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Abstract  

The main aim of the thesis focused on hygrothermal simulation of critical 

details of two prefabricated wooden buildings - especially connections of the 

perimeter wall to monolithic foundations. The composition of the external walls of 

these selected buildings has quite different compositions and thus different 

potentials of drying integrated moisture from the components. Practical 

measurement of moisture weight-content was applied to the wooden bottom plate, 

which is in direct contact with the concrete slab structures, respectively, with the 

waterproofing layer. The influence of different design solutions on hygrothermal 

characteristics of the wooden plate was examined with regards to the risk of mould 

growth, analysis of mass loss due to the decay fungi and with the aim to estimate 

the durability of the studied details of prefabricated wooden houses. 

The subsequent research focused on the differences in physical and mechanical 

properties of natural spruce wood (Untreated, (-), A) and impregnated spruce 

(Treated, (+), B) using supercritical CO2 and its possible impact on wood 

protection for mould growth. Samples of identical Untreated and Treated spruce 

were collected in the laboratory and subjected to thermal and hygrothermal 

experiments. The comparison of the resulting values of the individual experiments 

is presented. Required values needed for numerical calculations were obtained 

from these experiments. 

 In conclusion, the summary of founded comparison on mechanical, thermal 

and hygrothermal properties of natural spruce wood (Untreated, (-), A) and 

impregnated spruce (Treated, (+), B) is presented. The mould growth analysis and 

its influence on the durability of wooden structures offer a view of the behaviour of 

the structures. Relevant findings and recommendations for the future praxis are 

mentioned. The conclusions of the experiments and simulations show, that the 

impregnation of wooden elements itself cannot be considered as the protection 

against mould growth, if there are not ensured optimal moisture conditions in the 

construction, or if the additional measures are not taken into account. The correct 

design in the planning stage, quality of the used materials, technical performance 

on the building site and lately user behaviour influence the reliability and durability 

of wooden structures. 
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Introduction 

Wood is a hygroscopic material, meaning its condition depends on its moisture 

content. From an indoor microclimatic point of view, this property of wood is 

considered an advantage, but with regards to the actual construction of buildings 

and the dimensional stability of wood-based elements, the sensitivity to the 

moisture state can often be challenging. The combination of temperature and 

humidity in the environment in which the timber is located, results in a certain 

moisture content of the wood. [1]  

Requirements and recommendations for initial moisture conditions of structural 

wood vary according to the legislation of each country, e.g. in Norway it is allowed 

to use a wood with 20 weight-% moisture content (MC), in Denmark, Germany, 

Austria and the Czech Republic 18 weight-% MC is allowed [2]. However, the on-

site reality is often something else, and it is not unusual to see timber constructions 

soaking in rain as was documented at building sites in the Czech Republic and 

Denmark (Figure 1).  

 

 

Figure 1: Total view of the wooden buildings on the building site in the weather conditions, which 
indicates the increscent of moisture content of the wood. Photos © Karel Šuhajda (left), 

Ruut Peuhkuri (right) 

 

On-site measurements in the case in Denmark also showed that MC of the 

wood, specifically the bottom plate that is in direct contact with the waterproofing 

layer (“murpap”) on the concrete screed, could reach values over 35 weight-% 

(Figure 2). Connected wood-based materials (OSBs) of the wall systems are also 

affected. 

Although high initial moisture content should never be accepted, it is still of 

interest to see how quickly excessive moisture can dry from a critical construction 

element, respective of the critical connection detail of the wall to the monolithic 

base.  
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Figure 2: The wooden post with OSB soaked with water (left); Measurement of the MC of the bottom 
plate at a building site in Denmark. The average MC was determined at 35 weight-% 

(right), Photos © Ruut Peuhkuri 

 

1. BASIC THEORETICAL BACKGROUND 

1.1 Wood impregnation method – pressure technology 

Traditionally, the impregnation is carried out using wood impregnates based on 

the liquid solvents that are used for the transport of biocide into the wood [3]. 

However, during the last two decades, the wood treatment process based on 

supercritical carbon dioxide as a carrier for the organic fungicide has been 

investigated as a possible solvent for wood impregnation. CO2 gas combines 

physical properties (viscosity and surface tension) with liquid (density). High 

density of CO2 supports its effectiveness as a solvent, while its low viscosity and 

low surface tension allows it to penetrate the material quickly and efficiently. The 

combination of these properties, with high level of diffusivity (conductivity) and 

the possibility of accurate adjustment of solubility using pressure and temperature 

changes, makes this impregnation method very attractive. It was also found that 

through this method, impregnation is possible to significantly reduce the problems 

concerning environmental protection during the chemical treatment of wood [4]. 

Kjellow in his dissertation (2010), dealing with the retention of biocides and 

supercritical impregnation of wood against biological attack, concluded that “the 

method of supercritical impregnation can store in the wood sufficient amount of 

biocide in order to slow the biodegradation of structural timber to an acceptable 

level” [3].  

The use of supercritical carbon dioxide as a solvent provides a potential 

solution to the limitations of the liquid impregnation processes. Because of its low 

viscosity and surface tension, supercritical CO2 can penetrate the refractory species 

otherwise considered non-treatable. Furthermore, since CO2 at atmospheric 

pressures is a gas at temperatures above -78.5 °C, below this temperature it exists 

as a solid, the treated wood is dry and can be used immediately after impregnation.  
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The exposure of workers to treatment solutions is greatly reduced, if not 

eliminated, since the treatment solution only exists at pressures above the critical 

point of CO2, i.e. in closed loop systems. Similarly, the exposure of the 

environment to run-off of excess treatment fluid is eliminated because as already 

mentioned, the wood is dry after treatment.  

