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Preface 

The building sector is strongly requested to provide reliable data on the performance of building 

materials and products, in particular for highly demanded renewable materials from sustainably 

managed production. In this respect bio-based products can play a key role and enormous efforts have 

been made to study and classify a wide range of materials in a quantitative manner. Mechanical, 

physical, thermal and acoustic properties as well as durability against different biotic and abiotic 

agents are well investigated as it was focussed by material scientists for decades. However, material 

characteristics need to get interpreted dependent on the respective in-use conditions. The 

performance of organic and thus biodegradable materials is affected by climatic parameters, in 

particular the microclimatic and material-climatic conditions, which are in turn affected by the global 

climate and design of the respective applications. Performance prediction of structures and 

components made from bio-based building materials therefore requires particular tools and 

instruments allowing for consideration of both, material resistance and exposure. For many 

applications, the key performance criteria are not stability or functionality; it is simply the optical 

appearance or human well-being that decides on their serviceability. Nevertheless, also aesthetics and 

comfort are affected by climate, design and the respective in-use conditions. 

 

More recently, several research activities were started and/or intensified in Europe and beyond to 

further dig into the cross-links between material science, design, architecture, engineering, and social 

sciences. This workshop will therefore focus on ‘Design, Application and Aesthetics of Bio-Based 

Building Materials’. On the one hand, many contributions have been made to highlight the need for 

multidisciplinarity in this field of research. On the other hand, valuable examples are presented for 

exploring the parallelism of performance mechanisms and protective modes of action with respect to 

different bio-based building materials. Design principles will be presented and critically discussed with 

respect to the various definitions of performance, different bio-based materials, and different user 

groups. 

On behalf of COST FP 1303 I wish you a successful workshop in Sofia with many interesting 

presentations, fruitful discussions, and many opportunities for networking! 

 

Christian Brischke 

Vice-Chair COST Action FP 1303 
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Europe has been in the vanguard of new product and technological development in the world of wood 
for the past 30 years and, with innovative timber solutions continuing to experience exponential 
market growth as a consequence of the changing environmental sensibilities that seek low- or zero-
carbon alternatives to traditional modes of construction. The doorway to explore, research, develop, 
test and demonstrate new and highly innovative bio-based ideas has never been more open than it is 
today.  
 
Through this open door have stepped some of the world’s most creative architects and engineers,  
academics and researchers, scientists and building technologists, manufacturers and building 
contractors who, working in collaboration or in parallel, have sought to discover new approaches and 
opportunities to use traditional bio-based materials or to re-think and adapt their properties in order 
to develop products and construction systems not previously available but which offer positive 
solutions to contemporary environmental challenges and societal imperatives. From this cauldron of 
experimentation, the beginnings of a new, and arguably more humane, architecture has begun to 
emerge, offering paradigms for a range of building types for which few precedents exist.  
 
By contrast with previous phases of architectural development, this new design approach - whilst 
drawing on varying strands of construction evolution - is still in the main ungrounded in any particular 
philosophy, theory or style, shaping itself instead around a growing understanding of the properties 
of bio-based materials and the varying building types their application is being considered for. 
 
The results to date are intriguing: whether used individually or in combination, this rethinking of bio-
based materials is delivering a very different approach to design and construction and with it a very 
different form and look to the structures we require today - ipso facto we are witnessing the gestation 
of a new architectural aesthetic. In this evolving context, old technologies are also being re-invented: 
the prefabrication of thatch panels, for example, takes a traditional skill out of the seasonal cycle into 
the world of controlled factory conditions, enabling year-round employment for craftsmen whose 
ability to work was previously completely weather-dependent. In such an example, the transfer to 
offsite manufacturing facilities and the introduction of Modern Methods of Construction (MMC) are 
bringing efficiencies and greater precision to the process which make the use of locally produced 
materials possible once again, thereby stabilising the existence of small, craft and bio-based industries 
and helping to sustain the cultural and economic vitality of often remote rural areas.  
 

mailto:pw@timberdesigninitiatives.eu


 
 
This new industrialisation of craft-based skills, in combination with scientific and technical 
development of the bio-based materials employed, also requires evolution in the ways we measure 
their capability, enhancement, functionality and performance. Taking each of these criteria forward 
in order to establish new standards for bio-based materials can lead to wider, mainstream - and 
potentially global - applications for bio-based materials and technologies in architecture and 
construction. 
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Introduction 

In Europe, the building sector accounts for 40% of the greenhouse gas emissions. To limit the climate 

impact of buildings, low carbon materials such as bio-based materials could be used. Architects, 

contractors, and developers are key-decision makers for the selection of materials in the 

construction sector, and how they perceive bio-based materials is therefore of high importance for 

the replacement of fossil-based materials with low carbon materials. 

