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Abstract
Hygroscopicity of heat-treated spruce wood is investigated in relation to the mass loss that 
occurs during the thermal treatment. It is found that the reduction in hygroscopicity is not 
only due to mass loss, but another mechanism exists. Such mechanism is dependent on the 
water activity of the heating atmosphere, the reduction in hygroscopicity being greater in the 
vicinity of water activity 0.5, and smaller in a dry climate as well as in water-saturated 
conditions. It is hypothesized that this mechanism is related to irreversible hydrogen bonding, 
in the course of water movements within the pore system of the cell walls. 

1.  Introduction 
Exposing wood to elevated temperatures causes thermal degradation of its structure, i.e. 
changes in composition, often along with loss of mass. This results in wood products with 
reduced hygroscopicity among other modified properties. The reasons for the hydrophobicity 
are multifold, and it is not yet well understood which one contributes the most. 

Loss of mass during heat treatments is mainly due to the degradation of hemicelluloses, which 
are the less thermally stable polymers of the main wood components (Bourgois and 
Guyonnet, 1988; Zaman et al., 2000). The reduction in the amount of sites available for water 
sorption (mainly hydroxyl groups) that accompanies the degradation of hemicelluloses has 
often been suggested as an explanation for reduced hygroscopicity (Bekhta and Niemz, 2003; 
Feist and Sell, 1987; Obataya et al., 2006). Furthermore, lower amount of hemicelluloses 
enhances crosslinking reactions because they interfere less with direct bonding of cellulosic 
chains (Duchesne et al., 2001; Oksanen et al., 1997). As reported by several authors (Hakkou 
et al., 2005a; Repellin and Guyonnet, 2005; Tjeerdsma et al., 1998), chemical changes and 
structural modifications occurring in the cell wall during heating play also a significant role in 
hydrophobicity.

In the pulp and paper literature, the term “hornification” is used to describe the decrease in 
water retention value (WRV) of pulp fibers due to structural changes in the cell wall during 
drying (Göttsching and Pakarinen, 2000). The decrease in WRV can be explained by the 
adhesion of adjacent microfibrils following the collapse of pores during dewatering 
(Crawshaw and Cameron, 2000; Weise et al., 1996). In addition to water removal, applying 
heat by oven-drying is known to further decrease the water-swelling capability of pulp fibers 
(Weise, 1997). The mechanism behind hornification is thought to be the formation of 
irreversible hydrogen bonding in the amorphous regions of cellulose and hemicelluloses (Kato 
and Cameron, 1999; Matsuda et al., 1994). Nonetheless, the formation of covalent bonding by 
esterification reactions has also been suggested as a possible cause for hornification 
(Fernandes et al., 2001).



PROCEEDINGS FROM NORDIC WORKSHOP ON WOOD ENGINEERING • SKELLEFTEÅ FEBRUARY 21 2007
5

Among all the reactions and/or mechanisms involved in reduced hygroscopicity of 
lignocellulosic materials, special attention should be paid to degradation of carbohydrates as it 
not only affects hygroscopicity, but also stiffness and strength. Increasing process temperature 
and duration of heat treatment results in higher loss of mass (Alén et al., 2002) and increased 
hydrophobicity (Tjeerdsma et al., 1998). Similarly, increasing water activity in the heating 
atmosphere also results in higher loss of mass (Borrega and Kärenlampi, unpublished results; 
Stamm, 1956) and increased hydrophobicity (Hillis, 1984). This study intends to investigate 
the changes in hygroscopicity due to different treatment conditions, and to relate such changes 
to the mass loss that occurs during the treatment. 

2.  Experimental 

2.1  Material 
The wood material used in this study was Norway spruce (Picea abies) felled in Joensuu, 
Finland. Wood specimens with dimensions of 23 ± 2 mm in cross section and 320 mm in 
length were prepared. All specimens were clear of visible flaws. Eighteen groups containing 
12 specimens each were formed, and each group was subjected to a heat-bath treatment. 

Heat-bath treatments were conducted in a stainless steel pressure vessel, equipped with a 
temperature gauge and a pressure gauge. To block direct radiation from the steel onto the 
specimens, a sheet of aluminum was positioned at the bottom and around the walls of the 
vessel.

2.2  Heat-bath treatments 
Each group of specimens was oven-dried at 85 °C for 48 hours before the heat-bath treatment, 
and the mass of any specimen was measured. Oven-dry masses were determined by further 
drying a few reference specimens at 103 °C for 24 hours. The specimens were placed into the 
vessel along with a predetermined amount of water. The temperature was raised from an 
initial value of about 35 °C up to the setup temperature. Water vapor pressure and consequent 
water activity were determined by subtracting air pressure from the total pressure. Once the 
setup temperature was reached, the specimens were subjected to isothermal treatment, at the 
end of which the vessel was allowed to cool to room temperature. Heat-treated specimens 
were oven-dried at 85 °C for 48 hours and subsequently at 103 °C for 24 hours. The mass loss 
of any specimen was determined on a dry mass basis after oven-drying at 103 °C for 24 hours. 
The experimental parameters for each treatment are shown in Table 1.  

Heat-treated specimens were then conditioned in a climatic room at 19 °C and 65 % relative 
humidity for a minimum period of 3 months, the specimens attaining the equilibrium moisture 
content (EMC). 

2.3  Time-temperature analysis 
The rate of temperature increment during heating was not constant but rather determined by 
the capacity of the heating element and the water activity of the atmosphere. Up to 100 ºC, the 
temperature increment was about 17 ºC hour-1 for any water activity condition. Beyond this 
temperature, the rate of temperature increment was lower but increasing with water activity, 
the heating efficiency being limited by the heat transfer efficiency of the system.  

2
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The extent of any heat-bath treatment, including heating, isothermal and cooling stages, was 
determined as: 

ft

dtTtTH
0

0 ))((      [1] 

for T(t) - T0   0, where H [°C h] is the extent of heat-bath treatment, T(t) [°C] is the 
temperature at time t, T0 [°C] is a reference temperature and tf [h] is the duration of the 
process. The reference temperature was defined as the higher temperature at which thermal 
degradation does not occur, regardless of water activity conditions. A reference temperature 
of 120 °C was chosen on the basis of our previous investigation (Borrega and Kärenlampi, 
unpublished results). 

Table 1 Process parameters for each heat-bath treatment 

Group of 

specimens 

Setup

temperature [ºC] 

*Liquid water added 

into the vessel [g] 

Water activity at the 

setup temperature 

Isothermal 

treatment [hours] 

A

B

C

D

E

F

G

H

I

J

K

L

M

N

O

P

Q

R

150 

170 

-

-

-

75

75

75

1000 

1000 

1000 

-

-

-

65

65

65

1000 

1000 

1000 

0.08 

0.08 

0.08 

0.60 

0.51 

0.57 

1

1

1

0.10 

0.15 

0.15 

0.55 

0.50 

0.61 

1

1

1

0

2

8

0

2

8

0

2

8

0

2

8

0

2

8

0

2

6

* An additional amount of about 8 grams of water was contained within any group of specimens

3
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3.  Results 
Loss of mass induced by heat-bath treatments and EMC attained by each group of specimens 
are shown in Table 2. EMC of heat-treated wood is used as an indicator of changes in 
hygroscopicity. Heat-bath treatments reduce the hygroscopicity of wood as compared to the 
reference specimens, the extent of the reduction being dependent on the process conditions. 
At any setup temperature and water activity, the higher the extent of heat-bath, the lower is 
the EMC attained (Fig. 1). At both setup temperatures, hygroscopicity of heat-treated wood is 
higher when heated in a dry climate (water activity in the range 0.08-0.15), whereas wood 
heated at intermediate water activity (in the range 0.5-0.61) and saturated conditions appears 
to yield the same EMC. Furthermore, at any level of water activity, the EMC at any extent of 
heat-bath treatment appears to be independent of the process temperature. 

Table 2 Loss of mass and EMC for each group of specimens. Standard deviation is indicated in 
parentheses 

Group of specimens Loss of mass [%] EMC [%] Reduction in hygroscopicity [%] 

Reference 

A

B

C

D

E

F

G

H

I

J

K

L

M

N

O

P

Q

R

-

-

0.2 (0.3) 

0.4 (0.3) 

0.6 (0.2) 

1.0 (0.2) 

2.1 (0.3) 

1.8 (0.5) 

3.0 (0.7) 

6.9 (1.3) 

1.5 (0.5) 

2.1 (0.7) 

2.8 (0.9) 

2.4 (0.4) 

3.2 (0.5) 

7.2 (0.5) 

6.2 (0.9) 

10.9 (1.0) 

15.3 (0.8) 

10.3 (0.2) 

9.3 (0.3) 

9.0 (0.3) 

8.7 (0.3) 

7.8 (0.2) 

7.3 (0.2) 

6.4 (0.2) 

8.1 (0.1) 

7.6 (0.1) 

6.9 (0.2) 

8.2 (0.2) 

7.8 (0.3) 

7.3 (0.3) 

6.5 (0.2) 

6.2 (0.2) 

5.6 (0.1) 

7.2 (0.1) 

6.6 (0.1) 

6.2 (0.1) 

-

9.7 

12.6 

15.5 

24.3 

29.1 

37.9 

21.3 

26.2 

33.0 

20.4 

24.3 

29.1 

36.9 

39.8 

45.6 

30.1 

35.9 

39.8 
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Figure 1 EMC of heat-treated wood as a function of the extent of heat-bath treatment. Filled 
circles, dry conditions at 150 °C; open circles, dry conditions at 170 °C; filled squares, 
intermediate water activity in the vicinity of 0.5 at 150 °C; open squares, water activity in 
the vicinity of 0.5 at 170 °C; filled triangles, water-saturated conditions at 150 °C; open 
triangles, water-saturated conditions at 170 °C; marker on the y-axis, untreated wood 

On the other hand, at any setup temperature and water activity, the longer the isothermal 
heating, the higher the mass loss (Fig. 2). At any setup temperature, mass loss increases with 
water activity of the heating atmosphere. At any water activity, it increases with setup 
temperature. 
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Figure 2 Loss of mass as a function of the extent of heat-bath treatment. Symbols are the same 
as in Fig. 1 

EMC of heat-treated wood as a function of mass loss is shown in Fig. 3. At any setup 
temperature and water activity, hygroscopicity decreases with increasing loss of mass. This is 
a direct consequence of mass loss increasing with the extent of heat-bath, which in turn results 
in reduced hygroscopicity. Nonetheless, it is interesting to note that at any setup temperature 
and mass loss, significantly lower EMC is attained when wood is heated at intermediate water 

5
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activity. Water-saturated conditions appear to give the same EMC at a specified mass loss as 
dry conditions. 

5

6

7

8

9

10

11

0 2 4 6 8 10 12 14 16

Loss of mass [%]

EM
C 

[%
]

Figure 3  EMC of heat-treated wood as a function of mass loss for each heat-bath treatment. 
Symbols are the same as in Fig. 1 

4.  Discussion 
Hygroscopicity of heat-treated spruce wood has been investigated in relation to the mass loss 
that occurs during the heat-bath treatment. As a function of mass loss, the data seems to form 
two different groupings, specimens treated at intermediate water activity showing almost 2 % 
units lower EMC than specimens treated either in dry or water-saturated conditions. 
Therefore, hydrophobicity of heat-treated wood can not be solely explained in terms of mass 
loss. Obviously, other phenomena dependent on the water activity of the heating atmosphere 
must be involved. 

High temperature increases the mobility of molecular chains in the cell wall, promoting 
structural rearrangements (Fahlén and Salmén, 2003; Hakkou et al., 2005b). In the presence of 
moisture or water, the mobility of molecular chains during thermal treatments is further 
enhanced. Water, as a softener, provides greater flexibility to the cell wall and thus structural 
rearrangements are increased (Matsuda et al., 1994; Weise et al., 1996). The result is a more 
tightly bound structure, in which polar sites previously available for water sorption become 
irreversibly bonded and do not open upon rewetting. This behavior is due to the formation of 
new hydrogen bonding in the amorphous regions of cellulose and hemicelluloses (Kato and 
Cameron, 1999; Matsuda et al., 1994). The loss of water-swelling capability of the cell wall 
by the formation of irreversible hydrogen bonding might well be denoted as hornification.

As observed in Fig. 3, hornification is likely to occur most extensively at intermediate water 
activities. In water-saturated conditions, irreversible hydrogen bonding within wood elements 
hardly occurs, excessive lubrication continuously aiding molecular mobility. In a dry climate, 
wood elements are stiff, resisting structural deformations and thus reducing hornification. 

At any level of water activity, hygroscopicity as a function of the extent of heat-bath (Fig. 1) 
as well as a function of the mass loss (Fig. 3) appears to be independent of the process 
temperature. However, some temperature dependency may exist. The reason is that at any 

6
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level of water activity, mass loss at a specified extent of heat-bath increases with temperature, 
as shown in Fig. 2. In fact, this temperature effect can be recognized by a detailed inspection 
of Figs. 1 and 3. In Fig. 3, the high-temperature trials, in relation to the low-temperature trials, 
are shifted to the right on the mass loss axis, in comparison to the extent of heat-bath axis of 
Fig. 1. 

A possible issue challenging the occurrence of hornification is that it is generally associated 
with changes of moisture content (Crawshaw and Cameron, 2000; Weise et al., 1996). 
However, within a heat-bath treatment at intermediate water activity, the moisture content can 
hardly be regarded as constant on the molecular scale, neither on the fibrillar. Intermediate 
water activity was produced by placing rather dry specimens in the pressure vessel, along with 
a predetermined amount of water. Then, water penetrates the specimens, entering more 
readily the large pores and cavities, but also entering smaller pores along with time. This 
induces a sequence of wetting and drying processes on the fibrillar and molecular scale. 
Further on, along with increased temperature, the relative vapor pressure within the vessel 
becomes reduced. Some of the water that has entered the wood vaporizes, inducing a 
sequence of drying reactions in the disordered pore system of the cell walls. 

In the case of a dry climate, some water first migrates from the atmosphere into the 
specimens, inducing a sequence of wetting and drying reactions in the pore system of the cell 
walls. Along with increased temperature, and consequently reduced water activity within the 
vessel, water in the cell wall begins to evaporate. Water exits more readily the large cavities, 
but finally also from small pores, inducing a sequence of drying processes. We thus expect 
that some hornification may occur in the dry climate, unlike in the water-saturated conditions. 
Furthermore, a detailed inspection of Fig. 3 does provide some indication of it. Accordingly, 
at constant mass loss, specimens treated in a dry climate appear to have slightly lower EMC 
than those treated in water-saturated conditions.
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Abstract
An experimental study was conducted to investigate the structural performance of a series of 
helically shaped steel fasteners “Helifix® fasteners” for use in a variety of timber connection 
systems. This paper describes part of a research programme investigating the performance of 
single shear connections with Helifix fasteners and the factors influencing their behaviour and 
load carrying capacity. The results show that the nailing configuration influences the joint 
strength. The number of lines in the joint is shown to have direct relationship with the joint 
strength, with the line spacing having no influence. However, the results show that the 
relationship between the joint strength and the number of rows is varying according to the 
spacing between the rows. The findings are in line with the design rules in Eurocode 5 (CEN, 
2004) for nailed joints. 

1.  Introduction 

1.1 Research objective 
The aim of this study is to gain an understanding of the structural behaviour and performance 
of helically shaped stainless steel fasteners for use in timber structural systems and to 
compare their performance with the common timber fasteners such as threaded nails and 
screws. Preliminary results showed that for a comparable lateral load capacity with 
similar/equivalent diameter screws, helically shaped fasteners exhibit a much greater ductile 
behaviour.

The objective of this study is to develop an understanding of the load carrying behaviour and 
performance of timber joints with helical fasteners loaded in single shear, and to determine 
the factors influencing such connections. 