Like other gases, CO2 enters a supercritical state beyond a certain point (31 °C, 

72.8 bar). In this state, the carbon dioxide has the ability to dissolve the fungicide 

and due to the low surface tension and gas-like diffusivity, it has the capacity to 

penetrate the micro capillary network in wood. These properties combined with the 

capacity to act as a strong solvent, enables the supercritical CO2 to penetrate the 

entire wood matrix.  

 

1.2 Heat and moisture transfer in building materials 

The linear thermal transmittance “ψ” of thermal bonds between structures must 

meet the condition: 

N       W·m
-1

· K
-1
                (1.1) 

where     ψN required value of the linear thermal transmittance [W·m
-1

·K
-1

]. 

 

The thermal transmittance of the wall/floor connection “ψconnection” was then 

calculated as: 

T

qqq floorwalltotal

connection



   W·m

-1
· K

-1
           (1.2) 

where    qtotal 2D heat flow through section for transient mean external 

temperatures (Heat2) [W·m
-1

]; 

 qwall 1D heat flow through the adjacent wall segments for transient 

 mean external temperatures [W·m
-1

]; 

 qfloor 1D heat flow through the floor slab [W·m
-1

]; 

 ΔT  mean temperature difference between inside and outside air for 

 heating season [K]. 

TLUq floorwallfloorwallfloorwall  ///  W·m
-1
              (1.3) 

where Uwall/floor   thermal transmittance of the wall or floor [W·m
-2

·K
-1

]; 

Lwall/floor    line of the modelled wall (floor) [m]; 

∆T  temperature difference between inside and outside air pertaining 

 to a mean external temperatures in every month [K]. 
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In winter, buildings in areas with designed relative humidity φi ≤ 60 % of 

indoor air have to meet the requirement for minimal surface temperature 1  

There are two transport forms of moisture in building materials: vapour and 

liquid transfer. These transfers are driven by water vapour pressure or capillary 

pressure gradients.  

The water vapour diffusion occurs due to the difference of partial pressure of 

water vapour in structures, soils and in the air between the external environment 

and inside of the building. Gas or vapour diffuses any porous material, when the 

pores (spaces intermolecular) are greater than the mean free path of thermal 

transfer of gas or vapour molecules. The mean free path of molecules of H2O is 

2.78·10
-10 

m. In building construction materials micro and macro capillaries are 

found. [5] 

Condensation means the precipitation of water vapour on the surface or 

between some layers in the body. Air at a given temperature can always hold only 

a certain amount of vapour. If the partial pressure of water vapour reaches a certain 

maximum value of Pv,sat, the air is saturated with water vapour and so reaches the 

dew point.  

If the saturated air is fed by more water vapour, then the condensation is 

formed, respectively, the precipitation of water vapour in the water occurs. This 

can be performed as fog, water droplets or hoarfrost. In all cases, the phenomena is 

called surface condensation of water vapour. It can then be stated that condensation 

occurs when the surface temperature is lower than the dew point. The ratio of the 

partial water vapour pressure Pv and the partial pressure of saturated water vapour 

Pv,sat is referred to as relative humidity: 

100
,

















satv

v

p

p
    %                           (1.4) 

where Pv  partial water vapour pressure [Pa]; 

 Pv,sat  partial pressure of saturated water vapour [Pa]. 

 

The description of water vapour diffusion flow rate through the structure is 

analogous to the description of the heat flow by conduction. The density of the 

water vapour diffusion flow describes Fick’s law (analogous to Fourier law for 

heat flux density by conduction) in the general shape (in the x-direction): 

dx

xdp
xg

)(
)(     kg·m

-2
·s

-1
             (1.5) 

where   δ water vapour permeability of material, respectively its pores system 

kg·m
-1

·s
-1

·Pa
-1
;  
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            dp(x)/dx  gradient of partial water vapour pressure in the air in the      

construction in the x-direction Pa·m
-1
. 

 

The water vapour resistance permeability “δ” is defined by equation: 




 a      [kg·m

-1
·s

-1
·Pa

-1
]             (1.6) 

where    δa  water vapour permeability of stagnant air kg·m
-1

·s
-1

·Pa
-1
, for 

 general conditions δa = 1.9·10
-10

 kg·m
-1

·s
-1

·Pa
-1

; 

 μ       water vapour resistance factor -. 

 

The dimensionless water vapour resistance factor  [-] is the material 

characteristic specified by manufacturers. It describes how many times the water 

vapour permeability ”δ” of material is smaller than the water vapour permeability 

of stagnant air ”δa”.  

 

The water vapour permeability of air and the material may be assumed to vary 

equally with the barometric pressure. The factor μ can therefore be considered 

independent of barometric pressure. When calculating the density of water vapour 

flow rate “g” will be for homogeneous material calculated as: 

d

pp
g eia 





    [kg·m

-2
·s

-1
]             (1.7) 

To complete the analogy with heat conduction can be to Equation (1.7) 

introduced a diffusion resistance in the form: 

a

p

d
Z



 
     m·s

-1
              (1.8) 

And then the density of water vapour flow rate “g” will be written as: 

p

ei

Z

pp
g


      [kg·m

-2
·s

-1
]             (1.9) 

Equation (1.9) also applies to composition structures in the steady state, when 

Zp represents the overall diffusion resistance of the material layers (analogous to 

the overall thermal resistance Rsi+R+Rse).  