The present study is intended to contribute to the understanding of the probability that bio-based 

materials are chosen in residential buildings and to the understanding of drivers and barriers for an 

increased use of bio-based building materials.  

Method 

The methodological approach rests on the Theory of Planned Behaviour (TPB) (Ajzen 1985) - which 

in short states that a person’s intention to behave in a certain way together with the perceived 

ability to perform the behaviour can be used to describe expected behaviour - and on Innovation 

Theories (Rogers 2003). A qualitative approach with semi-structured interviews was used. In total, 

12 interviews were held with Swedish architects, contractors and developers. The study targeted 

larger firms and also aimed at a geographical spread. More detailed information about the study can 

be found in Markström et al. (2016).   

Results and discussion 

A person’s intention to behave in a certain way is dependent on that person’s attitude towards the 

behaviour and what important others think about it (the subjective norm) (Ajzen 1985). The 

architects had a positive attitude to bio-based materials in general and appreciated that wood is a 

living material that gives warmth to a building. The contractors’ attitudes to bio-based materials 

were in general somewhat negative, even though there were indications that these attitudes slowly 

are staring to change in a positive direction. In general, the developers saw some positive aspects 

with using bio-based materials but the perceived negative aspects connected to the use seems to 

weigh more at the moment. When it comes to the subjective norm, the answers were quite similar 

between the three groups of actors. The construction sector was described as conservative and risk 



averse. The respondents experienced that negative attitudes to bio-based materials existed within 

the sector but that the interest in these materials seems to be growing.  

A lack of knowledge and experience of bio-based materials was identified among all the actors. 

These aspects have earlier been shown to influence the expected behaviour to a large extent 

(Bysheim and Nyrud 2009). Further, the contractors and developers perceived greater possibilities to 

influence the material selections than the architects.   

Drivers and barriers for selecting bio-based materials identified are presented in Table 1. 

Table 1:  Identified drivers and barriers 

Barriers Drivers 

- New and not tested 
- Tradition in building with 
   concrete 
- Bad examples 
- Lack of knowledge 
- Too costly 
- Maintenance 
- To short service-life 
- Mould and moisture damage 

- Fire safety 
- Acoustics 
- Cracks and settlements 
- Hard to obtain an airtight 
   structure 
- Shortage of construction  
   workers 
- Local plan 
- Insurance issues 

- Faster construction 
- Social benefits 
- Green building certification 
- Political pressure to 
  decrease environmental 
  impact 
- Lack of labour in lager cities 
   work is relocated  
 prefab. is convenient 

 

Conclusions    

The results indicate that the probability of selection of bio-based material among the group of 

respondents is low. The major barriers for selecting bio-based materials identified are related to 

culture and habits within the construction sector and to material properties. Key drivers identified 

are related to environmental performance of the materials.  
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Designers working with wood in Spain don´t have reliable tools and methodologies which allow to 

properly assessing the functional performance and service life of wood in exterior constructions, 

depending on the local weather conditions and also on the adopted design and inherent wood 

material variables. The existence of Guidance documents developed in Northern Europe does not 

solve the problem in Spain, due the encountered very different climates, wood species and 

constructions system designs. There is a dose of degradation, performance and service life in exterior 

uses, inherent to each national geographical location (local climate) and depending on conditions of 

use of wood and details design as: sheltering, distance from ground, moisture traps, and exposition to 

wind-driven rain, coatings, physical protection, ventilation, maintenance, etc. In short, all these factors 

generate finally irreversible changes to the wood material due to biological and abiotic agents, to the 

material itself, and also to climate and design details. 

The paper presents the main pathological processes that occur in houses in northern Spain built with 

timber elements. From last century the construction based in wood walls has back in Spain. 

The reason is mainly due the improvements in glues, design by computer and processing in factories. 

All these technological advances have facilitated the development industrialized systems cheaper. 