1.2 Current uses of Helifix fasteners 
Helifix connectors were developed in 1984 as the need for efficient, economical and non-
disruptive wall ties in the United Kingdom increased. The innovative product created to fulfil 
this need, a unique helical stainless steel wall tie, has since formed the basis of a range of 
special purpose ties, fixings, masonry repairs and reinforcement for buildings, bridges and 
other masonry structures (Keitley, 2003), Figure 1.
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b
a

Figure 1 Helically shaped Helifix fastener: (a) root diameter, (b) shank diameter.

Currently, Helifix connectors are used essentially in masonry structures for crack stitching,
creating load bearing beams, reinforcement of lintels, walls, arches, extending or securing a 
new to existing walls, roof batten fixing, and timber cladding, Figure 2. 

Figure 2 Examples of current uses of Helifix fasteners.

2. Experimental programme
The performance of timber joints are influenced by a large number of variables which can be 
grouped in three categories (Ehlbeck, 1979): 

- Material properties (Timber and fastener properties and dimensions…),

- Loading conditions (Type of loading, duration…),

- Connection configuration (Number of fasteners, nailing patterns…). 

An experimental programme was developed to investigate the effect of variations in the 
connection configuration that were considered significant and could influence the 
performance and behaviour of joints with Helifix fasteners in single shear. The factors
investigated were: 

- Number of lines of fasteners,

- Line spacing, 

- Number of rows of fasteners, 

- Row spacing, 

- Effective number of fastener.

The lines and rows in a joint are shown in Figure 3. 

The material properties and loading conditions were kept constant during the testing 
programme. Further tests will be performed in order to determine the influence of the other
variables on the load carrying performance of joints with Helifix fasteners.
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Centrelines of lines 
of fasteners.

Centrelines of rows 
of fasteners.

Figure 3 Lines and rows in a connection.

2.1 Tests set up and procedures 
The load carrying capacity and the deformation behaviour of the fasteners in single shear 
timber to timber joints were determined using the set up shown in Figure 4, in accordance 
with BS EN 26891:1991 (BSI, 1991). As the profile of a Helifix fastener varies around its 
perimeter, the root diameter of the fasteners was chosen as basis for calculating the minimum
spacings and distances, the root diameter of the fasteners used in the study is 3.35mm. The
dimensions were rounded to the nearest millimetre.

Due to the technical difficulties for testing samples comprising only two timber members, the
tests were performed on specimens comprising two sets of joints with fasteners in single shear 
staggered to avoid any interaction between the sets, Figure 4.

(b)(a)

Figure 4 (a) Example of test specimen with staggered fasteners, (b) Test sample being tested. 

The timber used in the testing programme was of strength class C24; it was stored for two 
months prior testing to reach a uniform moisture content; at time of testing the average
moisture content was 10±1%. For each series of tests 4 specimens were fabricated and tested.
The timber members were predrilled on a vertical drill with a pilot hole of 2.8mm diameter.
The samples were tested with the displacement of the sample recorded with two 50mm
transducers placed on brackets screwed on either side of the middle member level with the
lowest fasteners in the joint; the load was measured on a 50kN load cell. The tests were 
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performed at a loading rate of 4mm/min. A preload of 500N was applied to the joint to
eliminate any slack in the joint system. The tests were allowed to run after the 15mm 
displacement limit used in the standard for the determination of the maximum load due to the
ductility of the connection tested. Once tested small samples were cut from the specimens to 
determine the density and moisture content of the timber.

2.2 Nailing patterns
To investigate the factors listed above 17 nailing configurations were tested, as shown in 
Figure 5. The number of fasteners in the joints ranged form 2 to 10. 

33.5 33. 33.5 33.5 33.5

27MA MCMB
47 47

LA474033.5

2727 NA27

LB
MG MHMF 33.5

33.533.533.5
LD

47
27

33.5
40 NC

LE
ND

NG

LG NBNH

Figure 5 Nailing configurations tested.

3 Results and analysis 

3.1 Tests results
Four specimens were tested for each set of joints. Typical examples of the load deformation
behaviour of specimens tested in the set NB are shown in Figure 6. The load values used in 
the analysis are the average of the maximum loads sustained by each joint.



PROCEEDINGS FROM NORDIC WORKSHOP ON WOOD ENGINEERING • SKELLEFTEÅ FEBRUARY 21 200718

0

10

20

30

40

50

0 10 20 30 40 50
Displacement, mm

Lo
ad

/D
en

si
ty

, N
/k

g/
m

3

NB - 1
NB - 2
NB - 3
NB - 4
Average

Figure 6 Typical load-displacement results for joint set NB. 

The results of the tests are shown in Table 1. 

Maximum
load Load/Density Maximum

load Load/Density

N N/kg/m3 N N/kg/m3

MA 2 5939.70 15.75 ND 6 16705.25 42.09
MB 3 9753.50 24.81 NG 6 18750.75 47.54
MC 4 11751.50 30.86 NH 6 16365.00 41.63
MF 4 13207.13 32.35 LA 2 5974.63 15.32
MG 4 12145.75 31.50 LB 4 10118.75 25.33
MH 4 12661.00 31.67 LD 6 14234.13 38.15
NA 4 11357.38 31.60 LE 8 17276.38 43.94
NB 6 18170.88 47.66 LG 10 21487.00 54.63
NC 8 22935.63 59.62

Joint Number of
fasteners Joint Number of

fasteners

Table 1 Results for single shear connections.

In order to eliminate the effect of the timber density, for each test specimen, the load was
divided by the average density of the three timber members used in the connection. In the 
analysis of the results the average load divided by the density of the four specimens is used. 

In Figure 7 the average maximum load achieved divided by the timber density of the 
specimens for each nailing configuration is plotted against the number of fasteners in the
connection.
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Figure 7 Number of fasteners vs. joint strength.

Figure 7 shows that for connections with equal number of nails the maximum load attained
varies depending on the nailing configuration. Only connections with 2 fasteners placed 
differently in the joint had similar load carrying capacity. Two sets of joints with 8 fasteners
were tested, the results show that there is a 25% difference between the load achieved by the 
joints. This highlights the need for studying the effect of the nailing configuration on the load 
carrying capacity of the joints. 

3.2 Line number and line spacing 
In Eurocode 5 design rules the strength of a joint including several lines of nails in the 
direction of the grain is obtained by multiplying the strength of a single line of nails in the 
joint by the number of lines of fasteners in the connection; with the line spacing having no 
influence on the joint strength, where the minimum spacing is respected. Several joints tested
aimed to verify the applicability of the design rules for joints with Helifix fasteners.

3.2.1 Number of lines 
To study the relationship between the number of lines and the joint strength, joints with 
several lines with one fastener were tested, nailing configurations MA, MB and MC. The 
results of the tests are shown in Table 2. 

Load/Density
N/kg/m3

MA 2 15.75 1.00
MB 3 24.81 1.58
MC 4 30.86 1.96

Number of lines
of fastenersJoint Load/Density ratios to

joint MA

Table 2 Results for tests series MA, MB and MC. 
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Table 2 details the ratios of the maximum load/density of joints with three and four lines of
fasteners to the load/density of the joint with two lines. The ratios are 1.58 and 1.96 for three 
and four lines. For an exact relationship between the number of lines of fastener and the joint
strength the ratios should be 1.5 and 2.0. Allowing for experimental errors, the results show 
that there is a direct relationship between the number of lines of fasteners and joint strength. 

3.2.2 Line spacing
To study the effect of line spacing on joint strength the results of nailing configurations MG, 
MF and MH are analysed, they are shown in Table 3 

Line spacing Load/Density
mm N/kg/m3

MG 10×d = 33.5 31.50 1.00
MF 12×d = 40.0 32.35 1.03
MH 14×d = 47.0 31.67 1.01

Joint Load/Density ratios to
joint MG

Table 3 Results for tests series MG, MF and MH.

The maximum load/density ratios show that the line spacing does not have any effect on the 
joint strength.

For joints with Helifix fasteners loaded in single shear the results follow the design approach
of Eurocode 5. 

3.3 Row number, spacing and effective number of fasteners
In Eurocode 5 the effective of the number of fasteners inserted in a row parallel to the
direction grain and of the load applied is determined by raising the actual number of fastener 
in the line with a coefficient, varying with the spacing between fasteners, ranging from 0.5 to 
1.0. The testing programme was therefore developed to study the number of rows with 
varying row spacings. 

 3.3.1 Effective number of fastener
The need for determining the effective number of fasteners in a row appeared after 
researchers showed that in such connections the fasteners did not share equally the load 
applied to the connection (Lantos, 1969). In Eurocode 5 the effective number of fastener in a 
row is less than the actual number of fasteners when the spacing between rows is less than 14
times the diameter. The spacing chosen was 8 times d. The nailing configurations LA, LB, 
LD, LE, and LG are used in the analysis.

In Table 4 the tests results divided by the density are given, along with the ratios of the loads 
for joints with 4 or more fasteners to the load of the joint with 2 fasteners. The table also
include the effective number of fasteners which is the ratios of the actual load ratios to the
ratios for direct relationship between joint strength and number of fasteners. 
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Load/density

N/kg/m3

LA 2 15.32 1.00 1 1.00
LB 4 25.33 1.65 2 0.827
LD 6 38.15 2.49 3 0.830
LE 8 43.94 2.87 4 0.717
LG 10 54.63 3.57 5 0.713

Joint Load ratios
to joint LA

Number of
fasteners

Load ratios for
direct relationship

Factor for effective
number of fasteners, Cn

Table 4 Effective number of fasteners.

The results show that for a spacing of 8 times d, the modification factor, Cn, applicable to 
obtain the effective number of fasteners is on average 0.772 times the actual number of 
fasteners. Results also show that Cn depends on the number of fasteners in a line.

3.3.2 Row spacing
The effect of row spacing was studied by testing joints with rows spacing of eight, ten, twelve
and fourteen times the root diameter of the fasteners. The results are shown in Table 5. 

Row Spacing Load/density
mm N/kg/m3

ND 8×d = 27.0 42.09
NH 10×d = 33.5 41.63
NG 12×d = 40.0 47.54
NB 14×d = 47.0 47.66

Joint

Table 5 Effect of row spacing on joint strength.

The results show that for joints having a spacing of 8 and 10 times the diameter the load 
attained is lower than for joints with 12 or 14 times the diameter. For lower spacing between 
rows the joints strength is reduced, that may be due to early splitting of the wood. The joint 
strength increases with the spacing between the rows, and reaches a maximum from a spacing
of 12d. 

3.3.3 Number of rows 
The influence of the number of rows of fasteners with a spacing of 14 times the root diameter
was also studied. The results of the nailing configurations MA, NA, NB, and NC are shown in 
Table 6. 

Load/density
N/kg/m3

MA 1 15.75 1.00
NA 2 31.60 2.01
NB 3 47.66 3.03
NC 4 61.60 3.91

Joint Number of nails 
per row

Load ratio to
joint MA

Table 6 Effective number of rows with spacing of 14d. 
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Allowing for experimental errors, the results show that with sufficient spacing between the 
rows there is a direct relationship between the number of rows and the joint strength.

The results show that with a spacing of 14d the findings are in line with the approach of the 
Eurocode 5 where for a spacing of 14×d the effective number of fasteners in a row is taken as 
the actual number of fasteners. However there is also a slight drop in the relationship for 
joints with 4 fasteners, further tests will need to be performed to clarify the trend for joints 
with more than 4 fasteners. 

4 Conclusions and future work 

4.1 Conclusions 
In the preliminary research programme joints made with Helifix connectors loaded in single 
shear where tested in order to determine the effect of fastener configuration and numbers on 
the load carrying capacities of the joints. The testing programme was therefore developed to 
study the effect of line number and spacing, the effective number of fastener, row number and 
spacing.

The results showed that there is a need to study the effect of each parameter on the joint 
strength, as the strength of joints made with the same number of fasteners but different nailing 
configurations can vary significantly. 

Results showed that there is a direct relationship between the number of lines and the joint 
strength and that the spacing between the lines did not influence the load carrying capacity of 
the connection. 

The results showed that for spacing between rows of 14 times the diameter the joint strength 
was directly proportional to the number of rows. However for spacing of 12 times the 
diameter or less the joint strength is decreasing with reducing spacing, and the effective 
number of fastener is less than 0.8 times the actual number of fasteners in a row.  

4.2 Future work 
So far the research programme was focused on the effect of nailing configuration of the joint 
strength. A research programme is being developed aiming to study the effect of the material 
properties on the load carrying capacity of connections with Helifix fasteners. 

Future work on Helifix fasteners as a timber fastener includes: 

- Research on double shear connections,

- Development of semi empirical models for predicting the behaviour and 
strength of joints in single and double shear, 

- Development of design rules for the use of Helifix fasteners as a viable 
timber fastener, 

- Research on possible new applications of Helifix fastener in timber 
structural systems. 
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Abstract
Mould growth on timber can be a problem in material that is exposed to high humidity. In this 
study, the effect of different drying temperatures (20, 80, 120 and 170 C) on susceptibility to 
mould growth was investigated for Norway spruce. Dried spruce specimens were furthermore 
compared to commercially heat-treated spruce (treatment at 190 C and 210 C).

Thin specimens (about 100 x 50 x 5 mm3) containing one original drying surface and one 
surface from sawing after drying, were stored in humid climate (about 100% RH) at 20 C for 
20 weeks. About half of the sample was inoculated with mould spores Cladosporium 
cladosporioides and Penicillium commune, in addition to the natural exposure during storage 
before the experiment started. The other half of the sample had only natural contamination. 
The specimens were then visually inspected once a week and registered by digital 
photography. At the end of the experiment, the specimens were examined with light 
microscopy and photographed. The progress of mould growth was evaluated by image 
analysis. 

Mould growth started on most of the specimens after two weeks of incubation and increased 
rapidly until around week 13. Afterwards the mould growth slowed down but kept increasing 
till the end of the experiment. In general, mould growth was heavier on the original drying 
surface than on the re-sawn surface; heavier on sapwood than on the heartwood; and heavier 
on specimens with additional inoculation than on the specimens with natural contamination 
only. All kiln-dried material exhibited relatively higher mould growth levels compared to the 
air-dried material. Heat-treated spruce had very low levels of mould growth. The differences 
of mould growth on heartwood and sapwood or between original drying surface and re-sawn 
surface were not detectable on such heat-treated spruce.  

Keywords
Mould, wood, high-temperature drying, heat-treatment, spruce 

1



PROCEEDINGS FROM NORDIC WORKSHOP ON WOOD ENGINEERING • SKELLEFTEÅ FEBRUARY 21 2007
27

1. Introduction 
Mould growth on timber and other building materials is a common problem (Wang 1994). In 
general, mould growth on timber is only possible if the wood moisture content (MC) is high, 
corresponding to a relative humidity (RH) higher than about 75%, depending on factors such 
as mould species, temperature and exposure time (Viitanen 1996).

A number of studies have been carried out on the risk of mould growth on timber treated in 
several ways and on different parts of the wood, e.g. heartwood or sapwood. In general, faster 
and heavier mould growth was found on sapwood than on heartwood (Viitanen 2001). This is 
probably because of higher amounts of toxic extractives in the heartwood and less availability 
of nutrients. Mould fungi feed on nutrients such as starch and low-molecular sugars, which 
are available in the sapwood, but are of lower concentration in heartwood. Philp et al. (1995) 
investigated the effect of heartwood and sapwood extracts of fresh or air-dried Scots pine and 
Sitka spruce on the growth of Trichoderma mould fungi: Fungal growth was inhibited (up to 
40%) in both sapwood and heartwood extracts of Sitka spruce. No significant difference was 
found between heartwood and sapwood extracts or between fresh and dried wood. However, 
in Scots pine, the growth inhibition by heartwood extracts was much higher (up to 90%) than 
by sapwood extracts (up to 40%). 