 

Systematically repeating non-homogeneous elements in the material layer can 

be introduced into the calculation by using the equivalent water vapour resistance 
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permeability δekv (analogy to λekv), respective of its equivalent water vapour 

resistance factor μekv. [6, 7] 

The water vapour resistance permeability is settled as a weighted average of 

water vapour resistance permeability through the surface representation of the 

various materials in a characteristic arc design: 

21

2211

AA

AA
ekv







    [kg·m

-2
·s

-1
 Pa

-1
]           (1.10) 

If we add Equation (1.5) to Equation (1.10), we get the equivalent resistance 

factor of non-homogeneous material layers as: 

2

2

1

1

21




AA

AA
ekv




 , resp.  






i
i

i

i i

ekv A

A



   [-]            (1.11) 

 

1.3 Biological degradation models and wood durability 

There are some important factors for the development of organisms in a porous 

organic material, such as temperature, availability of nutrients, time and the most 

important factor: water activity. For wood products and other species of wood, the 

critical factors may be different from those of untreated sapwood. The resistance of 

heartwood against decay is higher than that of sapwood as the coatings protect the 

wood against water, high humidity and micro-organisms.  

The biological degradation model on wood was formulated by Viitanen & co. 

The model is based on laboratory experiments on pine sapwood and can be used 

for post-processing hygrothermal building physics simulations. This method 

enables use of measured or modelled moisture or humidity levels of the material 

environment (microclimate) over a long period of time to estimate the decay risk.  

For mould development, the ambient critical RH level of the microclimate is 

between 80–95 % - as shown in Figure 3 (left). [8] For most decay fungi 

development, the optimum wood moisture condition is around 25 to 30 weight -% 

(Viitanen 1996). This means that for decay to develop in untreated pine sapwood, 

the ambient relative humidity of air (microclimate humidity conditions), should 

stay above RH 95-99 % for weeks or even months, depending on the temperature, 

as shown in Figure 3 (right). [8, 9]  
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Figure 3: RH of the ambient air and temperature isopleths as a function of time for start of mould 
growth (left) and of decay development (right) in untreated pine sapwood, according to 

Viitanen (1997) [author with 8] 

 

The mould index „M“ (Hukka and Viitanen 1999), for calculating the 

development of mould growth depends on the extent of the growth and if the 

growth can be detected using microscopy or visually. On the building materials 

different mould species can grow, therefore this mould index is based on the 

growth activity of different, but typical, mould species. [10, 11] 

 

21
)02.6633.014.0ln9.13ln68.0exp(7

1
kk

SQWRHTdt

dM



   

   -                 (1.12) 

where t  time [weeks]; 

 T  temperature of air [°C]; 

 RH relative humidity of air [%]; 

 W the wood species (0 = pine and 1 = spruce); 

 SQ surface quality from the drying process; 

 k1, k2 coefficients expressing delay in early and late stages of growth. 

 

The evaluation of decay development in the model is based on the mass loss 

„ML“ caused by the decay fungus on a sample of pine wood with a given volume. 

The wood decay model, developed for untreated pieces of pine sapwood under 

constant conditions, provides a general picture of the effect of the humidity, 

temperature and exposed time on the start progress of decay. This growth model 

applies only when T ≥ 0 °C and when RH ≥ 95 %. Outside these conditions the 

mass loss process is stopped. [8] 

 

tRHRHTtTRHTttTRHML  45.0024.014.0035.03.29.42),,(

     %       (1.13) 

where t  time [months]; 
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 T  air temperature [°C]; 

 RH relative humidity of air [%]. 

 

2. SPECIFICATION AND GOALS OF DISSERTATION  

The dissertation generally summarizes the influence of design on wall to floor 

junction with increased moisture content of wooden bottom plate to irreversible 

damage to wooden structures. The theoretical knowledge was applied to 

an analysis of mould growth prediction and an analysis of mass loss due to the 

decay of two timber structures with slightly different ability to dry out the 

moisture. The results obtained from the author’s laboratory and on-site 

experiments concerning the comparison of natural and carbon dioxide impregnated 

spruce were used for numerical calculations of simulated wall/floor junction. 

Presented impregnation was chosen as the newest impregnation method to protect 

wood against biotic attack and thus, not itself, could be a solution of limited 

protection of build in wooden elements with increased moisture content. 

The following are goals of the dissertation: 

 

2.1 Determination of differences in anatomic structure between 

impregnated and non-impregnated spruce  

- to gain further knowledge on the behaviour of moisture transport in spruce;  

- to find possible differences in the anatomic structure between non-

impregnated and supercritical carbon dioxide impregnated spruce; 

- to find the possible damage of the anatomic structure thanks to a high pressure 

involved during the supercritical carbon dioxide impregnation. 

 

2.2 Determination of thermal and hygrothermal differences between 

impregnated and non-impregnated spruce 

- to find the differences in behaviour of the non-impregnated and supercritical 

carbon dioxide impregnated spruce in Hot, Room and Cold conditions; 

- to set the graph of sorption isotherms; 

- to set the water vapour permeability coefficient; 

- to determine the thermal conductivity of the non-impregnated and supercritical 

carbon dioxide impregnated spruce with increased moisture content from 0 to 

35 weight-%. The obtained results were applied on thermal calculation of wall 

to floor junction (goal 2.4). 
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2.3 Determination of mechanical differences between impregnated 

and non-impregnated spruce 

- to find the differences in the creep properties in longitudinal direction for 

bending and shearing. 

 

2.4 Influence of moisture content on heat losses  

- the measured thermal conductivity data obtained from laboratory experiments 

(goal 2.2) were used in numerical calculations to find and compare the thermal 

transmittance of wall/floor junction with usage of  non-impregnated and 

impregnated wood with increased initial moisture content. 