However, this variety of row materials, designs and construction systems, combined with the different 

climates have as result pathological problems associated to wood destroying fungi, insects an 

aesthetics. 

Independently of the problems about beetles attacks, that normally don´t provoke structural 

problems in the timber houses, the most important problems in the structural elements of these 

mailto:davidlorenzofouz@gmail.com


constructions are the attacks of wood destroying fungi and in some cases the attacks of  termites as 

well aesthetics. In some timber houses the damages are very important and have reduced the 

durability and security of some structural elements.  

The examples of timber houses show degradations due wood decay in different parts depending on 

design details. In situ inspections considering the main factors have been conducted to assess the real 

wood degradation status of, focusing on: wood species resistance, local climatic conditions and 

influence of design details. It is important to analyze their ability to withstand degradation over time 

in order to identify the parameters influencing performance and service life. Harms range from simple 

aesthetic defects to serious problems affecting even the stability of the construction. 

The wood specie selected for building the wood walls and the design details are fundamentals for the 

service life and durability. The wood walls degradation depends on firstly on the wood specie selected 

but also depends on driven rain and winds, design details, joints and maintenance. In other words, the 

correct identification of the use class is necessary not only to the façade or construction parts, is also 

fundamental in the joints.  

 

 

Figure 1: Fir wooden house located in Northern Spain. 
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Abstract 

Meta-heuristic approaches provide efficient methods for the optimization of conflicting design 
objectives. Multi-objective particle swarm optimization algorithm (MOPSO) has been used here to 
extract useful design principles in the context of developing an insulating material based on wood 
fibers. First, objective functions of thermal conductivity and thickness recovery were modelled using 
experimental data and expertise of experts. Then, MOPSO algorithm was applied to calculate the set 
of Pareto-optimal solutions (Fig.1). Finally, this set was analysed to extract useful design principles. 
Examples of design principles extracted from the Pareto front are: High percentage of optimal 
solutions has a fineness value between 100 and 200 𝜇m, then mixed raw materials to be considered. 
3 % of solutions has a fineness value between 300 and 350 𝜇m, then this interval of fineness is not 
optimal, such fineness may not be considered for insulation application. All optimal solutions have a 
density between 60 and 75 kg/m3, this interval is then considered as optimal regarding the 
optimization objectives. Any solution with a density outside of this range means that there is a loss in 
resources, and a better solution can be found, always according to Pareto optimality. 

 



 

Figure 1: The set of Pareto-Optimal solutions 
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The use of preformed modular walling units is a construction approach that is seeing more abundant 

use and is becoming a widely available method. Preformed units are usually a composite structure 

which often include a range of bio-based materials such as timber, wool or straw. This construction 

method has a number of advantages such as speed and uniformity of the structure.  

However, as with all biobased materials the risk of microbiological attack is ever present, and dealing 

with this risk must be an important part of the design of the modular elements. When looking at 

durability of biobased materials the standard approach has been to look at methods used for the most 

ubiquitous biobased material used – ie wood. There are a number of methods available for 

determining the durability of wood based materials to the action of decay fungi e.g EN 113. However, 

these may not always be the most appropriate tests for non-wood materials, although they will 

provide some information (Curling et al 2015).  

One area that that traditional laboratory based tests do not take into account is the combination of 

biobased materials, as may be seen in modular constructions. It is possible that non-wood materials 

such as plant or animal fibre insulation may act as a moisture reservoir or moisture buffer for wooden 

structural elements with a consequential effect on their durability. This could be seen as a synergistic 

relationship between the materials. 

This paper details an experimental approach to determine if there could be such an effect, using a 

modified form of existing wood decay testing methods. The test utilises an agar jar approach with a 

pad of fibrous insulation e.g. wool or hemp placed between the inoculated agar and a wood block. 

Results show the effects of eh type of insulation used on the moisture content and decay of the test 

blocks. The test show that wool for example appeared to hold water away from the wood samples 



and reduced subsequent decay (Figure 1). Hemp however, did not prevent water access to the wood 

blocks and in fact enhanced decay of the blocks.  