Despite the fact that heartwood might be more resistant to mould attack, pure heartwood 
boards are not used as that would result in poor sawing yield and small dimensions due to 
variable heartwood content. Therefore the timber commonly used in the construction field 
consists of both sapwood and heartwood. Methods to improve mould resistance of wood 
materials are therefore necessary. Chemicals with anti-fungal properties are effective against 
mould attack but are reduced in application due to environmental and health considerations. 
Heat treatment is possibly a more feasible method to reduce the risk of mould growth.  

Since all timbers have to be dried before being used in building, furniture production and for 
other purposes, it would be convenient to choose a method for drying that at the same time 
reduces the risk for mould growth. Although there were studies which showed that high 
temperature treatments of wood aim at reducing water content and at the same time altering 
the wood structure by repolymerisation and therefore might reduce the possibility of fungal 
growth (Timar et al. 1999), mould problems still exist on dried and heat-treated timber when 
exposed to moist environment (Theander et al. 1993, Nilsson and Samuelson 2006). Nutrients 
inside of the timber are relocated to the surface during the drying as was observed by 
Theander et al. (1993). They also found high values of nitrogen and sugars near or directly 
below the drying surface. Higher sugar contents were found at the part of the material with 
higher drying rate. Since nitrogen and low-molecular sugars serve as nutrients for mould 
growth, higher drying rates (fast schedules) can lead to higher risk for mould growth than 
slower schedules. This was also found by Terziev et al. (1993) who investigated the influence 
of drying schedules on the redistribution of low-molecular sugars in pine. Two drying 
schedules, one fast and one slow schedule, with constant wet-bulb temperature (WBT) of 
50 C, but different wet-bulb-depressions (fast schedule: max 80 C dry-bulb temperature 
(DBT), slow schedule: max 62 C DBT) were compared. Low-molecular sugars such as 
glucose and fructose (but not sucrose) were enriched at the surfaces of the planks. Normal 
carbohydrate contents were found about 3 to 4 mm below the surface. With the fast schedule, 
higher carbohydrate contents were found at the surface, compared to the slow schedule. 
However, the correlation between the time above fiber saturation point and the amount of 
carbohydrates was hard to establish (Terziev et al. 1993). Furthermore, Viitanen (2001) 
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studied the factors that affect mould growth on kiln dried timber. He also found that mould 
growth was much higher on the original drying surface than on a re-sawn surface 10 mm 
below the original surface, which he also correlated to the accumulation of low-molecular 
sugars. Moreover, he observed that fast drying schedules at temperatures below 100 C had 
higher mould growth than high-temperature schedules (110 C) or slow schedules (50 C). At 
the place of the stickering during kiln-drying, only slight and slow mould growth was found, 
which was also correlated with the lower amount of carbohydrates at that point. A study 
investigating effect of low-temperature drying (65 C) and high-temperature drying (115 C)
on mould growth on Scots pine revealed less mould growth on the high-temperature dried 
material (Sehlstedt-Persson 1995). This indicates an inhibiting effect of high temperature 
drying, which exceeds the effect of sugar accumulation during the faster drying. The reason 
can be caramelization, the degradation of nutrients: An analysis of carbohydrates showed 
hemicellulose decomposition due to high-temperature drying. Another study showed that 
heat-treated spruce and pine (Thermowood®-process, 5 hours at 220 C) was less susceptible 
to mould discoloration compared to untreated wood, but the resistance was not as good as in 
preservative-treated wood (Jermer et al. 2003).  

From the studies above, it can be seen that drying and heat treatment of wood cannot 
completely eliminate the occurrence of mould growth. The relocation of low-molecular 
carbohydrates during drying, especially during fast drying processes, to the surface can lead to 
higher risk. However, high temperature drying (at temperatures above 100 C) might also 
reduce the risk for mould growth by changing wood structure. The aim of this study was to 
investigate the effect of different drying temperatures and heat-treatment of spruce on the risk 
for mould growth. The samples studied were dried at 20 C, 80 C, 120 C and 170 C, as well 
as heat-treated at 190 C and 210 C.

2. Materials & Methods 

2.1 Wood specimens 
The wood used in this investigation consisted of Norway spruce (Picea abies) from Southern 
Sweden and spruce heat-treated by the Thermowood®-process from Stora Enso’s heat-
treatment plant in Kotka, Finland. Two qualities of heat-treatment were studied: treatment at 
190 C and at 210 C. Sapwood and heartwood were distinguished by a water absorption test 
(Sandberg 2004) after the measurements.  

2.2 Wood drying and specimen preparation 
Sticks with dimensions 20 x 40 x 300 mm3 were sawn from both heartwood and sapwood of 
frozen logs and dried in a climate chamber at 80 C for 24 hours, at 120 C for 4.5 hours or at 
170 C for 80 minutes. All drying schedules, however, included pre-steaming and steaming 
phases (1 hour at setpoint of 98 C / 98% RH) and a final cooling phase. Drying at 80 C and 
120 C was carried out at constant temperature and constant drying rate, whereas during 
drying at 170 C, the temperature increased to 170 C, with the drying rate increasing with 
time. Material dried at 20 C was not kiln-dried but air-dried in a climate room at 20 C,
30% RH until constant weight. After drying, the specimens were stored in a climate 
controlled room at 20 C and 60% RH. The heat-treated material was obtained as full-size 
boards, sawn into 20 x 40 x 300 mm3 sticks and conditioned at 20 C and 60% RH. 
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When conditioned, mould specimens were sawn from the original drying surface of the sticks 
with approximate dimensions 40 x 100 x 5 mm3. Each specimen thus contains the original 
drying surface and a re-sawn surface located 5 mm below the original drying surface.  

2.3 Mould species 
Besides natural exposure of the wood samples during storage, two additional mould species 
were used: Cladosporium cladosporioides and Penicillium commune, both of which were 
isolated from a piece of wood taken from a house in Skåne, Sweden. Samples were grown on 
2% malt extract agar (MEA) before inoculation.

2.4 Mould Inoculation and experiment setting 
In order not to alter the wood properties, the samples were not autoclaved. One week before 
inoculation, all specimens were placed in plastic boxes at 20 C with nearly 100% RH to 
increase the moisture content in order to facilitate the spore germination. The sample was 
separated into two groups: 

1. Natural contamination group. The specimens were exposed to indoor air before the 
investigation; therefore they have “natural” contamination with spores from the indoor 
air.

2. Natural and controlled contamination group. A mixed spore suspension of 
Cladosporium cladosporioides and Penicillium commune (about 1x104 spores/ml) was 
sprayed evenly on both sides of the specimens in addition to the natural exposure 
during storage. About 0.4 ml of spore suspension, i.e., about 4000 spores were sprayed 
on each side of the specimens in this group.  

The arrangement of the groups can be found in Table 1. For each treatment temperature, there 
was one reference specimen, which was stored at 20 C and 30% RH. All specimens were 
placed directly on top of a plastic net in standing position in plastic boxes with water 
underneath which provides a relative humidity close to 100% during the experiment.  

Table 1: Number of replicates for different treatment temperatures and contamination types. 
Treatment temperature [ C] 1. Natural 

contamination 
2. Natural + controlled 
contamination 

20 5 6
80 5 5
120 7 6
170 6 6
190 5 6
210 5 6

2.5 Photography  
Each sample was photographed on both front and back side once a week during the 
experiment with a Digital Camera (Nikon D70s). The numbering started with week 0, when 
the specimens were placed in the humid environment. After one week, the specimens were 
photographed for the first time and then inoculated. Therefore, at week 1, only the natural 
contamination is recorded. At the end of the experiment, all samples were inspected with light 
microscopy and photographed with 400x magnification.  
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2.6 Image analysis 
When mould starts growing on wood, its hyphae stretch out on the surface. Darker spots can 
be visually inspected when the growth reaches a certain level, which is normally  called the 
discoloration of the wood. When the growth of the mould becomes denser, the discoloration 
(darkening) becomes stronger. In previous studies of mould growth on wood, the evaluation 
of mould growth level was normally estimated by visual inspection and classification into 5 – 
6 levels as indices from no growth to high coverage (Viitanen 1996; Nilsson and Samuelson 
2006). Such inspection normally only quantifies the coverage. However, the density of the 
mould growth can reflect the accumulation of the biomass of mould growing on wood. 
Therefore, the density is also an important index. In this study, we chose to use image 
analysis which not only takes account of the coverage but also the density of the mould 
growth on the wood surface.   

The mould growth during 20 weeks was quantified by image analysis with the following 
steps:

1. The pictures (.jpg) were transformed into gray scale by taking the mean of the red-green-
blue color levels.
2. As we were interested in the darkening of the samples caused by mould growth the gray 
scale was inverted so that 0 was white and 255 black.
3. Three reference areas (lines on the photographic table) were found and their light intensities 
were calculated. This was necessary as the light intensity in the room was not constant during 
the 20 weeks of the experiment.  
4. The light intensity of each sample was calculated as the mean intensity of a rectangular box 
covering about 80% of the sample (so as not to introduce any edge effects). The darkening of 
a specimen at week i was calculated as: 

256
))1()1(())()(( rsrs DDiDiD

d

Here, D is the light intensity of sample (s) and reference (r) on the white to black 0-255 scale, 
and d is the darkening as a fraction of the white-black scale. There are two corrections made 
to the light intensity value Ds(i). First the intensity of the dry reference Dr(i) is subtracted to 
account for that the lighting in the room changed during the experiment period. Secondly, the 
intensity of the sample before any mould growth occurred (at week one) was subtracted to 
correct for the colour of the wood sample. The results were then plotted and compared. The 
image analysis was made with a program written in MATLAB. 

3 Results and Discussion 

3.1 Mould Growth  
The mould growth on most specimens started from week 2 and continued until week 13. 
Afterwards, the increase of the level of mould on the specimens slowed down and kept 
increasing till the end of the measurement (Figures 1 and 2). Viitanen (1996) observed fast 
mould growth on spruce sapwood in 96-98% RH from about week 2 to week 6, using a visual 
inspection (with light microscopy 90x magnification) with 6 mould levels. After 6 weeks, 
level 5 (coverage about 50%) was reached. In the present study, further (higher than 50%) 
coverage and higher density of mould growth was observed by visual inspection after 6 weeks 
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of incubation. After about 13 weeks, the mould coverage stayed at a similar level while 
increasing density was detected by image analysis.  

3.2 Natural contamination vs. Natural + Controlled 
contamination
The mould growth on specimens with natural + controlled contaminations was higher than the 
growth levels on specimens with natural contamination only, c.f. Fig. 1. The reason could be 
that the quantity of viable spores from inoculation outnumbered the existing viable “natural” 
spores present.

3.3 Original drying surface vs. re-sawn surface 
On the same specimen, normally the mould growth on the original drying surface was higher 
than the growth on the re-sawn surface (5 mm below the original surface) as seen in Figures 1 
and 2. The reason for mould growth differences could be due to the relocation and 
accumulation of nutrients at the surface during the drying process as suggested by previous 
studies (Theander et al. 1993, Viitanen 2001, Terziev et al. 1993). Differences in mould 
growth on original and re-sawn surfaces were observed both for natural contamination and for 
natural + controlled contamination. However, the mould growth on both sides of the heat-
treated specimens (190 C and 210 C) was low and the differences were not significant.
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Figure 1. Example of mould growth level on air 
dried spruce (dried at 20°C). Specimen 004: 
Natural + controlled contamination; specimen 
010: Natural contamination; Filled symbols: 
Original surface, open symbols : re-sawn 
surface.  
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Figure 2. Example of mould growth level on 
heartwood and sapwood of spruce dried at 
80°C), natural + controlled contamination. 
Specimen 015: sapwood, specimen 016: 
heartwood; Filled symbols: Original surface, 
open symbols : re-sawn surface.  

3.4 Heartwood vs. sapwood 
Mould growth level on sapwood was in general higher than it was on heartwood, as is shown 
in Fig. 2. The different levels of mould growth on sapwood and heartwood with different 
temperature treatment are shown in Fig. 3. One reason for the differences between sapwood 
and heartwood might be that the nutrient level in sapwood is higher than in heartwood as 
found by other studies (Viitanen 2001). Furthermore, heartwood extractives might be 

6
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inhibiting the fungal growth (Philp et al. 1995). For heat-treated samples (190 C and 210 C),
no significant difference in mould growth was found between heartwood and sapwood. 

3.5 Treatment temperature  
Mould growth was most rapid for specimens dried at 80 C, cf. Fig. 4. After about 9 weeks, 
80 C-specimens had highest mould growth, followed by samples dried at 170 C, 120 C and 
20 C. However, after 20 weeks, all kiln-dried specimens have reached a similarly high mould 
growth level which was significantlyg higher than for the air-dried sample (20 C), c.f. Figures 
3 and 4. The heat-treated samples had a very low mould growth during the 20 weeks of the 
measurement. The mould growth on the heat-treated wood was little and therefore difficult to 
inspect visually: due to the dark colour of this wood the image analysis might have had 
difficulties in assessing these specimens. However, microscopy after the measurement 
revealed that only very sparse mould growth existed on all of the specimens.  

The reason for the higher mould growth levels in kiln-dried samples is probably the transport 
of nutrients from the core to the surface during the drying process. Air-drying at 20 C was 
very slow and probably less nutrient transport occurred. Low mould growth levels in the heat-
treated samples are probably caused by altered properties of wood, such as low moisture 
content and degradation of nutrients (mostly hemicellulose), resulting in lower nutrient levels 
available.
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Figure 3. Mould growth level after 20 weeks, average values. SW – sapwood, HW - heartwood.  
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Figure 4. Average mould growth level on spruce sapwood, natural + controlled contamination, original 
drying surface.  

4 Conclusions 
All dried timber used in this study had mould growth after storage in moist environment. The 
spruce kiln dried with medium and high temperature (80-170 C) had relatively higher mould 
growth level compared to air dried wood when kept in moist environment. The mould growth 
level for the kiln-dried wood was similar, and temperature level as well as drying rate did not 
have any significant influence in our study. However, the relatively lower mould growth level 
in the air-dried timber does not mean that this is the preferred drying method. It is very time 
consuming and expensive and may also expose the timber to higher levels of mould spores as 
it is exposed for a long time. 

In the present study, image analysis rather than visual inspection was used to evaluate the 
mould growth level, which gave good quantitative results. Such analysis is less subjective 
than visual inspection and has the advantage of evaluating the density of mould growth which 
is difficult to be done by traditional visual inspection. The image analysis was successful and 
gave results in agreement with the visual and the microscopic evaluation. However, the 
method may need to be optimized to make sure that e.g. the influence of specimen darkness 
does not influence the results.

Heat-treated wood has high resistance to mould growth because of lower amounts of nutrients 
available. However, the heat-treatment also alters the properties of wood which becomes 
more brittle. Therefore, it is not recommended to use heat-treated wood for load-bearing 
purposes.

8
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Further studies on other wood species might help to understand the impact of drying method 
on mould growth. Tests using various larch proveniences have been carried out and the results 
will be presented in a future paper.  

Further work should also aim at finding optimum methods, as e.g. optimum temperature 
levels or different drying methods as e.g. contact drying. Also wood modification leading to 
decreased availability of water and nutrients to the mould or water storage, leading to leakage 
of nutrients could result in decreased risk for mould growth. 

References
Jermer, J. et al. (2003). Heat-treated wood - durability and technical properties. SP Report

2003:25.
Nilsson, I. and I. Samuelson (2006). Missfärgande mikroorganismer på råspont. Borås, 

Sweden, SP Sveriges Provnings - och Forskningsinstitut: 23.
Philp, R. W. et al. (1995). The effect of water soluble scots pine (Pinus sylvestris L.) and sitka 

spruce (Picea sitchensis (Bong.) Carr.) heartwood and sapwood extracts on the growth 
of selected trichoderma species. International Biodeterioration & Biodegradation: 355-
367.

