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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 cli-

matic 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 of 64 % from a green condition to equilibrium

moisture content. 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 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.

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
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needs to be dried from a green condition down to moisture content below that of the

fibre 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 Krabbenhøft (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 were 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 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 were carried out by Armstrong and Kingston

(1962), Lazarescu and Avramidis (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 was

investigated numerically by Ormarsson (1999) and Fortino et al. (2009), for

example. Differences between shrinkage coefficients in the radial and the tangential

directions were studied experimentally and were 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 were conducted: Felix and Morlier (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 and Puiggali (1993) constructed a 2-zone model

for analysing the drying of wood containing both heart and sapwood. Kang and Lee

(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. Later, Kang and Lee (2004) conducted an experimental

investigation on radial shrinkage in solid wood discs. Kowalski and Smoczkiewicz-

Wojciechowska (2007) made use of an acoustic emission method in experiments

aimed at monitoring the state of stresses in dried wood discs. The experiments were

performed such that evaporation could only occur from the bark of a cylindrical

wood disc. Sreekanth and Kolar (2009) performed drying experiments at 130 �C in

a specially constructed setting involving use of discs 30 mm in diameter for
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studying crack propagation due to tangential stresses. The experimental findings

were used to verify a model developed for predicting fracture behaviour.

The experiments reported 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 of 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 is 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 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) of a 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 four 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

Fig. 1) from areas as far as possible free of defects and with the aim of obtaining
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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 are shown in Fig. 2,

indicating there to be certain variations both in moisture content and in material

properties.

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

Fig. 2a.

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 Fig. 3). An arbitrary pattern of dots, as shown in Fig. 2b, 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, the weight of the test specimen, together with the temperature and RH of the

surrounding air, was recorded by a logger at 15-min intervals.

Both the temperature and the RH were kept constant throughout the experiments

with values of 23 ± 1 �C and 63 ± 2 % RH. According to the Hailwood–Horrobin

equation adapted for wood by Simpson (1973) and described in Baronas et al. (2001)

Disc specimens 

Fig. 1 Principle of selecting test specimens

(b)(a) 

θ

(xpith,ypith) 

(x,y)

Fig. 2 a Disc specimen with a slit, b sprayed specimen with random pattern used for Aramis
measurements
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and Ball et al. (2001), the EMC of the samples could be expected to reach about

12 %. For a more detailed description of the experimental setup, see Larsen et al.

(2011). The dry weight of the specimens was determined by oven drying at 103 �C.

Data recording

The strain field across the surface of the disc was measured by the DIC system. The

system recognised 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 the 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

15 9 15 pixels in size with a 2 9 15 pixel area of overlap with each neighbouring

facet. The normal strains (ex and ey) and shear strains (cxy = 2exy) are found for each

of the facets. The principal strains, termed major and minor strains (e1 and e2),

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).

e1;2 ¼
ex þ ey

2
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ex þ ey

2

� �2

þe2
xy

r

ð1Þ

u ¼ 0:5 tan
2 � exy

ex � ey

� ��1

ð2Þ

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

(a) 

(b) 

(b) 

(c) 

(d) 
(f) 
(e) 

(g) 
(h) 

Fig. 3 Experimental setup: a disc specimen, b digital cameras, c computer for data logging, d weight
cell, e relative humidity gauge, f temperature gauge, g fan ventilation, h cold light
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coordinate system (r, t) of the wood material. The disc specimens studied had

almost circular annual rings, and the pith was located close 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. 2b.

The strain transformation from the (x, y) coordinate system to the (r, t) coordinate

system is given in matrix form as

�e ¼ Ge ð3Þ

or

er

et

crt

2

4

3

5 ¼
cos2 h sin2 h sin h cos h
sin2 h cos2 h � sin h cos h

�2 sin h cos h 2 sin h cos h cos2 h� sin2 h

2

4

3

5

ex

ey

cxy

2

4

3

5 ð4Þ

where �e represents the transformed strains in the directions (r, t) of the wood

material, G is the transformation matrix, and e 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 C3D8. The type of specimen studied was a

circular 15-mm-thick disc divided into 20 geometrical parts, 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 investiga-

tions 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 l (longitudinal), r (radial) and t (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 = 0) 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.
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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.