 

Figure 1 Moisture content of insulation pad and wood block following exposure to Coniophora 

puteana. 
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Building façades are exposed to a microclimate, which has a very high spatial variation. This leads to 
differences in degradation of the façade material, which, in turn, gives variation in colour. Since wood 
is a material which is quite susceptible to colour change, the phenomenon is often very apparent on 
untreated wooden facades. The use of untreated wood as façade material is increasingly popular in 
northern Europe. The reasons for this are multiple and includes sustainability issues as well as 
aesthetic considerations. However, even if there is substantial research on the topic, there are still 
issues in communicating how climatic exposure will change the appearance of a wooden façade. Both 
the tasks of communicating the chemical and physical phenomena to the architect (which should be 
the building physicist’s responsibility), and the task of explaining how the expression of the building 
will be affected by the climate, which should be the architect’s task are difficult. In a planning process, 
it is important to reduce the uncertainty in the building project. Knowledge of degradation of the 
façade material and development of the colour is therefore important. To improve the information 
flow of the parties in the building planning process, digital building information models (BIM) has 
become the new standard tool in the building industry.  

This paper aims to demonstrate how 3D models can be used to present colour changes of the façade 
caused by variation in micro scale climate. The basis for the colour change is the climatic exposure of 
the façade. Since the colour change is sensitive to weather exposure, knowledge of micro scale 
weather is the key factor in simulating the colour change. Thiis et.al. (2016), have simulated 
microclimate on facades with the purpose of determining the façade material response to climatic 
exposure. In Thiis et.al. (2016) the micro scale weather exposure was coupled to the mould resistance 
design (MRD) model of Thelandersson & Isaksson (2013) in which the onset of mould growth can be 
predicted by combining relative humidity and temperature for any given climate. This model excludes 
solar radiation, which has proven to be vital to the colour change of wooden facades. However, the 
definition of the climatic dose from moisture and temperature has proven to give adequate results for 
mould growth.  

Since mould growth will contribute significantly to the colour change of a façade, this climatic dose is 
combined with the solar radiation and adopted as the key climatic factors influencing the colour 
change of the untreated wooden facade in this paper. The models for color development are least 
squares regression models using the climatic doses as variables in three separate models for the CIE 
L, a and b dimensions. The models are time dependent allowing for simulation of temporal and spatial 
colour change on facades. The model is based on the façade of Ås High School, which has untreated 
aspen as material in the façade, Figure 1. The CIE L,a,b values are estimated from calibrated RGB 
photos in approximately 20.000 points. The hourly weather, which are used in the climatic doses, is 
simulated in all these points using the method described in Thiis et.al. (2016). The results of the colour 
simulation is shown in Figure 2. The simulation captures the general variation in colour. However, 
since wood is highly inhomogeneous, the visualization of the results does not look realistic at close 
range. 



 
Figure 1. Study object, Ås High School 
 

 
Figure 2. Photographic input to the colour model (right) and vizualisation of the simulated colour 
variation on the façade (left). The black rectangles correspond to white reference plates that were 
used to calibrate the RGB images. 
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In connection with the construction of the Arlanda line, the railway connection between Arlanda 
airport and Stockholm city, an 11km long noise barrier made of untreated larch was built along parts 
of the track. This construction provided an opportunity to implement a full scale test study comparing 
different wood species and preservative treatments.  
 
Thus, The Royal Institute of Technology (KTH) and SP Technical Research Institute of Sweden (now 
RISE) contacted the National Rail Administration in order to investigate the possibilities to install an 
extra number of sections made of preservative-treated wood and other untreated wood species. 
Following a positive response, nine test sections made of treated and untreated wood were installed 
in March1996. The overall aim of the study was to find the most appropriate wood material for a 
specific construction, in this case a noise barrier, with respect to durability and by extension to find 
the most ecological and economic wood material. 
 
Each test section is approximately 4 meters long and 3.1 meters high. Water shedding features (wedge 
shaped strips) were incorporated to help keep moisture out of susceptible joints. The three bottom 
boards are partly in ground and called “waste boards”.  
 

 
Figure 1: Noise barrier shortly after installation in March 1996 
 
The test barriers have been inspected a number of times since 1996. The most recent inspection was 
carried out in June 2016. All inspections have been carried out visually. At the base, soil was removed 
and the wood mechanically probed with a knife. For obvious reasons, only the back side (facing away 
from the railway tracks) could be inspected. 
 