Sandberg, K. (2004). Vattenabsorption och beständighet hos granvirke. Trätek Kontenta 
0406016

Sehlstedt-Persson, S.M.B. (1995). High-temperature drying of Scots pine. A comparison 
between HT- and LT-drying. Holz als Roh- und Werkstoff 53: 95-99 

Terziev, N. et al. (1993). The influence of drying schedules on the redistribution of low-
molecular sugars in Pinus sylvestris L. Holzforschung 47(1): 3-8. 

Theander, O. et al. (1993). Increase in the content of low-molecular carbonhydrates at lumber 
surfaces during drying and correlations with nitrogen content, yellowing and mould 
growth. Wood Science and Technology 27: 381-289. 

Timar, M. C. et al. (1999). Biological resistance of chemically modified aspen composites. 
International Biodeterioration & Biodegredation 43(4): 181-187. 

Wang, Q. (1994). Growth of mould and stain fungi on wood-based boards in relation to 
temperature and relative-humidity. Material Und Organismen 28(2): 81-103. 

Viitanen, H. (1996). Factors affecting the development of mould and brown rot decay in 
wooden material and wooden structures - Effect of humidity, temperature and 
exposure time. Department of Forest Products. Uppsala, Sweden, Swedish University 
of Agricultural Sciences. PhD Dissertation. 

Viitanen, H. (2001). Factors affecting mould growth on kiln dried wood. Proceedings of 
COST E15 Conference, Helsinki, 2001. 

9



PROCEEDINGS FROM NORDIC WORKSHOP ON WOOD ENGINEERING • SKELLEFTEÅ FEBRUARY 21 2007
35

Moisture Induced Stresses
in Structural Timber

 
Martin Häglund



PROCEEDINGS FROM NORDIC WORKSHOP ON WOOD ENGINEERING • SKELLEFTEÅ FEBRUARY 21 200736

1

Moisture Induced Stresses in Structural Timber 

Martin Häglund, M.Sc. 
Division of Structural Engineering 
Lund University 
P.O. Box 118 SE-221 00 Lund, Sweden 
Email: martin.haglund@kstr.lth.se 
Phone: +46-46-222 73 97 

Abstract
Knowledge of moisture induced stress effects is essential for construction purposes since 
moisture exposure is a very significant factor for serviceability and load bearing capacity of 
structural timber elements and systems. Stresses perpendicular to grain are generated due to 
non-uniform cross-section moisture profiles resulting from varying moisture content in the 
ambient air. Experiments performed on glulam timber subject to natural sheltered outdoor 
climate conditions have shown that climate variations can induce significantly high stresses, 
in the range of two thirds of the characteristic strength. These stresses are considered a weak 
link in the load bearing chain; the effects of tension perpendicular to grain are also more 
probable to cause structural damage than the effects of tension parallel to grain. This paper 
focuses on calculation and determination of induced moisture profiles and resulting stresses 
perpendicular to grain, which are induced by natural varying moisture content at different 
climatic locations in Sweden. Moisture profiles within member and corresponding stresses are 
determined using finite element analysis and a constitutive stress model including mechano-
sorption.

1.  Introduction 
Moisture exposure is a very significant factor for serviceability as well as load bearing 
capacity of structural timber elements and systems. Not only the moisture content level but 
also the variation of the moisture content is of great importance for the performance of timber 
structures and engineering wood products, resulting in i.e. creep and moisture induced eigen- 
stresses. One critical factor is varying relative humidity in the ambient air, and thus varying 
moisture content, which induces stresses perpendicular to grain. These stresses may cause 
cracks to evolve in the longitudinal direction and reduce the load bearing capacity of 
individual timber element and thus the whole construction. Effect of variable climate 
conditions for wood has been undertaken by researchers since the beginning of the 60s when 
moisture changes and creep was first reported on (Armstrong & Kingston 1960, Armstrong & 
Christensen 1961). For a short, comprehensive overview of constitutive models of mechano-
sorptive creep, Hanhijärvi (2000) is recommended; see also e.g. Leicester (1971), Ranta-
Maunus (1973, 1975), Grossman (1976), Bazant (1985), Mårtensson (1992) and Toratti & 
Svensson (2002). Experiments performed on glulam timber subject to natural sheltered 
outdoor climate conditions have shown that climate variations can induce significantly high 
stresses (in addition to stresses from applied loads) in the range of two thirds of the 
characteristic strength value (Aicher & Dill-Langer 1997), or even higher (Jönsson 2004).
Moisture transport in wood can be modeled as a diffusion process and thus the penetration 
effects depend on how fast the relative humidity, RH, changes in both time and magnitude. In 
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this paper, recorded daily relative humidity levels are used together with a one-dimensional 
finite element model to calculate moisture distributions in both time and space. These results 
are then subsequently used for determination of induced eigen-stresses based on hygro-
expansion and mechano-sorption. 

2.  Methods and Materials 

2.1. Moisture modeling 

Moisture transport in wood is commonly described as a diffusion process and found to 
produce reasonably accurate results below the fiber saturation point. Wood as a material is 
neither perfectly homogeneous, nor isotropic, but it is rational not to consider the anisotropy 
in the transversal directions, i.e. wood is mathematically treated as isotropic in the transversal 
directions. Experiments on Nordic softwood have shown that the diffusion coefficients are 
practically the same in the tangential and the radial direction (Rosenkilde and Arfvidsson 
1997, Hedenblad 1996). This is also commented by Hukka (1999). 

By Fick’s first law the moisture flow vector q [kg/(m2s)] is expressed as: 
gradDq  Eq. (1) 

for any chosen moisture state variable , e.g. relative humidity  [%] or moisture content w 
[kg/m3], with corresponding diffusion coefficient D  = D  ( ). After introduction of the 
Kirchhoff potential,  [kg/(m·s)], defined as: 

'd)'(D)(
ref

  Eq. (2) 

where ref represents a reference moisture state which can be chosen arbitrarily and be 
expressed in any moisture state parameter (the prime sign is used to distinct the integration 
variable from the integration bounds), the governing equations for a one-dimensional 
diffusion model as illustrated in Figs. 1 and 2 may be expressed as: 

2

2

xt
)(C  in the domain 

)(
x eqsnq  on the boundaries  Eq. (3a-b) 

where nq  is the moisture flux [kg/(m2s)], )(  is the mass transfer coefficient, s  and 

eq  are the Kirchhoff potentials at the surface (immediately under) and at equilibrium in the 
ambient air, respectively, and C ( ) [s/m2] is the moisture capacity (note that nq does not 
have to be equal at the boundaries, see Fig 1). Using the Kirchhoff approach helps to decrease 
calculation time, probably because simplicity of the diffusion coefficient (D  +1). Further 
explanation and details on the Kirchhoff potential can be found in e.g. Arfvidsson (1998) and 
Claesson (1997).  can be solved for using a finite element program and, because of 
symmetry around the middle of the domain, it is only necessary to model half the section and 
thus save both calculation time and memory usage. 
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Many experimentally determined or calculated values of mass transfer coefficients are 
presented with reference to vapour content, v [kg/m3]  (proportional to the vapour pressure 
under isothermal conditions). Fluxes may be equated in order to transform coefficients 
between different potentials and thus, with respect to  and v: 

)vv()( eqsveqsnq  Eq. (4a) 

eqs

eqs
satvsatvv vvv  Eq. (4b) 

where vsat = v/  [kg/m3] is the vapour content at saturation (=17.3 g/m3 at 20oC). Equation 4a 
may also be written as )(v eqssatvnq  by replacing  from Eq. 4b. 
Indoor RH was calculated from outdoor RH according to Eq. 5 under the assumption that the 
increase in vapour content due to indoor moisture production, mpv , may be set to the 
representative value 3 g/m3 (Nevander & Elmarsson 1981).  

%}100,v/)vvmin{( C20
satmpoutdoorindoor

o

 Eq. (5) 

The calculations were run on Comsol Multiphysics, a commercial finite element program, 
using Lagrange elements (quadratic) and 17 nodes (see Fig. 2). The initial moisture content 
was set to the average of the boundary conditions (expressed in RH) over the calculation time. 
The thickness of the complete beam was 90 mm (i.e. 45 mm was modeled).  

1D flow illustration

q
n,1

q
n,2

Ω
∂Ω ∂Ω

Figure 1:  Illustration of a 1D flow model with domain , boundaries  and fluxes qn at the boundaries. 
Utilizing symmetry properties may set one of the fluxes equal to 0. 

Varying boundary condition Insulated

beam

cross-section

1D transport modeled

Figure 2:  Illustration of FE-mesh for a 1D model (valid near the middle for a high beam) utilizing 
symmetry properties around the middle of a beam, i.e. the middle point is mathematically treated as 
insulated. The mesh is finer at the non-insulated boundaries in order to prevent numerical errors and 
convergence problems due to steep moisture gradients near the surface (there is no transport at the 
insulated end and hence qn = 0). 
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2.1.1  Material data  
Material data was obtained from measurements presented in Hedenblad (1996). Relations 
between both RH and the Kirchhoff potential and RH and moisture content [kg/m3] were 
determined for spruce under absorption at a temperature around 20°C, see Fig. 3. Possible 
hysteresis effects are neglected, i.e. the w vs. RH curve represents the average of the 
desorption and absorption curves. The moisture capacity )(C  in Fig. 4 was obtained by 
parametric derivation using )(ww  and )( :

0d/d),d/d/()d/dw(d/dw)(C .
Finding a proper value on the mass transfer coefficient is delicate as it is dependant on various 
factors, e.g. temperature, coating and air velocity. The reviews presented in Tremblay et al. 
(2000) and Söderström & Salin (1993) also reveal a wide range of numerical values. 

2.1.2 Model validation  
Test calculations were compared with laboratory tests performed by Jönsson (2004) in order 
to validate the model. The test material was taken from standard glulam beams (cross-section 
90×270 mm2; quality L40; see Fig. 6) and cut to 16×90×270 mm3 specimens. Use of moisture 
sealing assured 1D transport perpendicular to grain only. Based on the measured moisture 
content for three different studies, (1) wetting 40 to 80 % RH, (2) drying 80 to 40 % RH and 
(3) cycling between 40 and 80 % RH, it was found that the derived expression for the 
moisture capacity )(C  should be adjusted. An acceptable conformity by visual inspection 
was obtained by multiplying the moisture capacity by 0.3, i.e. C3.0C ncalculatio, , and setting 

the mass transfer coefficient 3
v 10156.0  m/s. A match in absolute values is not as 

important as matching gradients; values may differ because of varying sorption isoterms and 
dry densities between wood specimens. In Aicher & Dill-Langer (1997) constant coefficients 

s/m1017.4D 210
w  and s/m1022.2 10

w  were used for moisture diffusion 
calculations. Disregarding that the coefficients in this paper are not constant but varies with 
the moisture content, they are (after conversion to corresponding quantities) on average 
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Figure 3:  Relations between RH, moisture content 
and the Kirchhoff potential for spruce in the 
tangential direction. Circles (‘o’) represent digitized 
points from hardcopy figures; lines are fitted 
polynomial functions. 

Figure 4:  Moisture capacity, C , as a function of the 
Kirchhoff potential ;  for the calculations, an 
adjusted value C3.0C ncalculatio, was used . 
Points on the curves are the corresponding relative 
humidity levels in steps of 10%. 
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numerically close to those values, as well as results presented by Koponen (1984) and 
Svensson & Mårtensson (2002). The drying study shows less conformity between experiment 
and calculation. This is most probably caused by the hysteresis effect, which is not considered 
in the analysis. 

2.2 Stress calculation model 
Most frequently the constitutive relations for stresses in wood are expressed in terms of strain 
rates. The total strain rate, , is separated into four strain rate terms as: 

umsce , Eq. (6) 

where )u(E/e  is elastic, c  is visco-elastic (time dependant creep), )uum(ms

is mechano-sorptive (see e.g. Hanhijärvi (2000)), and u)u(u  is hygro-expansion. )u(
is the hygro-expansion coefficient; m and  are mechano-sorption coefficients;  is the 
stress; )u(E is the elastic modulus; u is the moisture content (in per cent by weight)
A more rational model is obtained by neglecting the visco-elastic strain rate (which is known 
to be insignificant compared the mechano-sorption (Kangas & Ranta-Maunus 1989) and thus 
arriving at the constitutive model:  

u)u()uum(
)u(E

 Eq. (7) 

For a one-dimensional model (see Fig. 5), at every time step,  may be set to a constant value 
0  for all layers as a kinematic condition assuming infinite length in the long direction of the 

cross-section (i.e. generalized plane strain model). For constant time-steps t, Eq. (7) can be 
rewritten with )uum(ms  as: 

u)u(
)u(E ms0  Eq. (8) 

Since no external force is acting, the condition

0dx)x(
L

0

  Eq. (9) 

must be fulfilled. For n layers, and combination of Eq. 8 and 9, it is found that

0)u)(u(Ed)u(Ed
n

1k

k
ms

kkkk
n

1k

kk
0 ,

from which 0  can be solved for and inserted into 
 )u)(u(E kkk

ms0
kk ,

based on Eq. (8). For every time-step i, the incremental stresses are added to the previous 
ones, i.e. k

i
k
i

k
1i  ( u [%] is the moisture content change in one time-step; dk is the 

thickness of layer k). One 10th of a day was used as time-step to assure converging results 
(tests with one 100th of a day as time-step were also carried out and yielded the same results). 
Note that the stress calculation is also valid and applicable to cross-sections of finite length; it 
is only near the ends (of the long direction) the model cannot be applied (because of 
conversion of shear and normal forces in that area). 
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Figure 5:  Illustration of one-dimensional stress calculation model. 

2.2.1 Material data 
The hygro-expansion coefficient for radial direction, r, and tangential direction, t, are set to 
1.1 and 2.2 [ 10-3 (%)-1], respectively. These values are from Jönsson (2005) and are in 
concordance with other literature. Based on Ranta-Maunus (1993) and fitting of calculated 
values to measured ones, the mechano-sorptive coefficients m and  were set to be 0.085 and 
-0.045 MPa-1, respectively, and equal in the transversal directions. The modulus of elasticity 
was obtained from measurements in Jönsson & Svensson (2004) for the same cross-section 
mentioned in paragraph 2.1.2 and was found to be approximately independent on moisture 
content. The values for the slices 1 to 11 (see Fig. 6) were found to be 140, 140, 145, 170, 
240, 340, 240, 170, 145, 140 and 140 MPa , respectively (i.e. symmetry around the middle). 
Analogously the values for hygro-expansion coefficients were set to 0.17, 0.15, 0.13, 0.12, 
0.115, 0.11, 0.115, 0.12, 0.13, 0.15 and 0.17 (estimated from the average orientation of the 
annual rings for each slice using the relation 2

t
2

rslice )sin()cos(  where  is the 
(average) angle between the x-axis and the tangent to the annual rings of a specific slice. 

2.2.2 Model validation 
Measured induced moisture content and stresses in Jönsson (2004) were used in order to 
validate the model. These measured stresses should be regarded as “mean stresses” since the 
end effects are included, and hence they are adjusted by a factor 1.33, i.e. 

mean,measuredcompare,measured 33.1  in order to obtain equivalent values (note that this is 
estimated by Jönsson for his experiment only). A comparison of induced stresses for drying, 
wetting and cycling (weekly, rectangular) after different numbers of days is shown in Fig. 6, 
proving a good agreement, especially considering the uncertainties that indeed are present in 
stress calculations (asymmetry of calculated values in the figures are due to the asymmetry of 
the measured moisture content used as input). Value differences for the middle slices may be 
explained by juvenile wood near the pith. 