 

2.5 Influence of construction design on moisture damage   

- to optimize two well-insulated wooden structures with increased initial 

moisture content of the wooden plate for comparison on irreversible moisture 

damage; 

- to use Viitanen model to analyse the risk the mould growth and mass loss due 

to the decay fungi of wooden material to predict the future behaviour of 

wooden walls;  

- to specify the technical solution to protect the wooden elements against 

moisture damage and eventually consequential mould growth in timber 

structures. 

 

3. EXPERIMENTAL PART  

3.1 Comparison of anatomic structure  

The analysis presented and described the differences in anatomic structure 

between Untreated and Treated spruce Norway spruce (Picea Abies).  Small 

matched controlled samples were cut in wet conditions and then re-dried at 105 °C. 

The specimens were then placed into low-vacuum electron imagine microscope 

FEI Quanta 200 with 2 detections: LTD and dual BSD and internal pressure of 

130 Pa for the wooden anatomic investigations. 

In radial direction, there is a visible difference in the shape of the cell wall of 

Treated spruce. The cell walls look to be slightly damaged; the relatively high 

pressures involved during the treatment could explain this. During the treatment 

there is a risk of developing excessive pressure gradients in the wood that can 

cause fatal aftermaths to the structure. 
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Figure 4: SEM image of earlywood (the axial surface of a single longitudinal tracheid) of untreated 
Norway spruce (left) and treated Norway spruce (right) [author] 

 

Figure 5: Detailed SEM image of bordered pits in the radial cell walls of longitudinal tracheids in 
untreated Norway spruce  (left) and treated Norway spruce (right)  

 

3.2 Determination of thermal conductivity 

The presented results determined and specified the differences in thermal 

conductivity (λ) between dry and conditioned Untreated and Treated Norway 

spruce (Picea abies). The obtained results were used for numerical calculations for 

influence of using treated wood on thermal properties and heat losses in basements 

of wooden buildings. 

The dimensions of all 12 test samples were about 300 x 300 x 32 mm. The 

annual ring growth was from 1.5–2.5 mm. Density of the dry material was for 

untreated (A) samples of 370 kg·m
-3

 and for treated (B) samples of 470 kg·m
-3

.  
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Experiments were performed on 3 conditioned samples of each kind of material 

in three series of tests with 0 %, 40 % and 80 % of relative humidity (RH), which 

corresponds to approx. 0 %, 10 % and 20 % of moisture content of the wood (MC).  

The first three A and three B samples were conditioned at 80 % RH with T of 

20 °C in a small climate chamber (with dimensions of 500 x 1100 x 500 mm) until 

they reached equilibrium state. Another three samples of both A and B were 

conditioned in room conditions with 40 % RH and at T of 18 °C. After the 

determination of the thermal properties of moist samples all samples were dried in 

the oven at T of 105 °C until they reached equilibrium state – and the thermal 

properties were measured again. The MC was determined by direct weighing in 

each of three conditions such as 0 %, 40 % and 80 % of RH. 

Thus conditioned samples were measured on a portable device (Isomet) that 

estimates the thermal conductivity, the thermal diffusivity, the volume heat 

capacity and the temperature. The principle is based on the heat flow impulses by 

means of detecting electrical heating.  

The final values of λ for each sample were calculated as an average of  

5 different measuring points and compared to the dry reference value (MC = 0 %) 

and the final graph is shown in Figure 6.  

 

 

Figure 6: Increase of thermal conductivity of A-untreated and B-treated wood samples in three 
conditions such as 0 %, 40 % and 80 % RH 

 

The λ of B-treated spruce samples was increased to 21 % and 24 % (both 

approximate values) of A-untreated spruce when in equilibrium with 80 % RH 

compared to the dry reference value (MC = 0 %). The λ of B-treated and  

A-untreated wood samples was increased, respectively, 18 % and 13 % higher than 

the equilibrium situation having 40 % RH compared to the dry reference value. So 

the influence of moisture is clearly affected by this thermal property.  
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Nevertheless, the thermal behaviour seems to be the same for both types of 

Untreated and Treated spruce and was measured under 0.14 W·m
-1

·K
-1

. This 

corresponds to the standard values of λ of spruce perpendicular to the grain  

λ┴ = 0.12 - 0.18 W·m
-1

·K
-1

 at T 25°C and w = 12%  

 

3.3 Monitoring of capillary suction in three different conditions 

The monitoring of capillary suction in three different conditions was performed 

on 8 small samples of Untreated and Treated spruce shapes with dimensions of 

about 15 x 15 x 35 mm (W x H x L) with constant cross sections to ensure one 

dimensional water flow. The specimens were studied at three different and constant 

temperature conditions: cold (T ~ 5 °C), room (T ~ 19 °C) and hot (T ~ 30 °C).  

The continuous procedure of immersion, removal, surface drying and weighing 

was done to give a series of masses mt at times t in all three conditions. Then the 

water absorption coefficient Ww was calculated and settled for both kinds of wood 

and condition, as shown on Figure 7. 

f

tf

w
t

mm
W

0´´ 


    g·cm
-2

·h
-0.5
             (3.1) 

where Δm’tf value of Δm on the straight line at time tf [g·cm
-2

]; 

 tf  duration of the test [h]. 

 

 

Figure 7: Total overview of water absorption coefficient Ww of A- untreated and B-treated spruce 

samples in Room, Hot and Cold conditions 

 

As the experiments show, the Treated spruce has a higher value of water 

absorption coefficient Ww than Untreated spruce and also a higher mass gain Δmt 

over time. Out of the three test conditions, the Hot water condition, with T around 

30 °C had a higher influence on the water absorption and an increase of mass gain 
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for both Untreated and Treated samples. The difference of Ww of Untreated and 

Treated spruce in Hot water conditions is about 56 %. 

The results were quite unexpected, because in the same conditions, the treated 

samples had nearly twice higher mass gains Δmt and water absorption coefficients 

Ww. An explanation for this phenomenon could be a difference in density of the 

material. 