Table 1  Results after 8 and 20 years’ exposure 



 
*   Waste board of untreated pine 
** Waste board of CCA class A treated pine (Class A = for Use class 4; class AB = for Use class 3) 

 
All sections (above ground) inspected were in good condition, also the sections of untreated wood for 
which evidence of decay was observed only in smaller spots, mostly in the triangular wedges. 
Sections of preservative-treated wood had in general performed somewhat better, but two sections 
had minor spots of decay. None of the preservatives used for those sections are available on the 
market today. All untreated and treated sections, except for the CCA class A treated, had advanced 
decay in the boards in ground contact. Preservative-treated sections with decay consisted, as far as 
could be observed, of heartwood with insignificant penetration. Already after 8 years all untreated 
“waste boards” were severely decayed whereas most AB class treated boards showed slight to 
moderate decay, which is another evidence that class AB should not be used in ground if long service 
life is expected! 
 
No other sections of the 11 km noise barrier have been inspected and nothing can therefore be 
concluded concerning the overall performance of the larch. Other exposure situations, e.g. where 
vegetation grows close to the barrier, means a higher risk and probability for decay compared to the 
exposure conditions for the test sections. 
 
All sections were heavily subject to graffiti and it was not easy to evaluate any colour changes. 
However, the CCA-treated and Royal-treated sections seem to have kept their original colours best. 
The larch has become dark black and its colour is far from the pleasant original light reddish colour. 
 
The trial shows that good design is crucial for the performance in above ground situations. With the 
present exposure situation, the untreated material and treated material has performed roughly 
equally well.  
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Using wood for exterior applications is currently rather fashionable in Europe, but, it is still used only 

in small quantities compared to e.g. concrete, steel and glass. Customers seek homogeneous, 

colourfast facades with low maintenance requirements. The visual appearance of a wooden facade 

changes over time through and, often, the discoloration is heterogeneous.  

Extensive research on the decay of wood by fungi and bacteria in soil and water (durability classes 4 

and 5) has already been carried out. Much less research has been conducted on wood in exterior use 

that is not in ground contact, i.e. durability class 3.2, which typifies the exposure conditions of facades. 

The aim of this thesis is to identify any synergistic effects between biotic factors, such as bacteria, 

algae, moulds and fungi and abiotic factors, such as light, temperature and moisture on the 

weathering of wood surfaces in durability class 3.2. This approach will facilitate the design of stable 

wooden facades that require little maintenance over a long period of time. 

Accelerated and outdoor weathering experiments will be carried out to see if and how environmental 

conditions and in particular, the presence of micro-organisms influence the weathering of wood. 

 

One of the research objectives is to study the interactions between abiotic and biotic factors in a 

laboratory environment and therefore an artificial accelerated weathering experiment will be 

conducted. A study by Kataoke et al. (2007) shows that the depth of photodegradation is greater than 

indicated by other researchers such as Hon and Chang (1984) , because visible light was found to 

penetrate 540µm below the surface. Moreover the study shows that blue light can cause bleaching of 

the wood. Due to these findings and the fact that UV light is known to be an effective disinfectant, for 

this artificial accelerated weathering test the light source which is proposed to use by standards such 

as ASTM G0154 (ASTM-G0154-16:2007) and ISO 16474-1 (ISO 16474-1:2013) will be modified.  



Another objective is to study the interactions between abiotic and biotic factors in natural conditions. 

The outdoor weathering experiment will be conducted in western France as well as in Italy. 

Meteorological data will be precisely recorded, consequently the degradation process of wood in two 

different regions can be compared to each other. This realistic experiment will allow researchers but 

also industry to understand the degradation process of the specific wood species.  

Subsequently microbiological and molecular biology methods will be used to identify and quantify 

bacteria, moulds and fungi present in degraded wood facades in western France and Italy. A 

microcosm-scale experiment may reveal if certain bacteria have an influence on the growth rate of 

certain fungi and moulds or vice versa. 

Douglas fir (Pseudotsuga menziesii) and oak (Quercus robur) will be examined due to the fact that 

these two species are commonly used for exterior applications in Europe. Moreover this choice allows 

the comparison between softwood and hardwood. 