PROCEEDINGS FROM NORDIC WORKSHOP ON WOOD ENGINEERING • SKELLEFTEÅ FEBRUARY 21 200742

7

1 2 3 4 5 6 7 8 9 10 11
−10

−8

−6

−4

−2

0

2

4

6

8
x 10

5

slices

S
tr

es
s 

[P
a]

Drying 80% to 40%

11

11

3
3

1 2 3 4 5 6 7 8 9 10 11
−10

−8

−6

−4

−2

0

2

4

6

8
x 10

5

slices

S
tr

es
s 

[P
a]

Wetting 40% to 80%

11

11

3

3

1 2 3 4 5 6 7 8 9 10 11
−6

−4

−2

0

2

4

6
x 10

5

slices

S
tr

es
s 

[P
a]

Weekly cycling between 40% and 80%

3.5

3.5

24

24
52

5280

80

101

101

Figure 6: Top: Comparison of measured and calculated (end effect adjusted, see section 2.2.2) moisture 
induced eigen-stresses after 3 and 11 days for two different test climates. Middle: Comparison of measure 
and calculated stresses after different numbers of days for weekly rectangular cycling. Altogether the 
conformity is good. Bottom: Example of typical cross-section 90×270 mm2 together with numerical values on 
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3.  Results and Discussion 

Moisture induced stresses were calculated for a glulam beam with the same cross-section as 
above (90 mm) during approximately 23 years for the locations Sturup, Stockholm and Luleå, 
using naturally varying indoor relative humidity (from measured outdoor RH and use of Eq. 
(5)). Stress variability in time (for Sturup) at the surface and in the middle of the cross-section 
is illustrated in Fig. 7 together with corresponding indoor variation in RH. Tensile stresses are 
somewhat predominant in the middle whereas tension and compression are more equally 
distributed at the surface. In addition, stress variability in general is largest during the summer 
months. Altogether, moisture variations at the specific locations induce similar stress levels, 
see Figs. 8-9, which is favorable from a timber design point of view as there would be need 
for no or little modification in the codes for different climatic locations. Although Sturup 
located in southern Sweden has a milder climate than Luleå in the north, the differences are 
rather modest. It is shown that maximum stresses (around 1 MPa) can reach well above the 
characteristic strength in tension perpendicular to grain, which is in the order of  0.5 MPa. The 
CDFs of annual maximum tensile stresses shown in Fig. 9 are of interest from a timber design 
point of view since characteristic values in building codes for variable loads are based on 
annual maximum distributions. For instance, assuming the design fractile to be 98 per cent 
would give a stress value around or above 1 MPa.
Because this study does not consider influence of coating (which is certain to have a large 
effect on moisture induced stresses if used), the calculated stresses may be overestimated for 
certain constructions. This concern will be address in a further investigation as will also 
effects of cross-sections sizes. 
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Figure 7: Induced stresses at the surface and in the middle during 1000 days for Sturup together with 
indoor variation in relative humidity (starting January 1st).
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Figure 8: Upper and lower bounds of induced stresses during 23 years. 

4.  Conclusions 

- Restraint of hygro-expansion results in moisture induced stresses that can exceed the 
characteristic tension strength (0.5 MPa).

- The stress variability in time is larger near the surface (compared to the middle) as are 
also annual maximum tensile stresses. 

- It is shown that a relatively simple model showing a good agreement with measured 
stresses can be used to model moisture induced stresses. 

- This initial investigation suggests that use of service classes in order to consider 
effects of climate and moisture is rational as the divergence in stresses between 
different climatic locations was found to be tentatively negligible. More 
information is needed to qualitatively assess this indication. 

- Effects of coating is not considered but should be investigated further, as should also 
effects of cross-section size. It would also be interesting to investigate initiation 
of cracks due to moisture variation in terms of probability and protective actions. 

- In order to lower the maximum stresses below the characteristic strength, some form 
of coating is needed. 
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Figure 9: CDFs of annual maximum tensile stresses at the surface and in the middle of the cross-section 
(based on 23 years). 
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Abstract
When electromagnetic waves propagate through wood they will be affected by variations in 
the dielectric properties. These variations are related to different properties within the wood. 
Dielectric properties of wood depend on moisture content, density, temperature, grain angle 
and frequency of the electromagnetic wave. The aim with this study was to use three-
dimensional finite element modelling (FEM) in combination with multivariate statistics and 
projection to latent structures (PLS) to develop a prediction model for moisture content and 
dry basis density in wood. An X-ray computed tomography (CT) scanner was used to detect 
density and, with that, moisture content in wood. Dielectric properties were calculated within 
a wood volume and used in the simulation. Different frequencies and directions of the electric 
field were simulated. Previous studies have shown that this method gives a good description 
of the interactions between wood and microwaves in two dimensions. The results show that 
3D finite element modelling can be used to generate a prediction model for moisture content 
from microwave scanning. Other properties of wood such as density and grain angle have less 
influence on the microwaves but might be predicted by further processing of the signal. 

KEYWORDS: wood, FEM, PLS, microwave, CT-scanning
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1. Introduction 
Variations in the moisture content of sawn lumber will cause losses due to reduced quality 
and excessive drying cost. Commercial systems for in-line monitoring of moisture are 
available but they could still be improved according to Esping (2003). For example, they need 
correction for density variations. Microwave sensors provide the opportunity of separating 
such properties as moisture density from the dry wood density. For this purpose it is necessary 
to relate variations in wood properties to the complex information that can be obtained from 
the microwave signal. Johansson et. al (2003) have shown that multivariate calibration and 
projection to latent structures (PLS) can be used to generate prediction models for moisture 
content (MC) and density distribution. The present work originates in a two-dimensional 
finite element model that was developed by Hansson et. al (2006) to describe the interactions 
between wood and microwaves in an imaging scanning system. The simulation model have 
also been used to describe the interactions during thawing of wood (Lundgren et. al, 2006) 
and microwave heating (Hanson et. al, 20051).

Green density 

Dry density 

CT Scanning 

CT Scanning 

Drying 

Elastic
Registration

3D FEM model 
Electromagnetic 

wave propagation 

3D Multivariate 
Model

Geometry 

Microwave 
Scanning

Prediction of wood 
properties 

Verification 

Fig. 1. A schematic description of how the model was generated. The model can be applied to 
data from a microwave sensor for prediction of different properties. 

The variations in density, MC or structure of the wood are sometimes large and it could be 
complicated to calibrate the scanner to all possible combinations. The method that is 
presented here makes it possible to generate prediction models and test the results during 
varying conditions. A general description of the working procedure is shown in Fig. 1. Images 
of green and dry density are used to calculate dielectric properties of the wood. The 
interaction with an electromagnetic field can then be simulated in a FEM simulation. 
Information about the field was exported and used for prediction of moisture and density 
distribution. Predicted and measured distributions were compared in the FEM simulation. The 
intention is to use the model in combination with data from the microwave scanner for 
prediction of wood properties as indicated in the figure.
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2. Materials and Methods 
The simulation model was developed to describe microwave propagation in a board of Scots 
pine (Pinus sylvestris). A planed board with the cross section 145 x 49 mm was chosen and a 
section from the board with the length of 100 mm was CT-scanned in green and dry 
condition. Average MC was 21% with a standard deviation of 1.9% and average dry density 
was 462 kg/m3 with a standard deviation of 19 kg/m3.

2.1 Microwave Scanning 
The present work has developed from simulations of how electromagnetic waves interact with 
wood. These simulations have been used to generate prediction models for the response from 
a microwave scanner that was developed at LTU, Skellefteå (Johansson, 2001). The scanning 
system and how wood interacts with microwaves has been described by Hansson et. al 
(20052). The influence on the signal can be described by attenuation, polarisation and phase 
shift (delay) of the transmitted microwave. 

2.2 CT-scanning 
The scanner used was a Siemens Somatom AR-T. The piece of wood was scanned with a 5 
mm wide X-ray beam at every 5th mm. It has been shown by Lindgren (1992) that this method 
can provide three dimensional images of wood density with a high accuracy. The annual ring 
pattern is not fully resolved but variations that are large enough to affect microwaves will be 
clearly visible. 

2.3. Elastic registration 
Fig. 2 shows a basic drawing of shrinkage during drying in a piece of wood. When the 
distribution of density in two CT-images, taken at different moisture contents, is compared to 
each other, the images have to be aligned. This can be done by transforming the image of dry 
wood to the same shape as the image of green wood. Local variations due to differences in 
density, grain angle or other properties means that different parts of the image must be rotated 
translated and stretched in different directions.

Green Dry

Fig. 2. The main change in shape of a cross section from a sawn board during drying. 

Elastic registration as described by Arganda-Carreras et. al (2006) was used to align the 
images of dry and green wood. This algorithm, implemented as a plugin in a software that is 
available for download as shareware (ImageJ, 2007), uses patterns (for example from annual 
rings) in the two images to transform the image of dry wood back into its original shape. The 
distribution of moisture was calculated by subtracting the two images. A piece with the 
dimensions 135 x 39.5 x 95 was cut out from the image stacks to make sure that defects at the 
boundaries were removed. 

2.4. FEM-modelling 
Simulation models were constructed in three dimensions using the finite element method 
(FEM) as described by, among others, Jin (2002). The software used in the simulations was 
Comsol (2006) Multiphysics 3.2b. Dielectric properties of the wood were calculated by using 
the moisture and dry density distribution in combination with tabulated data, compiled by 
Torgovnikov (1993). A plane wave was propagated into the wood and the attenuation and 
phase was calculated at three different planes, transverse to the propagation direction. Fig. 3
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shows the location of the three planes. MC and dry wood density was calculated as average 
values for the travelled distance in the wood. 

Plane 1, t = 15 mm

Plane 2, t = 30 mm

Plane 3, t = 39.5 mm

Fig. 3. The field was measured at 15, 30 and 39.5 mm penetration depth. 

2.5. Multivariate Calibration 
Prediction models were calibrated by projection to least square (PLS) regression as described 
by Martens and Naes (1989) using the Simca-P 11.0 software from Umetrics. Dry density and 
moisture content multiplied with the position of the plane (t in Fig. 3) were used as response 
variables while attenuation and phase were used as predictors.

3. Results 
It was not possible to process the number of gridpoints that are required to keep the resolution 
from the CT-images in the FEM model. The maximum element size was set to 6 mm which 
means that the structure was not fully resolved. Fig. 4 shows that information was lost in 3D 
models. This means that effects from reflections and scattering will be underestimated. 

Fig. 4. The annual ring pattern is visible in a dry 
density image from the 2D simulation (left) but not in a 
cross section from the 3D simulation (right).  



PROCEEDINGS FROM NORDIC WORKSHOP ON WOOD ENGINEERING • SKELLEFTEÅ FEBRUARY 21 200752

The correlation coefficient was R2 = 0.37 for prediction of density and 0.43 for prediction of 
MC but the results are highly correlated to thickness. The phase shift will depend on how far 
the wave has propagated through the wood as is illustrated in Fig. 5 and variations in the 
wood will give differences in MC and density for the different planes.  

Plane 1

Plane 2 
Plane 3

Fig. 5. The phase shift will depend on how far the wave has travelled in the wood. The 
thickness is 15 mm in Plane 1, 30 mm in plane 2 and 39.5 mm in plane 3.

Amplitude of the signal is the variable with most importance for prediction of MC while the 
influence from phase is higher on the prediction model for dry density. Fig. 6 shows the
remaining influence from thickness in a prediction model when phase had been compensated 
for thickness. 

Plane 3

Plane 2 Plane 1

Fig. 6. The influence from variations in thickness when MC is plotted versus predicted MC. 
The thickness is 15 mm in Plane 1, 30 mm in plane 2 and 39.5 mm in plane 3. 
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It is possible to predict the distribution of moisture when the thickness is kept constant in the 
models (Fig. 7). The density distribution could not be predicted in this study (Fig. 8). 

Fig. 7. Calculated MC at t = 39.5 mm in the FEM model (left) compared to predicted 
MC (right). 

Fig. 8. Calculated density at t = 39.5 mm in the FEM model (left) compared to 
predicted density (right).

4. Conclusions 
The method that is described in this study is intended as an automatic tool to be used in the 
generation of prediction models for wood properties from microwave scanning. This method 
requires a high number of degrees of freedom in the FEM simulation in order to resolve the 
inner structure of the wood. The predicted distributions will always be coarse due to scattering 
and reflections which means that a lower resolution can be used in the PLS model.  

This method will be useful when it is possible to handle the high amount of data. The models 
could then be improved by including more variables, for example polarisation of the field and 
by taking measurements at several frequencies. The variables will require pre-treatment in 
order to obtain linear relations in the PLS model. 
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Abstract 
Timber Volume Element prefabrication (TVE) is an industrialised production system, where 
wall and floor elements are assembled in factories to volumes before being delivered to the 
construction site. TVE manufactures buildings to a low production cost without any consider-
ation of methods regarding life-cycle concern. An interview study, with potential clients of
TVE, shows that there is an uncertainty about fulfilment of functional requirements, resulting 
in a perception of inferior sustainability of the finished building. During design, decisions are 
taken concerning choice of material, components and installations that affect the durability as 
well as operating and maintenance costs during the service life of a building.  

Time
- Operation and maintenance -

Design decisions Consequences

Design Construction Phase out

Feedback

Procurement
Time

- Operation and maintenance -

Design decisions Consequences

Design Construction Phase out

Feedback

Procurement

The Construction Products Directive (CPD) of the European Union emphasizes the import-
ance of service life planning, suggesting that products permanently installed in a building 
should be service life declared. The implementation of CPD called for the development of the 
ISO standard 15686, Buildings and constructed assets – service life planning. Two questions 
are discussed in this paper; 1) if ISO 15686 can serve as a tool for strategic planning of an 
economically reasonable service life for wood-based components and 2) if the identification 
of critical cost and durability decision-making points can be used in the decision-making 
process when designing wood-based building products.

In an apartment block the stairwell represents an important function from a technical, 
economical and aesthetic viewpoint. The stairwell is a public area, exposed to intensive use. 
The design has to consider resistance to wear, cleaning and vandalism, bearing resistance, fire 
safety and also conformation to demands on industrial production. By collecting and 
analysing empirical data from the development of a wooden stairwell, a possibility arises to 
test the suitability of applying ISO 15686 for wood products. The results show that the frame-
work of the method described in the standard is applicable to the development of wood 
products, but also that a receiving mechanism within the TVE companies is lacking today. 
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1  Introduction
Construction in general is interfered by a large amount of waste and adverse relationships that 
have led to lower quality and profit (SOU, 2002). The traditional building industry is mainly 
project oriented, which has led to fragmentation and lack of continuity (Lessing, 2006). 
Industrialised housing construction is viewed as one solution, which have led to numerous 
development efforts. Both concrete and timber frame housing strive towards a development of 
an industrialised construction process in multi-storey buildings. The influence from the 
manufacturing industry is great, e.g. from trucks and cars manufacturing (Gann, 1996). The 
multi storey company in this study utilises Timber Volume Element prefabrication, TVE. This 
is a closed, three-dimensional building system consisting of floor-, roof- and wall elements 
forming a volume with electrical installations, flooring, cabinets, wardrobes and finishing etc. 
completed inside the factory. The volumes are transported to the construction site where they 
are assembled into complete buildings. This is preferably done in a design-build contract, with 
a reduced amount of stakeholders compared to ordinary general contracts. Product develop-
ment within the TVE building system is performed during the sequential design processes 
taking place in each new building project (Johnsson et al., 2006). This differs from the manu-
facturing industry, where product development is handled separately from ordinary pro-
duction, Fig. 1, providing opportunities and time for testing and quality control. 