 

3.4 Determination of sorption isotherms by desiccators’ method 

The determination of the adsorption curves of Untreated and Treated spruce 

was performed on small samples in approximate dimensions of 14 x 22.5 x 35 mm.  

The annual ring growth was between 1.5–2.5 mm. The density of the matched 

controlled dry material for untreated (-) samples was 435 kg·m
-3

 and for treated (+) 

samples 450 kg·m
-3

. Five pieces of A and five pieces of B samples represented the 

material in each of seven climate conditions, which were prepared by saturated 

solutions.  

Whilst maintaining a constant temperature, the specimen was placed 

consecutively in a series of the test environments - desiccators, with RH increasing 

in stages of 11 %, 33 %, 59 %, 75 %, 85 %, 95 % and 97 %. They were then left 

for about three months, being periodically weighted, until they reached equilibrium 

with the respective environment. The temperature in the constant-temperature 

chamber was carefully monitored with calibrated instruments and regularly logged.  

 After establishing the moisture content at each relative humidity the adsorption 

curve could be drawn, as seen in Figure 8. 

 

 

Figure 8: Sorption isotherm for A-untreated spruce samples (blue) and B-treated spruce samples (red)  

 

There were no differences found between the isotherms for properties of natural 

spruce wood and impregnated spruce using supercritical CO2. The differences 
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found between the samples H± placed in the desiccators with 11 % RH can be 

caused due to incautious placement of the samples in to the desiccators, thereby 

disturbing the equilibrium with the lowest relative humidity of ambient air. The 

results obtained clearly correspond to theoretical knowledge of sorption isotherm. 

[12] 

 

3.5 Determination of water vapour diffusion resistance factor 

The aim of the experiment was to determine the water vapour diffusion 

resistance factor of Untreated and Treated spruce by using the desiccators’ method.  

Six matched controlled samples of each (-) and (+) spruce were cut in 

a tangential direction in a circle shape and sealed with epoxy material to the 

Plexiglas ring in order to get an airtight connection. The final assembly of the cups 

was made of metal in order to seal the specimen in between the two different 

environments and house the cup environment (wet or dry).  

The dry cup conditions (RH of 0 %) gives information about the humidity when 

moisture transfer is dominated by vapour diffusion and the wet cup (RH of 93 %) 

test gives guidance on the performance of the materials under high humidity 

conditions. At higher humidity, the material’s pores start to fill with liquid water; 

this increases the transport of liquid water and reduces vapour transport. [13] 

The cup assembly of all 12 samples was placed in a temperature- and humidity- 

controlled test chamber set to 23 °C and 50 % RH. This creates a pressure gradient 

across the specimen due to the different partial vapour pressures between the test 

cup and the chamber. A one-dimensional vapour flow occurs through the 

permeable specimen, which reached a steady state within several days. The cup 

assembly, including the specimen, was weighed and logged periodically.  

The experiment was performed according to [14]. The average µ value for  

A-untreated spruce samples was set to be 146.85 [-] and for B-treated spruce 

142.49 [-] for dry conditions.  The average µ value for A-untreated spruce samples 

was set to be 32.96 [-] and for B-treated spruce 35.58 [-], as shown in Figure 9. 

Standardly used µ-value is in simulation programme Delphin, for spruce with 

fibres across the grain 236.224 [-] as the dry cup value, and such µ -values were 

used in the numerical calculations in Chapter 4.1. 
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Figure 9: Mean water vapour resistance factor µ [-] for each A-untreated and B-treated spruce 
samples in dry and wet cup tests 

 

3.6 Determination of bending and shearing 

The presented results describe the creep properties in longitudinal direction 

during long-term tests for bending and shearing of Untreated and Treated spruce. 

Six samples were used in the failure load test with the dimensions 

of 25 × 25 × 400 mm and another twelve samples in the creep test with the 

dimensions of 25 × 25 × 700 mm (W × H × L).  

The samples were loaded with 30 % of the failure load to avoid any fail during 

the test period. The commercial three-point bending machine Stenhøj was used for 

determining the failure load of the individual species. 

The mass of the creeping-load mCL for the tests was calculated by means of the 

following method shown in the sketch diagram and the photo of the test set-up, 

Figure 10.  

 

 

Figure 10: The test setup for bending and shearing test: Sketch diagram (left) and the test setup for the 
creeping test (right)  
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The shearing test was also conducted simultaneously with the creep test by 

means of 9 mm of deep cuts applied on, with a distance of 78 mm between them. 

In the creeping test, the bending moment applied on the samples is 30% of the 

bending capacity, respectively the failure load Mu. The bending moment “Mu” for 

this load was calculated. 

4

LP
M u

u


     N·mm

-1
            (3.2) 

where Pu failure load of the Stenhøj machine [N], see also Figure 10; 

 L beam span [mm], defined as 300 mm as commonly used in the 

  literature and which also corresponds to the machine set-up of the 

  supports.  

The mass of the bending moment “m” can then be calculated: 

Lg

M
m


 %30     kg              (3.3) 

where  M30%  bending moment applied on each sample N·mm
-1
; 

 g acceleration due to gravidity = 9.81[m·s
-2

]; 

 L moment arm [mm]. 
 

The observations found in the failure load test Pu and equivalent mass of the 

bending moment, m, can be seen in Table 1. These equivalent masses of the creep-

loads were then used for the weight applied on both sides of the wood samples in 

creeping tests. For both the bending and shear tests, the failure load for the  

B-treated spruce is higher than for the A-untreated spruce samples, for bending 

about 15 % and for shearing about 31 % respectively, compared to the reference 

values of A-untreated spruce. It can be explained that B-treated spruce has a higher 

density as a function of the treatment, and thereby the mechanical properties 

should differ from A-untreated spruce. 