Several methods will be used to analyse the anatomical (SEM, light microscope), chemical (FTIR/ATR) 

as well as visual (colorimeter, roughness testing) changes in the degraded wood. The focus however 

is on the change in visual appearance of the weathered wood surface.  
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Assessing mould growth coverage aesthetically implies that there is a need for quantification to allow 
objective numeric validation without considerable subjective evaluation. Visual assessment is the 
traditional and most common way to measure mould growth coverage on the surface of coated and 
uncoated wood in laboratory tests, field tests and in-situ on wooden building façades. Several 
standards used for this purpose describes a rating scale often from 0-3, 0-4 or 0-5 where 0 is no growth 
and 3, 4 or 5 are heavily infested or fully covered (EN927 2012, EN153 2011, EN15457 2014). The 
objectivity of using visual assessment is often questioned and there is an interest for finding additional 
or alternative methods for more objective assessment. Additionally, the rating scales in these 
standards are intended for testing coated materials or on surfaces where mould growth is an 
unwanted element. Therefore, these scales are often detailed in the start of the growth, so they 
capture well the onset of the growth, but lack the ability to assess the ‘true’ coverage regarding 
infestation and amount of discoloration. NIR hyperspectral imaging may give us a more complete 
picture of the fungal growth, both the quantity and the identity. With the long-term aim of 
understanding and determine prediction models for the mould growth exposed to different climates, 
we want to gather experience from using multisensory techniques, including RGB and hyperspectral 
imaging of fungal surface growth on a variety of wood substrates exposed in an outdoor environment. 
There is presently no method that determines the exact amount of mould growth on the samples. The 
results of this study are therefore comparisons of visual assessment and multi-sensory techniques 
with the aim of determining their different characteristics and what influences them.  
 
Five different wood substrates (painted Spruce, non-treated Spruce, Pine, Aspen and acetylated 
Spruce) were exposed vertically facing north and south in Ås, Norway, in a specially designed test set-
up (Fig. 1). The mould growth of the samples was evaluated by the means of visual assessment, RGB 
imaging and NIR (near infrared) hyperspectral imaging. The measurements were carried out at time 
intervals of two to three weeks, from August 2013 until January 2014, with the aim of determining 
mould growth curves on the different wood substrates. 

A percentage of mould growth can be estimated from classification of NIR spectral images, such as 
shown for Aspen, on the North and the South side, displayed in Fig. 2. Moreover, the size of patches 
of mould can be determined. However, a certain percentage of mould growth may correspond to very 
different visual assessment values, since for example 50% mould growth coverage does not look the 
same when grouped in a few patches as when it is evenly distributed across the sample. In the present 
work, we will compare digital quantification of mould and visual assessment for all the five substrates. 
Advantages and inconveniences for the different techniques will be discussed in order to evaluate the 
best practice for various applications. 



 

Figure 1: Experimental outdoor setup with five different wood substrates facing south, a white reference 
Spectralon and hyperspectral camera setup (left to right; coated spruce, spruce, pine, aspen, acetylated spruce). 

 

Figure 2:  Growth curves for Aspen on North side from analysis of NIR hyperspectral images (left) visual 
assessment  (right). 
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Wooden shingle is traditional and previously most widely used material in roofing construction in 

wooden rural and also in religious buildings in Slovakia. Surfaces of wooden shingles used in exterior 

are degraded by solar radiation as well as other environmental factor (Reinprecht 2016). Because ones 

are treated or finished using different types of chemicals with purpose of protection so that overall 

their service life extended.  

The objective of this study was to evaluate discolouration of selected wooden shingles treated with 

pine tar as a result of weathering.  

Table 1:  Experiment set-up 

Wooden shingles Abbreviation Treatment  Ageing 
Duration 

Set 
 Number 

Larch splitting LARCH Split 
treated with Pine tar* 
untreated 
 

1, 3, 6, 9 4 
Spruce splitting 

cutting 
SPRUCE Split 
SPRUCE Cut 

Pine-thermally treated PINEThermally treated 
*Chemical composition of pine tar was analyse in work Bubeníková – Vidholdová (2015) 

Colours of surfaces of wooden shingles (table 1.) were analysed according to the CIE L*a*b* colour 

system using Colour Reader CR-10 (Konica Minolta, Japan). The colour coordinates L* (darkness: white 

– black), a* (red – green), and b* (yellow – blue) of each sample were measured on its top surface in 

different exposure times. Measurements were performed for samples conditioned at a temperature 

of 20  1 °C and a relative humidity of air 60 %. Values of L*, a* and b* before and after test of natural 

ageing in exterior were used for calculation of the total colour change ∆E* (figure 1) according to the 

equation: 222 **** baLE  .  