Manufacturing industry:

Building industry:

Project 1

Project 2

Project 3

Project 1
Product development

Product data  - Product development

Project 2
Product development

Project 3
Product development

Manufacturing industry:

Building industry:

Project 1

Project 2

Project 3

Project 1
Product development

Product data  - Product development

Project 2
Product development

Project 3
Product development

Figure 1 Knowledge management from (Johnsson et al. 2006) 

Johnsson et al. (2006) states that a project-based product data management system will lower 
the product knowledge and obstruct the experience feedback and product development 
needed. A high degree of product knowledge is crucial for increased quality and strategic 
development methods.  

The TVE customers feel an uncertainty regarding the level of long-term sustainability of 
industrialised wooden construction (Höök, 2005). Customers request communication of life 
cycle data (Höök, 2005), which in turn increases the demand for product- and process 
knowledge within the TVE company.  

Emphasise of Service Life Planning (SLP) as an effort to ensure building performance dates 
back to when the Construction Product Directive (CPD) was put together in 1988. SLP was 
identified as a guiding concept regarding durability of buildings (Sjöström et al., 2002), that 
should be of help in implementing CPD. Both durability and reliability stands out as 
dimensions of quality (Garvin, 1988) and forms a part of the sustainability portfolio (Trinius 
et al., 2005).

The ISO standard 21929-1:2006 Sustainability in building construction – sustainability 
indicators, aims to define a set of economic indicators related to the life cycle of a building: 
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Design
Construction
Use
Maintenance
Operation

With a technical and economical demarcation of the concept of sustainability this again calls 
for a well defined product and emphasises life cycle considerations or SLP. This implies the 
requiring of life cycle information and gathering of process knowledge regarding all product 
stages; production and post-production, on all levels i.e. component- system- and project 
level, Fig. 2. 

Component 
producer

Supplier

Assembly

TVE

Customer

FM

Process- and product knowledge management

Production
Post production

Sustainability

Component 
producer

Supplier

Assembly

TVE

Customer

FM

Process- and product knowledge management

Production
Post production

Sustainability

Figure 2 The effect of sustainability on the production chain.  

Since industrialised wood construction lacks a consistent approach to product quality, yet 
claiming to be “industrialised”, it is interesting to investigate if and how service life planning 
(SLP) can support the development of timber building systems. By doing so the uncertainty 
expressed by customers regarding the long-term sustainability and durability of industrialised 
timber construction could be reduced. The feasibility of entering sustainability into the 
context of the TVE building system and its associated suppliers and customers is discussed in 
this paper, Fig. 2. 

2  Timber volume element prefabrication 
The prefabricated timber volumes consist of four load-bearing walls enclosing the volume. 
The size of the volume elements is limited to an outer width of 4.15 meters, an outer length of 
13 meters and an internal height of the volume element up to 2.60 meters. The TVE company 
often runs everything in-house, seeking design-build construction, i.e. they obtain a building 
site, they design the building according to customer demands, they produce prefabricated 
volumes in their factories, and they assemble and finish them on the construction site. The 
cost of timber materials does not contribute significantly to the potential cost savings in an 
industrialised construction process rather the main drivers for the cost reducing potential are; 
possibilities to increase the degree of prefabrication, improve logistics, and improve the 
construction process (DS, 2004). 

While prefabrication is shown to improve safety, productivity, and quality; customisation is 
efficiently achieved by combining standardisation and prefabrication (Gibb, 2001). The 
common strive to lower costs within the housing industry should not lead to construct a 
function to the lowest possible price. The function within the building should be possible to 
maintain at a foreseen cost for a long time.  

Emphasises designed service life
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As a quality parameter the service life of a building is decisive (Garvin, 1988) but the 
intended service life also must be maintained at a predicted cost. Consequently the annual 
expenditure depends on maintenance costs and service life. 

Methods for standardisation and prefabrication are well adopted in the car and truck industry. 
Are the same market mechanisms applicable for buildings and constructed assets as for cars? 
Five partly interacting hindrances can be perceived as reasons why the same quality 
knowledge is not reached in construction (SIS HB 50, 2005): 

1. Complexity – a house is a more complex technical system. 
2. Uniformity regarding the product – normally, buildings are fabricated in small 

numbers. 
3. Uniformity regarding the production – low degree of automatisation with many 

actors in weak co-operations, there is no trademark, i.e. quality label. 
4. Service life – a car has a much shorter service life than a building. 
5. Environment – this is a problem for constructed assets, the annual mean values 

could vary dramatically for different locations even close to each other. The 
prevailing environment is decisive for the course of degradation. 

Traditionally the architect initiates product development in construction. TVE producers take 
more ownership of the product and consequently are the natural owners also of the product 
development process. There is a need and a demand for new supplied products, rather than 
adoptions of existing solutions. No information on long-term performance is available, 
especially since multi-storey timber buildings has a short history beginning in 1994. Hence 
information of long term performance must be estimated. 

3  Service Life Prediction  
The service life planning work has progressed to the stage where eight parts of the ISO 15686 
are proposed, of which 1-3 and 5-6 are published. The general concept service life (ISO 
15686-1, 3.1.1) is defined as the time after installation during which a building or its parts 
meets or exceeds the performance requirements, Fig. 3. As a product developer the design life 
(ISO 15686-1, 3.1.4) is in focus. This is the intended service life of the designer and the 
service life that a forecasted service life (15686-1, 3.1.6) is to be compared with. Two levels 
of forecasted probable service life exist: 

Predicted service life, PSL, (ISO 15686-1, 3.1.5) 
Estimated service life, ESL, (ISO 15686-1, 3.1.3) 

Predicted means a more probable service life obtained in accordance with ISO 15686-2 e.g. 
the microclimate of the building or climate conditions specified from laboratory or real life 
data. The estimated service life is the secondary choice, obtained by e.g. the factor method 
described in clause 9 in ISO 15686-1, where input is the reference service life (15686-1, 
3.1.2). The factor method described in clause 9 of ISO 15686-1 is classified as a simple 
estimation method (Hovde, 2003) and it is not clear how useful it is (Marteinsson, 2003) but it 
could be incorporated in the design for durability and as a means for development of 
sustainable buildings.
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More sophisticated methods are engineering and probabilistic methods (Hovde, 2003). The 
amount of work needed to sustain service life data in accordance with ISO 15686-2 is 
enormous (Davies, 2004). Whereas the standard is devoted to those who undertake or specify 
the data testing, the output should be of interest to designers who knows nothing about the 
detailed assessment. In order to make a complete service life design, i.e. defining the design 
life of a structure, in addition to the design parameters resistance and bearing capacity, time is 
added and the probability of unwanted effects. This is done for parameters that are 
mathematically mouldable and well defined. Work on concrete structures where degradation 
agents are well defined, propose that the use of ISO 15686 is justified in the cases listed 
below (EN 206-1:2000): 
- Demanded service life is considerably diverging from 50 years. 
- The demanded probability for failure is low. 
- The environmental impact is especially aggressive or it is well defined. 
- The required quality of work is supposed to be high. 
- A strategy for maintenance is required. 
- A large number of similar constructions or elements will be manufactured. 
- New or diverging materials will be used. 
- Design regarding sustainability is not affected by misconduct or mistreatment of the sub 

components in the element or construction.

Forecast service life

Predicted service life;
based on reference service life with a defined set of 
conditions.

Estimated service life;
probable service life based on any method e.g. factor
method clause 9 in 15686-1.

Prediction based on exposure and performance;

Prediction on modified conditions;

Design life

TimeInstallation

Forecast service life

Predicted service life;
based on reference service life with a defined set of 
conditions.

Estimated service life;
probable service life based on any method e.g. factor
method clause 9 in 15686-1.

Prediction based on exposure and performance;

Prediction on modified conditions;

Design life

TimeInstallation

Figure 3   How to use the standard from Davies (2004) 

A process for service life forecasting is proposed in the ISO 15686-1 figure 3 and clause 6, 
Fig. 4. 
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Figure 4  The forecasting process from ISO 15686-1. 
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3.1  Exploratory Case Study –Staircase Abrasion Resistance 
A case study was chosen for exploring the interaction between stakeholders (Yin, 2003). A 
limited initial study was performed involving both staircase producer and TVE manufacturer 
in their ongoing development of a prefabricated wooden staircase compatible with TVE
production. The study was conducted through interviews and market research, and through 
applying the ISO 15686-1 standard. A stairwell is defined as the enclosure of a stairway, or 
the space around which a stair is disposed (ISO 6707-1, 4.4.15) e.g. the framed opening in the 
floor that incorporates the stairs. Within the TVE production system the prefabricated stairwell 
volume is produced in parallel with the apartment volumes. The wooden stair has long 
traditions and brings with it a list of characteristics that makes it suitable for such 
constructions. The qualities of wood and timber in stair construction are (Haberman, 2003): 

Renewable resource
Affordable
Load bearing capacity  
Workability  
Low weight.

This makes it preferable for the prefabrication industry. Wooden stairs are not manufactured 
in-house, but purchased through a supplier specialising in this product. All types of comer-
cially available timber are used to build steps. The staircases must fulfil requirements of 
safety, durability and appearance. The “wear out” of the wooden steps surface under high 
abrasion condition is one of the problems. Interviews with both a stair supplier, (Lindgren, 
2007), and a TVE manufacturer, (Risberg, 2007) reveal the following issues: 

Wooden stairs are more practical due to its workability and easiness of assembling in 
factory.
There is a lack of maintenance strategy for the stairwell resulting in insecurity 
regarding:

o quality
o choice of surface/cladding  
o long term appearance of the stringer i.e. inclined part supporting the steps. 

Lack of aesthetic, high abrasion resistant, surface choices, e.g. customers often request 
stone cladding 
The ambition is to procure a staircase with no complementary work needed. 
Moisture damaged is not acceptable in the connections between components in the 
stair.
Nosing, front of step, has not yet reached satisfactory solution. 
Existing staircases is not yet optimized in accordance to fire safety. 

o Need for more economical fire protected staircases 
There is a problem communicating size of stairwell, resulting in a lack of space for the 
prefabricated staircase. 
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3.1.1  Application of ISO 15686-1 
As a first attempt to address these problems, the method of ISO 15686-1 Clause 6.1 was 
applied to the choice of flooring material on the steps. The indicated part of Fig. 4 was 
completed as the following brief consisting of the prefix a – d was performed: 

a. In-house conditions: The stairwell is a heated vertical volume connected to both 
outside and inside climate conditions. There is no available data yet but estimates of 
temperature and humidity that should be complemented with season and twenty-four 
hours cycle (Risberg, 2007): 

Temperature: 17°Cmin - 20°Cmax

Humidity: 20% RHmin - 80% RHmax

b. The components are structured in a maintainability chart, where components are 
permanent, replaceable or maintainable to various extents, numbers are estimates of 
service life in years, Table 1.

Table 1  Maintainability chart with service life estimate (Numbers are service life in years)
Design 

life
Inaccessible 
components 

Expensive 
replacements 

Major replaceable 
components Installations 

building Staircase 
structure 

Stairwell flooring  
Wall surface Staircase 

abrasion surface 

Stairwell flooring  
Wall surface Staircase 

abrasion surface 
Shafts 

50 50 40 25 40 

c. Classification is done according to Vanier et al (1996). Functional element, e.g. 
the staircase: The case study company define their requirements for the stairs 
according to the amount of apartments per floor. This is an indicator of the amount of 
people using the stairs, for multi-storey buildings class A is chosen, while class C 
corresponds to smaller houses with a few apartments per floor. A number of possible 
flooring materials were identified on the market, Table 2.  

Table 2   List of flooring materials 
Flooring materials 
1. linoleum  (resilient) 
2. vinyl (resilient) 
3. rubber (resilient) 
4. cork (resilient) 
5. HPL laminate 
6. stone 
7. concrete, terrazzo 
8. ceramic tile 
9. wooden and parquet 
10. resins floor 
11. carpet 

Table 3 presents a functional requirement list for the material to be used as a top 
layer or covering on the steps. The actual selection procedure is not presented in this 
paper. The requirement list is basis for conceptual design (not within this paper). 
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Table 3 Requirement list 
Requirement Specification 

A. Abrasion resistance  Class AC5, IP-value  6000 according  SS EN13329 
B. Resist moister/water 100 % RH, wet cleaning, ISO 62: 1998 
C. Resist temperature   0-180 ºC, SIS 245820 
D. Impact resistance Class: IC3 according SS EN13329 
E. Fire resistance At least Cfl -s1 according BBR 5:512, for floor, reaction to 

fire, tested according to SS 024825 
F. Low slippery Coefficient of dynamic frictions (μ) according; SS-EN 13893, 

or a value >35 according the pendulum test 
G. Resistance to chemicals Detergent, solvent, SS-En 13442 
H. Replaceable  Maintenance, operation  
I. Able to be work up With mill, cutter, saw, drill and so on. 
J. Compatible with nosing In the fabrication process 
K. Compatible with string Covering of the string 
L. Able to be glued On wood 
M. Environmental friendly VOC test according the final draft pr EN 15052: 2006 
N. Reasonable price Up to fabricant 

d. Which components need to be repairable/maintainable/replaceable? This is where a 
common approach is beneficial for access to life cycle data both from TVE, for 
assembled structures and from sub contractors that manufacture and deliver complete 
component structures e.g. staircase, window, door and installation.

The staircase manufacturer produces approximately 8000 stairs per year. They fabricate stairs 
mainly for single family dwellings, implying they have strong tradition and skills concerning 
customisation and individual design. The TVE company’s need is approximately 100 stairs 
per year, but customers do not trust the existing product as it is not well adopted for multi 
storey high abrasion demands. Both companies are seeking standardised products i.e. product 
development, in order to gain costumer confidence and trust. It will not be possible to transfer 
management tools from the industrial sector to the construction sector without substantial 
redesign (Riley, 2001). Though striving for manufacturing skills the culture within 
construction is a project culture in comparison to the stair manufacturing company, Fig. 5. 
Findings indicate that as the house producer have a notion of purchasing standardised stair-
cases, the staircase manufacturer handle the production as custom made, hence an information 
gap is found, resulting in low fulfilment of functional requirements and high expenditure. But 
actions need to be taken towards a systematic approach in developing the product, i.e. 
overcome the obstruction of non-existing product development interface. 

Construction culture

Manufacturing culture

Staircase producer

Timber multi storey 
house producer

Product
development

Quality

Sustainability

Construction culture

Manufacturing culture

Staircase producer

Timber multi storey 
house producer

Product
development

Quality

Sustainability

Figure 5 Product development as a catalyst for structuring processes. 

Neither the staircase manufacturer, nor the house producer use any overall systematic product 
development approach, e.g. Quality Function Deployment, QFD, (Dale, 1999) or other syste-
matic methods for problem solving, but the demand for new products, both from manu-
facturers and customers, imply the necessity for this. 
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4  Conclusions 
Products are developed through performance requirements and performance over time, both 
of which are essential for any identification of service life. The exploratory case study shows 
a strive for developing new products, but lack of management obstructs the quality assurance 
of the product development. Also the study reveals the absence of available data when 
executing SLP through the ISO standard. The hindrance for applying knowledge from the car 
industry is less in TVE companies than in ordinary construction companies. Of the five 
hindrances listed in the ISO user guide, namely; Complexity, Service life, Environment, 
Uniformity- regarding the Product and Production, only the three first are applicable 
regarding TVE production. Even if houses are not cars (Gibb, 2000) the TVE companies are 
more suited for industrial production, thus of interest for further research of applying the ISO 
15686 standard. 