 

Table 1: Average load failures and the equivalent mass of the creeping-load mCL obtained from failure 
load test on Stenhøj machine  

 Bending test Shear test 

 A-untreated B-treated A-untreated B-treated 

Pu,average [N] 1483 1708 905 1183 
Equiv. mass of the creeping-

load [kg] 

6.36 7.39 3.71 4.98 

 

The observations regarding the normalized deflection is shown in Figure 11 for the 

bending test (left) and for shearing (right). 
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Figure 11: Deflection for the bending test – in the test period of 7 days (left); Shear test normalized 
deflection – in test period of 6 days (right) 

 

According to the mechanical theory described in [15] it was expected that the 

biggest increase in deflection should take place in the first hour of the test, 

followed by a decrease in the increment rate. Only sample 1 for A-untreated and 

sample 3 for B-treated were observed with such increments in question. Looking at 

Figure 11, it is visible that the deflection decreases over time. There is also 

a probable measurement error, as the deflection of three samples for the B-treated 

sample has decreased after 2500 minutes, which was not expected to be observed.  

The creep behaviour therefore showed no difference between A-untreated and 

B-treated samples, but the variations of the curves differ significantly.  

 

4. NUMERICAL CALCULATION PART 

Numerical calculations were used to perform the coupled heat and moisture in 

the 2D hygrothermal simulation tool Delphin version 5.6.8 [16] to acquire the data 

needed for modelling of the mould growth risk and mass loss due to the decay 

fungi of two wooden buildings (Chapter 4.1). The heat transfer investigation was 

performed in one and two dimensional commercial software Heat 2, version 8.1 

(Blomberg et al. 2000) [17] to calculate the heat loss from the building to the 

ground (Chapter 4.2). 

There are two standard technical solutions of more wooden layered 

construction: 

a) “Diffusion closed”, using vapour- and air- retarding foils positioned on the 

interior side to protect the exterior walls by penetrating of diffusion or 

convection of the vapour (Case study 1 in Chapter 4.1); 

b) “Diffusion opened”, i.e. "breathing" design criteria designed so that any 

condensation to occur only in extreme conditions (frost), and only a very 

small extent (Case study 2 in Chapter 4.1). 
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4.1 Influence of construction design on moisture damage  

The following numerical calculations are based on the author’s on-site 

measurements of the MC of bottom plate, such as 35 weight-%.  These conditions 

were applied on the bottom plate of two modern wooden structures (diffusion 

closed Case study 1 (CS1) and diffusion opened Case study 2 (CS2)) commonly 

used in the Czech Republic and Denmark with different technical solution of the 

wall/floor junction and respectively different possibilities to dry out the built-in 

moisture.  

The aim of the simulations was to estimate the durability of the constructions 

with respect to the risks of mould growth the mass loss due to the decay fungi. The 

Viitanen model and the empirical model were used (described in Chapter 1.3). 

When using these models for the assessment, it must be kept in mind that the 

mould growth index and mass loss due to decay fungi only describe how risky the 

hygrothermal conditions are, not the actual mould growth or decay.   

In order to be able to compare the performance of the two details as well as 

possible, the insulation thickness of the wall and floor was altered in CS1 to obtain 

the same U-value of the floor and wall constructions as in CS2. Simplified interior 

and exterior climates were described by boundary conditions with a sinusoidal 

varying air T with a sinusoidal varying RH according to WTA (2006) 50.  

Two sets of calculations were carried out: a “Dry” and a “Wet” set. The initial 

conditions for the “Dry” hygrothermal simulations were set to T of 20 °C and 80 % 

RH. In order to illustrate the possible effect of very wet initial conditions and 

especially the drying capacity of the different solutions, the bottom plate was 

assigned to have an initial MC equivalent to 35 weight-% in the “Wet” set of 

simulations. Simulations for all cases were performed over 10 years.    

Both case studies were subjected to have the same position of simulated points 

on the bottom plate, see in Figure 12. Each registration point had dimensions about 

16/16 mm (W/H). From the simulation results, T and RH at registration points at 

bottom plate were post-processed. 

 

 

Figure 12: Registration points on bottom plate of simulated detail: diffusion closed Case study 1 (left) 

and diffusion opened Case study 2 (right) 55    
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Relative humidity at registration points 

The RH of all registration points for mould growth index calculation is shown 

for both case studies in Figure 13 for DRY stage and in Figure 14 for “wet stage”. 

Diffusion closed CS1: RH is in the “Wet stage” for the whole simulation period 

of 10 years in a dangerous range above 90 %. Even RH of initially dry wood near 

the interior side, respectively in registration points 02 and 03, is oscillating 

between 75-85 %. The usage of relatively vapour tight, respectively vapour 

retarding diffusion material on the exterior side (EPS) is causing minimal drying 

potential of the wood, conditioned at 35 weight-%. Similar behaviour is visible on 

the bottom of the dry bottom plate, such as registration points 03 and 04, there the 

relative humidity oscillates between 55-65 %.  

Diffusion opened CS2: RH of all registration points on the dry and wet bottom 

plate will decrease within a few months to two years to less than 60 %. Initially 

wet wood will dry out from all registration points in about 2 years. 55 

 

 

Figure 13: Comparison of RH at the “DRY stage” at the registration points of diffusion closed Case 

study 1 (left) and diffusion opened Case study 2 (right) 55 

 

 

   

Figure 14: Comparison of RH at the “WET stage” at the registration points of diffusion closed Case 

study 1 (left) and diffusion opened Case study 2 (right) 55 
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Calculated mould growth and wood decay risk  

The calculated mould growth risks for the points of both case studies at 

registration points are given in Figure 15.   

