions, sub-volume patterns and drying histories
used for modelling of the timber boards that were studied.
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Figure 7: The geometry, sub-volume patterns and associated drying histories for the timber boards that were
where the pith being placed either (a) in the centre of the board (Board 1), (b) at the centre of the bottom
surface (Board ll), or (c) in the left corner of the bottom (Board Ili).

Note that the moisture histories presented in Figure 7 are based on simplifications, the water flux
behaviour close to edges and the interaction between different zones in the cross section not being
taken into account. The moisture histories show, even with the use of this approach, that the
different parts are of value below FSP at quite different times.

Modelling of timber boards

Simulated deformations and the stress development during the drying process for each of the three
timber boards are shown in Figure 8. Attention is directed here primarily at the development of
tangential stress, since the strength in this direction is appreciable less than in the radial direction;
see e.g. Gustafsson (2003) and Bodig et al. (1982). Climatic conditions of 60 °C and 80% RH were
used here. This resulted in a FSP of approx. 28% MC and an EMC of approx. 13% MC; see e.g.
Simpson (1973). The shrinkage coefficients for the transition zones were graduated between the
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heartwood and sapwood values. The simulations show that each of the stresses varies markedly in
the course at the drying process, the levels not necessarily being highest at the end of the process,
Figure 8 showing the tangential stress distribution within boards I, I and III after 15 and 165 h of
drying, and Figure 9 showing the (total) strain distribution for the boards after drying of 165 h.

(a) Board | 15h 165h  [MPa]

(b) Board I 15h 165 h --250

(c) Board Il 15h 165 h

Figure 8: The simulated tangential stress distribution within the timber boards studied after 15 h and 165 h of
drying at 60°C and 80% RH: (a) Board I, (b) Board Il, (c) Board Ill.
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Figure 9: The simulated tangential strain distribution within the timber boards studied after 165 h of drying at
60°C and 80% RH: (a) Board I, (b) Board Il, (c) Board Il

Figure 8(a) shows board I after 15 hours of drying, where only the outer layers of the heartwood
zone having dried to below FSP. As can be seem, this resulted in quite strong tensile stresses of a



magnitude of up to 0.8 MPa at the centre of the top and the bottom surfaces. At the end of the
drying, the stress distribution has changed markedly to a slight compression on the outer surfaces
and maximum tensile stresses (of 1.0 MPa) inside the sapwood. For the final EMC state (Figure
8(a)) the strain distribution in the tangential direction shows marked mechano-sorption effects both
in the heartwood and the sapwood areas, because of the strains in some sub-parts being markedly
lower than in the case of free shrinkage, the stresses there being almost nil. Figure 8(b) shows the
stress distribution within board II. In the early phase, only the outer layers of the heartwood zone
dried to below FSP; this gave rise to tensile stresses close to the pith of 0.6 MPa in magnitude at the
surface. As for board I the stress distribution changes markedly as the drying progresses. Note the
large tensile stresses (of up to 1.0 MPa) at the end of the drying process at several places inside the
cross section, the tangential strain distribution also showing marked mechano-sorption effects here,
both in the heartwood and the sapwood areas. Figure 8(c) shows the stress distribution for board III,
which in the early phase (15 h) showed the maximum tensile stresses (of 0.75 MPa) in the area
between the heartwood and the first transition zone. The strongest tensile stress occurred finally in
the area around the transition zones and close to the right vertical surface. The tangential strain
distribution in Figure 9(c) shows lesser mechano-sorption effects within the heartwood and the
sapwood areas than the two other boards do, but the strains in the transition zones are more strongly
affected here. The difference is due to the heartwood area here drying down to a level close to EMC
much earlier than in the other parts, resulting in a constant MC for the heartwood when the large
sapwood part starts to dry.

The simulations of the boards showed the stress development for the sapwood to be quite similar in
all of them. The outer layers shrink early in the drying process, due to the moisture gradient, which
produces tensile stresses in the outer layers at an early stage in the drying process, and later in the
drying process a small area inside these layers became in tension when the outer layers have dried
down to EMC. The differences in behaviour between the boards that were studied were due
primarily to how the heartwood dried, board III in which the pith was located in the corner drying
much faster than the heartwood of the two other boards did. The ratio of the surface areas to the
associated volumes is a good indicator of the drying speed. A larger ratio indicates faster drying of
the volume involved. Table 1 lists these ratios, the relative sizes of which confirm the statements
made above.