As the TVE producers strive to control their product, their demands grow towards their 
suppliers increases. TVE producers are developing from regular building firms with in-house 
production to industries where quality control is in focus. This development increases the 
possibilities for incorporating also Service Life Planning (SLP). This method relies on well-
defined products as seen in the case study. There is of course a strong implement for SLP
when customers declare a lack of trust regarding the product offered. This in turn forces the 
product owners, manufacturers as well as designers and other relevant stakeholders to deal 
with this issue. In order to be able to effectively handle the SLP demands, the TVE producers 
need to separate their product development process from their ordinary production process, 
Fig. 6. If not, the control of the process is lost and there is no receiving structure for the SLP
method, leaving it up to the people in the company to remember it, rather than having a 
structure to support it. 

For the building industry at large, there are strong incentives to use SLP . First, the building 
codes in Sweden are formulated with performance based functional requirements, providing a 
framework for receiving SLP methods, which are also performance based, (Trinius et al., 
2005). Second, the conservative building industry finally has a tool that can reduce the 
uncertainties around new products that are developed. 

Sales Design Construction Assembly

Production

Product development

Sustainability tools

Industrialised construction

Society i.e. 
ISO standard

Customer 
requirements

Demands

Sales Design Construction Assembly

Production

Product development

Sustainability tools

Industrialised construction

Society i.e. 
ISO standard

Customer 
requirements

Demands

Figure 6   Separation of product development from ordinary production.

Incorporating SLP planning in the TVE producers’ product development process would give 
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4.1  Future work 
There is no available data supporting design decisions when developing a fire safe staircase in 
multi storey houses. The ISO 15686 standard is not yet an absolute science made for 
calculating an absolute value (Davies, 2004) but perhaps best suited for comparison of alter-
natives as suggested in the ISO standard guide. For further work a wood stairwell with new 
innovative abrasion layers could therefore be compared to a concrete structure, as this 
structure has the trust of customers and has proven to be service life reliable.  

The gap between stakeholders, representing different company cultures (Riley, 2001), calls 
for a wider survey regarding demands from e.g. architects, facility management and 
customers. Applying facts from this survey in the product development work is adapting 
fundamental quality management demands for production decisions to be based on facts 
(Dale, 1999).

Since stairwells equipped with wooden staircases are a new phenomenon in Sweden 
knowledge of relevant decision making points as support in product development is not 
available. Therefore a product survey, among existing stairwells, focused on wear and 
technical degradation, should be conducted. As degradation could be linked to functional 
requirements they could provide essential information for the development of new enhanced 
staircases and serve vital for systematic product development tools e.g. QFD as well as for  
Service Life Planning implementation. 
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Abstract
Liquid water sorption in the longitudinal direction in wood samples of Norway spruce (Picea 
abies (L.) Karst) was measured with computed tomography (CT) scanning and image 
processing and then evaluated using multivariate discriminant analysis. The objective was to 
determine whether heartwood from young spruce has appropriate properties, in terms of low 
water sorption, for use in exterior products.

CT images of the cross-section of a green stem showed inhomogeneity in heartwood density 
(moisture content) and the border between sapwood and heartwood were diffuse. The 
variation in moisture content in the green stem could be divided into sapwood, heartwood and 
incompletely developed heartwood (intermediate wood).  

Test pieces consisted of sapwood, heartwood and intermediate wood 32 mm thick and 200 
mm long and dried to 12% MC. Measurements were performed after 1, 3, 7 and 14 days of 
liquid sorption in end grain and drying under ambient conditions. PLS discriminant analysis 
models show that after sorption for 1, 3, 7 and 14 days, 71%, 71%, 78% and 77%, 
respectively, of the MC gradients from intermediate wood were more similar to MC gradients 
from heartwood than sapwood during sorption and drying. MC gradients from sapwood take 
longer to level out to an MC below 20% than heartwood and intermediate wood. Since 
capillary water height between heartwood and sapwood is small, the conclusion is that age or 
annual ring with of the tree must be taken into account when durable heartwood for outdoor 
use is chosen. Rapidly grown young spruce may be mixed with old, suppressed spruce with 
better properties for outdoor use.

1.  Introduction 

1.1  Background 
For external use, timber that absorbs little water and dries fast has the right qualifications to 
withstand decay, since fungal attack in wood starts in the presence of water. Little water 
sorption leads to small differences in moisture movement and thus fewer cracks. Heartwood 
in many species is considered to be more durable than sapwood because it has a higher 
extractive content and is less hygroscopic.

In a previous investigation, it was shown that capillary water height (CWH) was about 3–4 
times higher in spruce sapwood than spruce heartwood with an average age of 107 years 
(Sandberg 2002). A 3.5-year field test above ground showed that heartwood panels of spruce 
had smaller weight change over the test period, fewer cracks, shorter crack length and less 
discoloration from fungi (Sandberg 2006). This indicates that heartwood of spruce might be 
suitable for exterior use above ground. Heartwood cannot be easily detected in dried Norway 
spruce, since its heartwood is uncoloured, but in the fresh state, the heartwood can be outlined 
in the cross-section as a paler area. With CT scanning, water distribution during capillary flow 

1
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can be shown visually and is measurable by image processing. CT scanning has been used in 
many applications during the last 25 years. Lindgren started in the middle of the 1980s by 
showing how X-ray attenuation coefficients and CT number can be calculated and related to 
wood density and moisture content and be used in geometrical reconstruction (Lindgren 
1985). Transformed images were then subtracted from the dry reference images to determine 
moisture content with an algorithm established by Lindgren (1992). CT scanning has been 
used for detection of properties of sawn logs, such as knot parameters, strength properties, 
compression wood and spiral grain (Grundberg & Grönlund 1997; Oja 1997; Nyström & 
Öhman 2002; Sepúlveda et al. 2002).

In CT images of fresh stem discs, heartwood and sapwood can be clearly outlined, since the 
greyscale in CT images is proportional to density and water content. The big variation in 
density in the cross-section in young trees here called intermediate wood has been observed 
previously in CT images, but the phenomenon has not been described nor has its possible 
effect on durability been explained. The purpose of this study was to determine whether the 
properties of young spruce make it appropriate for use in exterior products with respect to low 
water sorption and the impact of access to water during growth. The long-term goal is to 
define parameters for the quality of spruce heartwood that can be measured on-line in an 
industrial setting. 

Young, fast growing trees were selected to cover a diameter at breast height similar to that of 
older, slowly growing trees (Sandberg 2002, 2005). Good access to water can be expected to 
govern water distribution in the tree. Since most damage in outdoor products occurs in the 
longitudinal direction, since free water from rain is absorbed (through capillary flow) fastest 
in that direction, sorption in end grain was studied.

In the cross-section of the stem, there are three major zones: sapwood close to the bark, 
heartwood in the middle of the stem and, between these major zones, a narrow transition 
zone. The definitions of the zones are as follows.  

Sapwood is defined as “the portion of the wood that in the living tree contains living cells and 
reserve materials (e.g. starch)” (Anon. 1957). Sapwood has three functions: to conduct sap 
from the roots to the cambium and leaves, provide a strong and rigid stem and be a reservoir 
for the storage of food substances (Dinwoodie 1981).  

Heartwood is “the inner layers of wood which, in the growing tree, have ceased to contain 
living cells and in which the reserve materials (e.g. starch) have been removed or converted 
into heartwood substances. It is generally darker in colour than sapwood, though not always 
clearly differentiated” (Anon. 1957). In spruce, heartwood starts to form close to the pith at an 
age of about 20–30 years.

The transition zone, also called white zone or pale zone, which can be defined as a narrow, 
pale-coloured zone surrounding the heartwood (or injured wood tissue), is often impermeable 
to liquids, with a moisture content lower than sapwood and sometimes also lower than 
heartwood. The transition zone often contains living cells, but is devoid of starch (Hillis 1987 
and ref. therein).

Intermediate wood is defined as the “inner layers of the sapwood that are transitional between 
sapwood and heartwood in colour and general character” (Anon. 1957). Intermediate wood 
can be confused with the narrow transition zone, and the terms have been used 
interchangeably. Intermediate zones in Picea abies have been found to have a variable width 
of about 5–10 cm in a log cross-section and a moisture content that is lower than that of 
sapwood and is similar to that of heartwood. It is uncertain whether all intermediate wood 
contains living cells (Hillis 1987 and ref. therein).

2
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2.  Materials and Methods 

2.1  Materials 
Ten Norway spruce (Picea abies (L). Karst.) trees were sampled from two stands at Vindeln 
Experimental Forest, belonging to the Swedish University of Agricultural Science (64º14’N, 
10º 46’E) with the help of the staff. To increase the growth rate, the trees had been been 
irrigated with nutrients and water for 15 years. Equal numbers of trees were selected from the 
irrigated site (I) and the control site (C) without irrigation. Descriptions for the two test 
groups are given in Table 1.
Table 1. Characteristics of the test groups from Flakaliden. Mean value (standard deviation in 
parentheses). 

Test group. 
Average of five 
trees in each group 

Age

(years) 

Growth-
ring

width
(mm) 

Density
(MC12%)
(kg/m3)

B H diameter

(mm) 

Diameter at 
6 meters 

(mm) 

Height

(m) 

Irrigated (I) 37 2.0 (0.2) 361 (21) 158 (13) 91 (13) 9.8 (0.6) 
Control (C) 36 1.7 (0.1) 410 (14) 129 (10) 67 (5) 8.9 (0.3) 

Stem discs 5 cm thick were cut 0.25 m and 5.25 m from the butt cut and stored in plastic bags 
and frozen until CT-scanned. The discs were used to determine age and growth-ring width. 
The logs were sawn through and through in north-south direction to 32-mm-thick boards and 
dried to 12% MC. Test objects for water sorption testing 200 mm long were cut 800 mm from 
the butt cut. In this investigation, test objects from the butt log, the two boards closest to the 
pith, were investigated. Before CT scanning, the test specimens were placed in a climate of 
standard conditioning at 65% relative humidity and a temperature of 22ºC (corresponding 
approximately to an equilibrium moisture content of 12%) for more than 2 months. 

The test objects were placed in a basin on bars of stainless steel in 5-mm-deep tap water for 
end grain sorption. The measurements were carried out in the room climate with the aid of a 
CT scanner after the specimens had stood for 1, 3, 7, and 14 days with butt ends in water 
during sorption. The examination followed the grain in the middle of each board, and the scan 
was 10 mm wide. Desorption was measured in room climate at a temperature of 23°–25°C 
during a period of seven days. After water sorption and drying, the test objects were oven 
dried at 103°C and CT scanned to achieve the dry reference images that were used in image 
processing.

2.2  CT scanning 
A CT scanner consists of an X-ray tube and a detector array that rotate around the object 
being examined. After rotation, a large number of X-ray absorption coefficients are 
calculated. The image is reconstructed with the help of mathematical algorithms, and the 
image created describes the density variations in the cross-section. The calculated X-ray linear 
absorption is normalized to the corresponding linear absorption coefficient for water, water.
This normalized value is referred to as the CT number (eq. (1)) (Herman 1980), where x was 
the absorption coefficient for the tested material. 

CT number 1000 x water

water

(1)

By assigning each CT number a certain greyscale value, an image can be evaluated showing 
the density variation within a slice of the object. 

3
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A CT scanner, Siemens SOMATOM AR.T, at Luleå University of Technology was used for 
measurement. The CT images were obtained using scan settings of 110 kV, 50 mA and scan 
width of 10 mm. For image reconstruction, a standard Shepp-Logan algorithm was used. All 
images were stored as 512- x 512-pixel images.  

2.3  Image processing of CT images 
After CT scanning, raw data images were imported into a software program called Scion 
Image (Scion Corporation 2005) for image processing. Moisture content measurement using a 
CT scanner is an indirect measurement method, as the CT number is coupled to the density of 
wood and water. Two density measurements must be made in order to evaluate moisture 
content, one with unknown moisture content and one with a known moisture content level as 
a reference measurement. In this case, the reference level was obtained after the specimens 
had been oven dried at 103°C until they were completely dry. Wood swells and shrinks during 
sorption and desorption, and therefore the images must be geometrically transformed in order 
for them to be compared. An image-processing algorithm that geometrically transforms 
images in such a way that the immersed cross-section will be identical to the dry reference 
cross-section was used. Transformed images were then subtracted from the dry reference 
images to determine moisture content with an algorithm established by Lindgren (1992). The 
accuracy of the whole process of sampling two images, applying the algorithm, and 
subtracting the images is size dependent. As an example, in practice, an accuracy of ± 1.4% 
( -level of 0.05) below fibre saturation point (FSP) and ± 4% ( -level of 0.05) above FSP in a 
7- × 7-pixel area (approximately 3 × 3 mm) can be expected according to Lindgren et al. 
(1991a, 1992) and Lindgren (1991a, b). 

The measurements were performed in the sapwood, heartwood and intermediate wood, 
mainly on the south side of the stem (to the left in the images, see Figure 1).

a b c d

e

Figure 1. A vertical cross-section CT image showing sorption after 14 days in water; a, b and c 
show where the gradients have been measured in sapwood, intermediate wood and heartwood; d is a 
reference line 100 mm from the bottom surface, and e is a reference jar containing water. 

When anomalies such as knots were present, the measurements were done on the north side of 
image. The measurements in the heartwood were close to the middle of the pith where 
heartwood was most likely to be found. The width of sapwood was measured from the stem 
discs and used for estimation of the border to the intermediate wood.  
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The intensity is proportional to the amount of water. White areas indicate increased water 
content. To ensure correct repositioning in the CT scanner, lasers were used to mark vertical 
reference points 100 mm from the bottom surface. A drill bit (3 mm) was used to make the 
holes on the north side of the test object.

The moisture content gradients were a mean value of the width of 15 mm and the scan 
thickness of 10 mm. The first 2 pixels (approximately 1.4 mm) close to the bottom edge were 
removed in order to exclude artifacts. A smoothing function was applied to the gradients 
based on the average of 11 pixels. The smoothing function smoothes the variation of the 
annual rings.

2.4  Multivariate analysis 
The MC gradients were analysed using a multivariate method with software from Umetrics, 
SIMCA P+10 (Umetrics AB 2004). The moisture content gradient was expressed as 95 
variables (the number of millimetres measured), centred, but not scaled. These 95 
measurements were used as X-variables in the multivariate analysis. The gradients were 
“filtered” for abnormal values resulting from knots and other anomalies in the measured area. 
These anomalies were left as missing values. Principal component analysis (PCA) produces a 
summary showing how the observations are related and whether there are any deviating 
observations or groups of observations in the data. Principal component analysis helps to 
explain which variables contribute with similar information to the principal component 
analysis model and which variables provide unique information about the observations. 
Principal component analysis describes the correlation structure in a block of X-variables (X) 
(Eriksson et al. 2001; Martens & Naes 1996). The first principal component explains most of 
the variation in X, while the second principal component is orthogonal to the first principal 
component and explains most of the remaining variation. Simca uses cross-validation to 
define the number of significant principal components. The projection approach can be 
adapted to a range of data-analytical objectives, i.e., summarizing and visualizing a dataset, 
multivariate classification and discriminant analysis and finding quantitative relationships 
among variables. The advantage of projection is that it applies to any shape of multivariate 
data, with many or few variables. It can handle missing, noisy, and highly colinear data. 

Partial to least square structure (PLS) is a regression extension of PCA that is used to connect 
the information in two blocks of variables, X and Y, to each other. PLS-DA (discriminant 
analysis) makes it possible to accomplish a rotation of the projection to give a latent variable 
that focuses on class separation (“discrimination”). The objective of PLS-DA is to find a 
model that separates classes of observations on the basis of their X-variables. To evaluate the 
model, R2X (explained variance of X-data), R2Y (explained variance of Y-data) and Q2

(predicted variance) were used. Q2 is based on cross-validation (Eriksson et al. 2001). Small 
differences between R2 and Q2 indicate stable models that do not model noise. When 
analysing DmodX (distance to model) and score plot, a 95% confidence interval was used. To 
validate the models, observations from the work set were excluded when calibrating and were 
later used as a test set. Approximately 25% of the observations were randomly picked out to 
form a test set.  