The results in Figure 15 clearly show how the hygrothermal conditions in the 

initially wet bottom plate are very favourable for initiating biological growth. The 

better drying potential of diffusion opened CS2 is seen as the drop in the mould 

growth risk over approximately 2 years. The risk of mould growth in the initially 

dry diffusion closed CS1is either not existing or relatively low. A mould growth 

index below 3 corresponds to growth that is not visible to the naked eye. 

 

 

Figure 15: Comparison of the calculated risk of mould growth for registration points for diffusion 
closed Case study 1(left) and diffusion opened Case study 2 (right). Results showing no risk 

(Mould index = 0) are omitted 55 

 

Figure 16 shows the calculated risk for mass loss of wooden construction for 

10 simulated years as a consequence of decay fungi. The calculated mass loss 

above 100 % makes no physical sense but is an expression of the continuing risk. 

Only cases with initial high MC (35 weight-%) showed a risk for decay.   

 

 

Figure 16: Comparison of Case study 1 and Case study 2 with typical results for the calculated risk of 

decay fungi (Mass loss): for 10 simulated years 55 
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The initially dry constructions do not have any risk for decay. While the mass 

loss of diffusion opened CS2 stops at a stage when the construction is dried 

enough, the mass loss of the diffusion closed CS1 seems to go on. The initially dry 

CS2 does not have any mould growth or risk of decay. 

The investigated bottom plate is a part of the load-bearing structure and not in 

direct contact with interior air. Therefore it can be discussed if calculating the 

mould index makes any sense for the assessment. However, the mould growth can 

be seen as the first sign of moisture related failure, even before more severe 

damage happens with rot and decay.   

 

4.2 Influence of using treated wood on thermal properties and heat 

losses  

The presented results compare the thermal transmittance coefficient (Ψ) of 

chosen wall/floor junction standardly used in Denmark with the results of thermal 

conductivity of Untreated and Treated spruce used as a bottom plate with dried 

wood (0 weight-%) and wood with increased (35 weight-%) moisture content 

obtained in author’s experiment (Chapter 3.2) 

The interpretation of the measurement results were used on the wall and the 

floor compositions on the basis of examples in Andersen (2008) [18].  

The heat transfer investigation was performed in two dimensional (2D) 

commercial software of Heat 2, version 8.1. [17] The method for calculation of the 

heat loss from the building to the ground was based on the simplified Danish 

method in [20] applicable for design proposes. The method divides the heat loss 

stringently into a 1- and a 2-dimensional numerical transient contribution. Hereby 

the heat loss through the floor slab is considered as being 1D corresponding to the 

heat flow at the centre of the building and all 2D effects are considered as the 

thermal bridge effects for the wall/floor junction.  

The detail was subjected to sinusoidal temperature variations in order to include 

the inertia of the soil volume, and to obtain a satisfactory level of accuracy on 

results [20]. 

To ensure applicability of an adiabatic boundary 4 m of the floor slab and 1.5 m 

of the wall was modelled. For the soil 20 m is modelled both in a horizontal and 

vertical direction [19]. Figure 17 shows the set-up for calculating heat loss with the 

position of the reference point. The mean T in the reference point during the 

heating season was used for calculating the 1D heat loss through the floor slab. T at 

the reference point was measured in the middle of each month for the last 

simulated year.  The interior climate was described by boundary conditions with 

a constant air T of 20 °C and 50 % RH. The exterior climate varies sinusoidal in 

accordance with EN ISO 13370 and Danish Test Reference Year (TRY) [20]. The 

calculation ran for 10 years. 
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Figure 17: The set up for the calculation of the heat loss through the foundation (left), simulation model 
in 2D HAM programme HEAT2 (right) [author with 17] 

 

For better understanding of decomposition of T, Figure 18 presents the 

temperature field with isotherms at the beginning of the 1
st 

simulated year. The 

minimal surface temperature in the corner was calculated as of 17.95 °C for the 

bottom plate assigned with λ of wood 0.11 W·m
-1

·K
-1

 for A-untreated spruce and 

as of 17.90 °C with λ of wood 0.13 W·m
-1

·K
-1

 for B-treated spruce (both values 

correspond to the wood with 20 % MC, respectively conditioned at 80 % RH) 

 

 

Figure 18: Temperature field of the simulated wall/floor junction at the beginning of the simulated year, 
the minimal surface temperature in the corner with bottom plate assigned with the thermal 

conductivity of wood 0.11 W·m-1·K-1 was calculated as of 17.95 °C [author with 23] 

 

The Ψconnection was calculated according to Equation (1.2) for the heating season 

by the mean temperature difference between inside and outside air. The 

comparison of Ψconnection between using conditioned foundation beam of A and  

B wood with 0 % and 20 % MC is described by Figure 19.  
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Figure 19: Linear thermal transmittance for the simulated detail using A-untreated and B-treated 
foundation beam in 0 % and 80 % RH 

 

Based on the results it is hard to determine a difference in the thermal 

performance between treated and untreated wood used as a main foundation beam. 

The influence of the clearly increased thermal conductivity for increasing moisture 

content of the wood thus results, however, only to a marginal increase in the heat 

loss of the studied construction detail. 

 

5. CONCLUSIONS OF DISSERTATION 

5.1 Established scientific findings 

The issues of critical detail of wooden wall/floor structures on the building’s 

foundation as well as different treatment solutions for mould protection of wood 

addressed in this thesis are very topical, especially with regard to the increasing 

number of built wooden structures and the associated presence of numerous 

thermal and moisture deformations in these critical areas.  