A typical expression for the modulus of elasticity and its rate of change as

functions of MC and temperature are given by

Ei ¼ Ei0ð1þ EiTðT0 � TÞÞ þ Eiwðwf 0ð1þ wfTðT0 � TÞÞ � waÞ ð5Þ
_Ei ¼ Eiwð�wf 0wfT

_T � _waÞ � Ei0EiT
_T ð6Þ

where the index i represents the material directions (l, r, t), Ei0 is the basic elastic

modulus, and Gi0 is the basic shear modulus, both of them at the reference tem-

perature T0 = 20 �C, EiT, Eiw, GiT and Giw representing the effects of the temper-

ature and of the moisture level on the reference modulus. The additional parameters

contained in the Table are Poisson’s ratios mij; the mechano-sorption behaviour mi0,

miT, miw; the coefficients lij describing the coupling between the mechano-sorption

effect in the different directions; the shrinkage coefficients ai; the coefficients wf0,

wfT representing the fibre saturation point; the reference temperature T0; and the

initial temperature T. The difference between the radial shrinkage coefficients for

heartwood and for sapwood was obtained in an experimental study presented in

Fig. 4 MC history used as input for simulation of the disc specimen
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Larsen et al. (2010, 2011). A similar difference has been confirmed by Rosner et al.

(2009), for example. The tangential shrinkage coefficient (at) was assumed to be

twice as large as the radial coefficient (ar) both for heartwood and for sapwood.

Note that both of the indices i and j represent the material directions (l, r, t).

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-h drying.

Figures 2b, 5 and 6 show the deformation state that resulted after 25 h of drying,

and Fig. 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 Fig. 2b, which originally was 1.5 mm wide, had closed in the sapwood

area 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 were almost

identical with the transformed strain plot shown in Fig. 5a.

Table 1 Material parameters used in the simulations

El0 = 9,700 MPa Er0 = 400 MPa Et0 = 220 MPa

ElT = 0.013 �C-1 ErT = 0.013 �C-1 EtT = 0.013 �C-1

Elw = 21,000 MPa Erw = 2200 MPa Etw = 1,300 MPa

mlr = 0.35 mlt = 0.60 mrt = 0.55

Glr0 = 400 MPa Glt0 = 250 MPa Grt0 = 25 MPa

GlrT = 0.013 �C-1 GltT = 0.013 �C-1 GrtT = 0.013 �C-1

Glrw = 1,163 MPa Gltw = 122 MPa Grtw = 72 MPa

ml0 = 0.0001 MPa-1 mr0 = 0.15 MPa-1 mt0 = 0.2 MPa-1

mlT = -0.01 �C-1 mrT = -0.01 �C-1 mtT = -0.01 �C-1

mlrT = -0.01 �C-1 mltT = -0.01 �C-1 mrtT = -0.01 �C-1

mlrw = 0.008 MPa-1 mltw = 0.008 MPa-1 mrtw = -0.8 MPa-1

llr = 0.0 llt = 0.0 lrt = 1.0

al = 0.0071 ar_heart = 0.10 at_heart = 0.20

aslope = -0.038 ar_sap = 0.17 at_sap = 0.35

T0 = 20 �C wf0 = 0.30 wfT = 0.0033

T = 23 �C winit C 0.30 El0_slope = 0.0
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Fig. 5 Tangential strain distribution after 25-h drying. a Measured strain, b simulated strain, c strain
variation along the path r

Fig. 6 Variation in the slit opening during drying
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Verification of the simulation model

The global strains (ex, ey and exy) 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 Fig. 5b

shows tendencies similar to those of the transformed one shown in Fig. 5a, except

for certain uneven strain variations. The path r used to compare experimental and

numerical strains in terms of their variation is shown in Fig. 5a and b, the results

obtained being shown in Fig. 5c.

The variations in strains along path r show an acceptable degree of correspon-

dence between the experimental and the simulated result. The measured slit opening

after 25 h of drying and at the final EMC stage corresponded rather closely in size to

that of the simulated opening shown in Fig. 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.