The greatest colour changes were found in pine tar finished wooden shingles at the beginning of 

weathering (after first month); this was mainly due to the chances in chemical composition of pine 

tar. On the other hand, with prolonged weathering colour the changes of untreated wooden shingle 

had continuous increase. Different wood species of used shingle before finishing had little or no effect 

on its colour stability during weathering. 



 

Figure 1:  Natural ageing of wooden shingles in the exterior exposure under a 45° slope orientated  

to the South at Technical University in Zvolen (from July to April) 

 

 

Figure 2:  Total colour change ∆E* during the weathering process  
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Weathering is the process causing degradation of the biobased fibres by the weather conditions (e.g. 
solar radiation, temperature and moisture). The rate of weathering is affected by the wood species, 
specific climatic conditions and the pre-treatment of the material. Weathering affects the material 
through degradation of the surface. The breakage of the fibres leads to further penetration of the 
weather agents into the deeper layers, resulting to increase of the surface roughness, change of colour 
and glossiness. In consequence the aesthetic value of the material is reduced. The objective of this 
work, undertaken under a STSM within COST action FP1303, was to understand the weathering 
mechanism and kinetics that could lead to designing more effective preservation techniques. The other 
goal was to develop a prediction model of the aesthetic appearance that will be used for the estimation 
of the bio-materials’ service life period, including maintenance/renovation planning. 

Norway spruce samples, obtained from the same piece of wood to minimise variability, had been 
exposed to natural weathering at 18 sites across Europe for a weathering duration of 12 months (Round 
Robin test, of the COST Action FP1006 and FP1303). Every month one sample was collected and stored 
in a climatic chamber protected from light in order to avoid further degradation. Samples were 
characterized by means of several techniques in order to understand the different mechanisms which 
occur on wood surface during weathering. The following tests were performed: 

• Aesthetical changes 
• Colour 
• Imaging 
• Visual grading 
• Glossiness 

• Chemical changes 
• FT-IR 
• FT-NIR 
• UV-VIS-NIR 
• Micro NIR 
• XRF 

mailto:athdimitriou@hotmail.com
mailto:sandak@ivalsa.cnr.it
mailto:anna.sandak@ivalsa.cnr.it


• Morphological changes 
• Laser displacement sensor 
• Laser line 
• Focus depth measurement 

 

This study proved that the weathering effect is strongly influenced by the exposure location. The 
weathering kinetics showed similar trend in various magnitude among the different locations 
concerning the colour effect. The highest colour changes (ΔE) occurred in Turkey and the lowest in UK. 
It was also confirmed by the NIR spectra analysis that different chemical changes occur at the end of 
the weathering exposure because the spectral shape in both locations were different. This might be a 
result of diverse intensity of the degradation process, like hydrolysis and photo degradation, related to 
the specific weather conditions of the sample exposure. 

Similar conclusions were drawn from the MicroNIR data analysis by means of PARAFAC method. 
Furthermore, it was possible to accurately model the NIR spectral changes along the exposure duration 
and location (Figure 1a). Additionally, visual grading showed that human perception of weathered wood 
is related to various factors like colour, glossiness and surface roughness. By means of Multiplicative 
Linear Regression (MLR) analysis (Figure 1b), it was possible to identify that the dominant factor that 
affects the human perception of wood degradation state is predominantly the colour. Roughness and 
glossiness of the surface were less important variables for degradation state evaluation. Therefore, MLR 
model might be used as support for prediction of the consumer aesthetic perspective and acceptance. 

a)

 

b)

 

Figure 1:  a) PARAFAC model of micro NIR results, b) MLR model of morphological characteristics and 

weather degradation visual grading 
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This COST action started in October 2013 and an ambitious program was set up for four years. Among 

this a collaborative field test was planned. The idea of the cooperative performance test was to 

distribute a fairly simple test set up to as many places in Europe as possible in order to collect 

performance data reflecting the full range of climatic exposure conditions within the COST zone. 

Performance tables were exposed on 15th September 2014 at 27 different locations around Europe. A 

folding table with boards consisting of three different materials (i.e. Norway spruce, English oak and 

thermally modified spruce) was shipped as ready-to-use test object (Humar et al. 2014; Humar et al. 

2015.). The boards were fixed half with stainless and half with galvanized screws. The evaluation data 

were prepared for the last two years. According to the schedule the following parameters were 

evaluated: fungal decay, discolouration, development of mould and other staining fungi, corrosion of 

fasteners, formation of cracks, moisture performance (only in tables version A; see Humar et al. 2014). 