5.1.1 Determination of differences between natural and impregnated 

spruce  

The following findings were collected from author’s experiments in laboratory 

and presents differences between natural spruce and spruce impregnated 

supercritical carbon dioxide method.  

 Anatomic structure 

 The relatively high pressures involved during the treatment caused a risk of 

developing excessive pressure gradients in the wood that caused fatal aftermaths to 

the anatomic structure as was confirmed by visible differences in the shape in 

radial direction of the cell wall of Treated spruce. In the longitudinal direction 

there are no visible perceptible differences in the anatomic structure.  
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 Thermal conductivity 

Increased moisture content of the wood clearly affects thermal conductivity of 

the wood. Nevertheless, the thermal behaviour of Untreated and Treated spruce 

seems to be the same for dry and conditioned stages, as is mentioned in standard 

literature, such as maximal increase of 33 % (Koch 1950) [21]. 

 Capillary suction 

The Treated spruce has a higher value of mass gain Δmt over the time and also 

a higher water absorption coefficient Ww than Untreated spruce. Out of the three 

test conditions the Hot water condition with temperature around 30 °C had a higher 

influence on the water absorption coefficient Ww and an increase of mass gain for 

both Untreated and Treated samples.  

 Sorption isotherms 

Obtained results clearly correspond to theoretical typical shape of adsorption 

isotherm for wood. No differences were found between the isotherms for properties 

of Untreated and Treated spruce. 

 Water vapour permeability 

An average value for water vapour diffusion resistance factor µ of B-treated 

samples is 7.9 % higher than A-untreated samples in the dry cup test. On the other 

hand, the wet cup test showed 3% higher value of water vapour resistance µ for  

A-untreated spruce samples than B-treated spruce samples, always referenced to an 

A-untreated value. 

 Nevertheless, the water vapour resistance factor seems to be the same for both 

types of spruce, even a slight change was observed between Untreated and Treated 

spruces. The results clearly confirmed spruce as an airtight but not water and 

vapour tight material. 

 Long term bending and shearing 

The failure load for the Treated spruce is in both bending and shearing test 

higher, compared to the reference values of Untreated spruce.  

 The creep behaviour seems to be the same for both types of spruce, even 

a slight change was observed between Untreated and Treated spruces.  

 

5.1.2 Influence of moisture content on heat losses  

The thermal behaviour seems to correlate for both Treated and Untreated 

spruce. Therefore the influence of the increased moisture content of the wood is 

insignificant for well insulated details. 

Based on the results obtained for the thermal transmittance Ψconnection it is hard 

to determine a difference in the thermal performance between, Treated and 

Untreated wood used as bottom plate. There is a slight tendency towards 
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the statement, that Untreated spruce has better thermal properties than Treated 

spruce with increasing moisture content but nothing conclusive.  

5.1.3 Influence of construction design on moisture damage   

A hygrothermal performance of two well-insulated wooden structures with 

increased initial moisture content to 35-weight % of wooden plate clearly showed 

how the hygrothermal conditions in the initially wet bottom plate are very 

favourable for initiating biological growth. 

 The hygrothermal assessment with risk of mould growth and decay fungi 

highlighted the importance of the correct design of this connection of wooden wall 

and the foundation that ensures drying potential. The necessity of ensuring the 

usage of construction wood which does not have an excessive initial moisture 

content was also clearly pointed out. This last observation additionally supports the 

guidelines that require sheltering of the construction site from rain. 

Only cases with initial high moisture content (35 weight-%) of diffusion 

opened and closed construction showed a risk for decay. This corresponds also to 

the experience of laboratories in the Czech Republic, that the effect of decaying 

fungi causes the most damages to wood built-in risk class 2
nd

 (humid, closed and 

not air-conditioned space in the interiors of buildings). [22] 

 

5.2 Utilization of examined issues in the field of structural engineering 

The hygrothermal assessment with risk of mould growth and decay fungi 

highlighted the importance of the correct design of this connection of wooden wall 

and the foundation that ensures drying potential.  

The observation also supports the guidelines that require sheltering of the 

construction site from rain. The reality on construction sites may be that the 

constructions are not protected well enough from precipitation and other excessive 

exposure to moisture, and thus the choice of constructions that are robust to 

failures during the process should be promoted. The type of insulation and its 

position in relation to the moisture sensible wood-based construction members may 

be crucial in this respect. 

The impregnation of the wood itself cannot ensure durable construction. 

According to the presented conclusions, the durable and long service-life wooden 

construction and its layers can be reached with the following building and user 

assumption: 

1. Usage of the construction timber with recommended value of initial 

moisture content, such as between 15-22 %; 

2. Protection of the construction site against the climatic conditions (rain, 

freeze). If possible use the hall mounted and prefabricated wooden walls; 

3. Controlled moisture content of wood within the layers; 
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4. Determination of the right type and position of the insulation layer in the 

wall and floor construction; 

5. Avoiding of puncturing and/or ensuring the airtight connection between 

the air retarding layers. 

 

5.3 Assumption of the further experimental work  

In further theoretical and experimental activities it would be useful to expand 

gained experience and knowledge, in order to promote the correct process with the 

following points: 

 a handbook with a functioning technological process useful for 

professionals, highlighting: 

o the importance of proper protection of the wooden structures 

against precipitation and other excessive exposure to moisture, 

and thus the choice of constructions that are robust to failures 

during the process; 

o the type of insulation and its position in relation to the moisture 

sensible wood-based construction members; 

o possibilities to monitor the humidity and moisture directly in the 

structure of the building construction.  

 to monitor the realistic relative humidity indoors in the period of time 

under specific conditions unit to ensure the realistic condition for 

simulated models. 
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