Table 1: Relation between the surface area (A) and the volume (V) for all parts of the cross sections.

Area Board 1 Board 11 Board 111
A/V [m™] A/V [m™] A/V [m™]
Heartwood 33,6 31,8 63,7
Trans. Zone 1 45,5 36,4 46,0
Trans. Zone 2 433 46,9 46,9
Sapwood 67,4 71,7 48.5

A parametric study was carried out to investigate how the shrinkage coefficients affect the stress
development during drying in the boards that were studied. The shrinkage coefficients were made
identical for each of the four sub-volumes (just as in the case of the sapwood) and the moisture
histories being identical to those of the original simulations. Second parametric study was carried
out to investigate whether the displaced moisture histories had any effect on the stress development
during the drying process. Each of the three boards was simulated, making use of the same moisture
history for each of the sub-volumes, the drying starting simultaneously from FSP. The shrinkage
coefficients were graduated from the heartwood to the sapwood, as in the original simulations. The
tangential stress history at one point, located in the centre of the transition zone closest to the
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heartwood, is presented for each of the three boards in Figure 10. The three curves in each subfigure
represent stress results calculated with use of the three types of simulations mentioned above: Sim
I) the original (reference) simulation having strong (spatial) variation in the initial MC values and
different tangential shrinkage coefficients (0.2, 0.3) for the heartwood and the sapwood, Sim II) a
simulation with the same initial MC variation as employed in the reference simulation (Sim II) and
the same shrinkage coefficients (0.3, 0.3) for both the heartwood and the sapwood, and Sim III) a
simulation with use of the same shrinkage properties as in Sim. 1 and with a constant initial MC =
FSP for the cross section as a whole.
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Figure 10: The simulated tangential stress history at the centre of the transition wood closest to the heartwood
for each of three different material and moisture conditions, for (a) Board I, (b) Board Il and (c) Board
Ill. Sim | shows variations both in MC and in the shrinkage coefficients, Sim Il shows variations in MC
as for Sim | and the same shrinkage coefficients for both the cross section as a whole, Sim lll shows
constant initial MC=FSP overall, and the same shrinkage coefficients as in Sim I.



The figure shows clearly how variations in the initial MC over the cross-section have a strong effect
on the development of stresses for each of the boards. The stresses become appreciably stronger for
boards having initial variation in MC, especially boards I and III. Variations in the shrinkage
parameters were also found to affect the stress development to some extent.

Conclusions

Although the fact of a moisture gradient over the cross section of timber boards being found during
drying below the FSP level is well known, the initial variation in the moisture level over a cross
section under green conditions is often ignored in stress simulations, the initial moisture state
frequently being assumed to be equal to the MC at the FSP level. When wood dries from a green
condition to a level below the FSP and variation in the initial MC is present, certain parts of the
cross section dry to al level below the FSP. The fact that the times at which this occurs differ, create
the risk of an increase in the moisture gradients, one that can lead to unexpected constrains. The
stress simulations of the boards that were studied showed there to be variations in the green MC,
variations of the shrinkage coefficients and of the sawn pattern having marked effects on the stress
development occurring during the drying process. The sawn pattern in which the pith is located at
the edge was found to be the one most critical in terms of a buildup of stresses. If there are large
variations over a cross-section in the initial MC level found, the moisture gradient can be reduced if
the humidity around the board is kept as high as possible during the initial drying phase on until the
parts having the highest MC values become close to the FSP. This is illustrated in Figure 10, in
which the tangential stress is shown to be less for boards having a constant initial MC over the cross
section as a whole.

Future work

The stress model for timber boards presented here needs to be developed further as regards moisture
related fractures. Also, the moisture and temperature flow need to be simulated with use of FEM,
the initial (green) moisture gradient over the cross sections needing to be dealt with as well.
Simulations could be performed at certain temperature and humidity levels that could be reproduced
experimentally. With use of a climate chamber and a digital image correlation system it is possible
to measure the strain field in wood specimens during drying under well-defined climatic conditions.
The measured strain development could then be compared with the strain development according to
the stress model, in this providing a verification of the model.
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