In the classification matrix, the predicted value for each response represents the probability of 
observations belonging to that class. Each observation is classified as belonging to the class 
for which the probability is highest. The prediction falls to the class that has the highest 
predicted value. 
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3.  Results and Discussion 
Figure 2 shows CT scans of green stem discs from earlier investigations (Sandberg 2002). In 
CT images, the greyscale is proportional to the green density; i.e., the amount of water also 
affects the greyscale value. In green spruce, MC in heartwood is approximately 30%–40% 
and in sapwood 110%–150% (Boutelje & Rydell 1989), and therefore the border between 
sapwood and heartwood is easy to detect and delimit.  

a b

Figure 2. Cross-sectional CT images of green stem discs 250 mm from the butt cut. The 
intensity in greyscale is proportional to density. Heartwood appears as dark grey, and sapwood as 
white. a) = 64-year-old spruce with a breast height diameter of 110 mm; b) = 158-year-old spruce, 
breast height diameter 306 mm. 

CT images of green stem discs of 37-year-old spruce show that density intensity between 
heartwood and sapwood is less obvious than it is in previous CT-scanned images (see Figure 
3 for an example). The border between sapwood and heartwood is diffuse, and the greyscale 
value varies between the images, which show a variation in MC in green stem. There seems to 
be sapwood, heartwood and incompletely developed heartwood (intermediate wood) (see 
Figure 3b).

a

H

S

I

b

Figure 3. Cross-sectional CT images of green stem discs 250 mm from the butt cut. a = 37-
year-old tree irrigated with water and nutrients for 15 years; b = 36-year-old tree from the control group 
without irrigation. Heartwood (H), intermediate wood (I) and sapwood (S). 
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Figure 4 shows examples of vertical CT images after 14 days of water sorption in end grain 
corresponding to the stem discs in Figure 3. In Figure 4a, sapwood showed higher capillary 
water height (CWH) than heartwood/intermediate wood, but the border was unclear. Capillary 
water height is the distance water is absorbed longitudinally from the end of the board into the 
wood. In Figure 4b, the tendency to absorb water was similar in sapwood, heartwood and 
intermediate wood. 

a b
Figure 4. Vertical CT images showing water absorption in end grain after 14 days, test objects 
corresponding to stem discs in Figure 3. White areas correspond to increased water content (density). 
On the top of the specimens there was a density reference filled with water. On the north side of the 
stem (to the right), reference holes were drilled 100 mm from the bottom surface. a) test object from 
irrigated site. The capillary water height was lower in the middle in the heartwood/intermediate wood 
area. b) test object from the control site. There was a small difference in water absorption visible within 
the radius of the trunk. 

To investigate the CWH during water sorption within in the radius of the stem, MC gradients 
were measured in the three areas shown in Figure 1. Figure 5 shows typical MC gradients 
during 1, 3, 7 and 14 days of sorption measured in heartwood in the same test object. As 
shown in the figure, the moisture content close to the surface (MCsurf) increases from 100% 
after one day’s absorption to 170% after 14 days’ sorption. The sorption front moves 
longitudinally into the wood over time. The CWH when MC in heartwood was 20% 
(CWH20%) increased from 16 mm after one day to 36 mm after 14 days’ absorption in 
heartwood.
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Figure 5. MC gradients measured in heartwood during absorption for 1, 3, 7, 14 days in end 
grain of spruce. 

3.1  Sorption  

3.1.1  Difference in the radius of the stem 
PLS-D analysis was used to separate MC gradients according to location in the radius of the 
cross-section. Three classes were used: class 1 for sapwood (S), class 2 for heartwood (K) and 
class 3 for intermediate wood (M). The score plot in Figure 6 shows that all sapwood 
observations were separated to the right and that heartwood and intermediate wood were 
separated to the left after absorption for 14 days. The score plot is a summary of the 
relationships among observations. Similar observations are close to each other. Therefore the 
score plot indicates that MC gradients from heartwood and sapwood are quite dissimilar to 
each other and intermediate wood gradients are more like heartwood gradients. Heartwood 
observations, furthest to the left, had the lowest and steepest MC gradients, and sapwood 
observations, furthest to the right, showed a high CWH. Examples of MC gradients according 
to whether they belong to S, K or M are shown in Figure 7. The corresponding observations 
are marked A, B, C and D in the score plot in Figure 6.  
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t[2
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D

A

C

B

Figure 6. Score plot for MC gradients after 14 days’ absorption in end grain. Observations from 
heartwood (K) and intermediate wood (M) are grouped to the left, and observations from sapwood (S) 
to the right. MC gradients corresponding to observations marked with rectangles (see Figure 7).
Observations from sapwood are marked A and B, from heartwood C, and from intermediate wood D. 
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The gradient from heartwood, marked C, was steeper than the gradients from sapwood, 
marked A and B. The MC gradients from heartwood (C) and intermediate wood (D) had a 
CWH20% approximately 30 mm from the surface, while the observations from sapwood have a 
CWH20% between 47 and 55 mm from the surface. This can be interpreted as indicating that 
observations from heartwood and intermediate wood generally have a steeper gradient, with a 
lower MC and CWH, than observations from sapwood. 
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Figure 7. MC gradient in spruce after absorption for 14 days in end grain marked in Figure6. 
MC gradient from sapwood marked with A and B, heartwood with C, and intermediate wood with D. 

Table 2 shows how well the models predict the observations in sapwood (S), heartwood (K) 
and intermediate wood (M). Sapwood was clearly different from heartwood and intermediate 
wood, while it was more difficult to separate heartwood from intermediate wood. During 
absorption for 1, 3, 7 days and 14 day, 71%, 71%, 78%, and 77% of the observations, 
respectively, in the work set were predicted correctly. In particular, sapwood observations 
were predicted correctly. For example, after absorption for 14 days, 14 of the observations 
from the work set and 3 from test set were predicted correctly as belonging to sapwood. Two 
observations, one from the work set and one from the test set, were predicted as intermediate 
wood. As seen in the score plot in Figure 6, some of the observations were found between the 
classes. In some cases, the capillary water height was higher close to the pith (probably 
juvenile wood) and was therefore predicted as intermediate wood. In other cases, some of the 
trees had almost no heartwood at all, as in Figure 3b, and the MC gradients were similar 
between sapwood and heartwood. 
Table 2. Matrix showing how well the models predict the observations as belonging to 
sapwood (S), heartwood (K) and intermediate wood (M) during absorption for 14, 7, 3 days and 1 day. 
Observed and predicted from work set, observations from test set in parentheses. 

Observed Predicted Model
Absorption 14 days S K M Nr PC R2X R2Y Q2

S 14 (3) 0 (0) 1 (1) 1 2 0.96 0.473 0.447
K 1 (0) 11 (3) 4 (1) 
M 1 (2) 4 (0) 11 (2) 77% predicted correctly 

Absorption 7 days S K M Nr PC R2X R2Y Q2

S 12 (5) 1 (0) 2 (0) 2 3 0.967 0.527 0.472
K 0 (0) 12 (3) 3 (2) 
M 1 (1) 3 (2) 11 (2) 78% predicted correctly 

Absorption 3 days S K M Nr PC R2X R2Y Q2
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S 12 (4) 1 (0) 2 (0) 3 3 0.973 0.423 0.349
K 1 (0) 12 (2) 4 (1) 
M 2 (0) 4 (4) 10 (0) 71% predicted correctly 

Absorption 1 day S K M Nr PC R2X R2Y Q2

S 14 (5) 1 (0) 0 (0) 4 2 0.931 0.394 0.341
K 2 (0) 10 (4) 3 (1) 
M 2 (2) 5 (1) 8 (2) 71% predicted correctly 

Apparently there was a difference in MC gradients in the radius of the stem, and the 
differences between heartwood, sapwood and intermediate wood increased with time. 
Generally, intermediate wood was more similar to heartwood than to sapwood. 

3.1.2  Difference between irrigated group and control group 
PLS-D analysis was used to separate MC gradients from the irrigated site (I) and the control 
site (C) after water sorption for 14 days in sapwood. 

Table 3 shows how well the model predicts the observations into sites I and C after sorption 
for 14 days in sapwood. The matrix shows that 79% of the observations were predicted 
correctly, and MC gradients from I were clearly different from those from C in sapwood. The 
model indicates that the observations from the irrigated site in general had a higher MC level 
than the observations from the control site. However, there were few observations in the 
model, and the Q2 value was rather low. 

The trees from site I had been irrigated with water and nutrients during the last 15 years and 
should therefore only be detectable in the sapwood. This was verified by the fact there was no 
model separating differences in MC gradients from I and C in heartwood.
Table 3. Matrix showing how well the models predict the observations into irrigated site (I) and 
control site (C) after absorption for 14 days in sapwood. 

Observed Predicted Model
Absorption 14 days I C Nr PC R2X R2Y Q2

I 9 1 5 2 0.923 0.414 0.244
C 3 6 79% predicted correctly 

3.2  Desorption 

3.2.1  Difference in the radius of the stem 
PLS-D analysis was used to separate MC gradients from sapwood (S), heartwood (K) and 
intermediate wood (M) during desorption. Figure 8a shows a score plot from modelling 
desorption for 3 days. Sapwood observations were more frequent to the right and heartwood 
and intermediate wood to the left. Furthest to the left, most of the heartwood observations 
correspond to an almost flat MC gradient, thereafter intermediate wood observations in the 
middle and sapwood, with the largest MC gradients, to the right. 

After 4 days’ drying, the observations have separated into two groups (Figure 8b). Observa-
tions to the left were almost dry (MC below 25%), and to the right in the score plot, eight 
observations have MC above 30%. MC gradients corresponding to the observations marked 
with rectangles in the score plot in Figure 8b are shown in Figure 9.
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Figure 8. Score plot after a, desorption for 3 days, and b, desorption for 4 days. MC gradients 
corresponding to observations marked in Figure 8b with rectangles are shown in Figure 9.
Observations from sapwood are marked with A and B, from heartwood C, and D from intermediate 
wood. 

The observations from heartwood (C) have an MC below 15%, while observations from 
sapwood marked A and B still have a moisture content above 40% close to the surface. It 
seems that sapwood observations reach a “dry” level below 20% MC more slowly than 
heartwood and intermediate wood (see Figure 9). 
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Figure 9. MC gradient after 4 days of drying from observations marked with rectangles in Figure
8b. Observations from sapwood marked with A and B, from heartwood with C, and from intermediate 
wood with D. 

Table 4 is a matrix that shows how well the models predict the observations in sapwood (S), 
heartwood (K) and intermediate wood (M) after desorption for 4, 3 and 2 days. Differences 
between heartwood, sapwood and intermediate wood decreased with time and were most 
obvious after 2 days’ desorption when 74% of the observations from the work set were 
predicted correctly. After 4 days of desorption, 70% were predicted correctly. When wood 
dries, the MC gradients level out and become “flat”, and the differences between gradients 
become smaller and therefore more difficult to predict. MC gradients from sapwood were 
easiest to separate; for example, after 2 days of desorption, 12 observations from the work set 
and 5 from the test set were predicted correctly as sapwood. One MC gradient from the work 
set was predicted as heartwood and 2 MC gradients as intermediate wood. As seen in Figure
8, one observation from intermediate wood was among the sapwood observations. 
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Table 4. Matrix showing how well the models predict the observations into sapwood (S), 
heartwood (K) and intermediate wood (M) after drying for 4, 3 and 2 days. Observed and predicted 
from work set, observations from test set in parentheses. 

Observed Predicted Model
Desorption 4 days S K M Nr PC R2X R2Y Q2

S 10 (3) 3 (0) 2 (2) 6 2 0.919 0.35 0.277
K 0 (1) 11 (3) 3 (2) 
M 1 (1) 4 (1) 10 (3) 70% predicted correctly 

Desorption 3 days S K M Nr PC R2X R2Y Q2

S 12 (4) 2 (0) 1 (1) 7 2 0.96 0.368 0.328
K 0 (0) 12 (5) 3 (0) 
M 1 (0) 7 (2) 8 (2) 70% predicted correctly 

Desorption 2 days S K M Nr PC R2X R2Y Q2

S 12 (5) 1 (0) 2 (0) 8 3 0.975 0.473 0.4
K 0 (0) 12 (5) 3 (0) 
M 1 (0) 5 (1) 10 (3) 74% predicted correctly 

3.2.2  Difference between irrigated and control group 
Table 5 shows how well the models predict the observations into sites I and C after drying for 
two days, measured in sapwood and heartwood.

After desorption for two days, 85% of the observations in sapwood were predicted correctly. 
This means that MC gradients from irrigated wood have somewhat higher MC and CWH than 
the observations from the control site after desorption for 2 days in sapwood. After two more 
days of drying, the difference in MC gradients in sapwood between I and C seems to have 
vanished. In heartwood and intermediate wood, there was no difference between sites I and C 
after drying for two days (see Table 5). 
Table 5. Matrix showing how well the models predict the observations into irrigated site (I) and 
control site (C) after desorption for 2 days. Observed and predicted from work set.  

Observed Predicted Model
Sapwood I C Nr PC R2X R2Y Q2

I 9 1 9 2 0.925 0.438 0.318
C 2 8 85% predicted correctly 

4.  Conclusions 
This investigation shows that MC gradients measured at three locations within the radius of 
the stem during sorption and desorption were different. In general, sapwood MC gradients 
had higher MC and capillary water height than observations from heartwood and intermediate 
wood. The behaviour of MC gradients from intermediate wood is more similar to that of MC 
gradients from heartwood than from sapwood. 

There was an indication that there was a difference between MC gradients in sapwood from 
the fast-growing irrigated site and the control site after absorption for 14 days and during 
desorption for 2 days. The model indicates that the observations from the irrigated site 
generally showed a higher MC level than the observations from the control site. 

The phenomena intermediate wood or a zone different in colour or/and moisture content 
distribution in green state from both heartwood and sapwood and situated between these 
zones have been observed both in soft and hardwood. (Chattaway 1952, Good et al 1955, 

12



PROCEEDINGS FROM NORDIC WORKSHOP ON WOOD ENGINEERING • SKELLEFTEÅ FEBRUARY 21 200780

Frey-Wyssling et al. 1959, Yazawa 1965, Barnacle et al 1974). With some expectations 
moisture content of the intermediate wood is closer to the heartwood than sapwood. There are 
few observations but occurrence seems to be preferably in young trees.

The difference in density in CT images of fresh stem discs is due to the variation of water 
content, which indicates that heartwood has not developed and become uniformly dry with a 
lower green density than the sapwood. Most likely this is because heartwood in spruce starts 
to form close to the pith at an age about 20–30 years. In these relatively young spruces, 
sapwood has gradually started to convert into heartwood. Other investigations show that 
slow-growing, old trees, have a higher amount of extractives in the heartwood than fast-
growing young spruce (Nylinder & Hägglund 1954). Heartwood percentage often increases in 
direct proportion to the age of the tree for many wood species (Hillis 1987). Wurz & 
Swoboda (1947) found that capillary water height was lower in 95-year-old spruce than in 20- 
year-old spruce. Frey-Wyssling & Bosshard (1959) show a gradual degradation of living ray 
cells with increasing distance from the cambium. 

Since heartwood is so important a factor for durability, and since the development of heart-
wood is a function of time, the age of the tree must be taken into account when durable timber 
is to be chosen for outdoor use. There is a risk that these rapidly grown young spruce may be 
mixed with old, suppressed spruce with better properties for outdoor use. In young spruce the 
heartwood is very small but looking at the cross-section of the green stem the border between 
sapwood and intermediate might understood as heartwood. 
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