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.

The simulation results presented in Fig. 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

Fig. 7 Variation in the (total) tangential strain development along r at different times during drying

846 Wood Sci Technol (2013) 47:837–852

123



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 h of drying. The marked curves in Fig. 7, which represent

45 and 55 h 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

(r = 77 and r = 107 mm) during the first 35 h 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 r at different drying

times. Figure 10 shows historical plots of the tangential stress at fixed locations

along the same path. Figure 9 indicates 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 h of drying, as clearly evident in Figs. 8 and 10. Shortly

after this, the slit starts to open (see Fig. 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 r = 47 mm

and r = 77 mm in Fig. 10). The stress generation in this zone is strongly affected

by the early shrinking of the heartwood and the simultaneous resistance of the

Fig. 8 History plots for tangential strain located at different distances from the pith
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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.

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 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

Fig. 9 Variation in the tangential stress along r at different drying times

Fig. 10 History plots for tangential stress located at different distances from the pith
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a relative humidity of 95 % RH and a temperature of 23 �C, until all parts of the

disc had reached EMC, which was EMC = 23 % according to the Hailwood–

Horrobin equation. 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 Fig. 11.

The second drying schedule began with climate conditions of 95 % RH and

60 �C, changes that occurred then leading, just like 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 lower moisture content,

resulting in virtually no MC gradient below the FSP. Each of the three drying

schedules lasted for 60 h and ended at EMC = 12 %. For each of the schedules

beginning at 95 % RH, the course of MC from 40 to 60 h was the same.

Variations in stress along path r, as shown in Fig. 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 h of 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 h 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 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.

Fig. 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
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At the end of the drying process, there was almost no discernible difference

between the stress values for the two modified drying schedules, despite their

obvious differences in the level of variation in stresses earlier in the drying process.

Conclusion

The results for the experimental strain field (as recorded by DIC system Aramis) for

the disc specimen that was studied were 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 emphasise the

decided effect that drying schedules have on stress development during the drying

process.

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

Fig. 12 Influence of drying schemes on variation of tangential stress along the path r after 15- and 45-h
drying

Table 2 Stiffness and

mechano-sorption parameters

for different temperatures at

EMC with 95 % RH

Temp. (�C) Parameters

23 Et = 286 MPa

23 Er = 510 MPa

23 mt = 0.21 MPa-1

23 mr = 0.16 MPa-1

60 Et = 184 MPa

60 Er = 325 MPa

60 mt = 0.28 MPa-1

60 mr = 0.21 MPa-1
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modified drying schedules employed showed the final stress level not to 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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Clair B, Jaouen G, Beauchêne J, Fournier M (2003) Mapping radial, tangential and longitudinal

shrinkages and relation to tension wood in discs of the tropical tree Symphonia globulifera.

Holzforschung 57:665–671

Dahlblom O, Petersson H, Ormarsson S (1999) Characterization of shrinkage, European project FAIR CT

96-1915, Improved spruce timber utilization, final REPORT Sub-task AB1.5

Felix S, Morlier P (1992) Modelling of stresses and strains in a piece of wood under drying.

Holzforschung 46:369–377

Fortino S, Mirianon F, Toratti T (2009) A 3D moisture-stress FEM analysis for time dependent problems

in timber structures. Mech Time-Depend Mater 13:333–356

Kang W, Lee N-H (2002) Mathematical modelling to predict drying deformation and stress due to

differential shrinkage within a tree disk. Wood Sci Technol 36:463–476

Kang W, Lee N-H (2004) Relationship between radial variations in shrinkage and drying defects of tree

disks. J Wood Sci 50:209–216

Kowalski SJ, Smoczkiewicz-Wojciechowska A (2007) Stresses in dried wood. Modelling and

experimental identification. Transp Porous Med 66:145–158

Krabbenhøft K (2003) Chapter 4 and 5, Moisture transport in wood. A study of physical-mathematical

models and their numerical implementation. Ph.D. Thesis. ISBN nr. 87-7877-225-7. Denmark

Larsen F, Ormarsson S, Olesen JF (2010) In: Proceedings of the 11th international IUFRO wood drying
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