Detailed guidelines for assessment were prepared together with Excel forms enabling easier 

comparison of the results. 

At some locations, different versions of the tables were exposed. In this abstract the focus is on tables 

equipped with an electrical moisture data logger (Set version A) and without this electronical device 

(Set version B). After two years, we collected data from 15 locations in Europe. Colour changes were 

most prominent at all locations during first months of exposure. Samples became grey in the first year, 

afterwards colour changes were minor. After two years of exposure it was hard to find discoloration 

fungi on the upper side of the tables, because of greying of the samples. On bottom side discoloration 

was much smaller and stayed constant during exposure. After two years first decay and first fruit 



bodies were found on spruce samples exposed in Hamburg. At other locations and on other materials 

no decay was detected, yet.  

The most challenging task during assessment was the evaluation of cracks. Cracks on samples are close 

related with moisture content / wetness of samples. The time since the last rain event, during which 

the specimen was allowed to dry was affecting the crack assessment. For the crack formations wood 

fibre orientation was also important. Exposed samples had different orientation of tree rings, and 

therefore rather big differences were found even between samples of the same material. On average, 

English oak specimens showed more and smaller cracks and Norway spruce and thermally modified 

spruce had longer cracks.    

No corrosion was found on stainless steel screws after two years on all materials and locations. In 

contrast, galvanized screws corroded in English oak specimens and partly in thermally modified spruce 

specimens. On Norway spruce specimens, corrosion was found only on the bottom side of galvanized 

screws, which were fixed in copper based impregnated parts of the tables.  

 
Figure 1: Fruit bodies of Dacrymyces spp. on Norway spruce specimens exposed in Hamburg (left) and 

corrosion of galvanized screws on English oak specimens exposed in Ljubljana (right) after two years of 

exposure. 
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Service life of timber structures in outdoor conditions is predominantly affected by the climatic 

conditions in terms of moisture and temperature over time. On the one hand, the two parameters 

moisture content and temperature determine the exposure-induced dosage that can lead to fungal 

infestation and subsequent decay. On the other hand, the material resistance of wood stands in 

opposition to exposure and is itself affected by the inherent protective properties of wood and its 

ability to take up and release water in liquid or vaporous form. Other factors such as design details, 

in-use conditions, and maintenance are only indirectly affecting the service life of wooden structures 

and can be accounted for through the aforementioned parameters. 

Current rethinking within European standardisation bodies leads to the development of performance 

related classification systems for timber products and requires delivery of respective performance 

data (Kutnik et al. 2014). The first attempts for comprehensive approaches to predict performance of 

wood products have been made in the frame of European research projects (e.g. WoodExter, 

WoodBuild, PerformWood).  

A design principle inferred from a model approach to predict the field performance of wood based 

materials according to Brischke et al. (2014) and Isaksson et al. (2014) describes the climatic exposure 

on one hand and the resistance of the material on the other hand. Hereby acceptance for a chosen 

design is given if a load resulting from exposure conditions is less or at least equal to the material 

resistance (Fig. 1).  

 



Figure 1: Design principle 

Within the Swedish national research project ‘WoodBuild’ and within the European WoodWisdomNet 

project ‘Durable Timber Bridges (DuraTB)’ different exposure models (relationship between weather 

parameters and responding material climate) and decay models (relationship between material 

climate and responding decay) were developed. They have the potential to serve as instrument for 

design and service life prediction of timber structures. Several logistic decay models were applied and 

compared with respect to their feasibility to quantify direct and indirect decay influencing factors such 

as climate on macro, meso and micro level, topography, design details such as shelter through roof 

overhangs, end grain and side grain contact faces. 

However, there is still a need for a methodology to implement the durability and moisture 

performance of wood in an engineering design method and performance classification system. 

Recently, a model approach based on the combined effect of wetting ability and durability has 

therefore been applied to long-term field test data to predict field performance of wood (Meyer-

Veltrup et al. 2016). The concept does allow for quantifying the material resistance of untreated, 

modified and preservative treated wood using factors based on laboratory and field durability tests 

and short term tests for capillary water uptake, adsorption and desorption dynamics. 
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The production of wood-based composites (WBCs) has increased considerably over the past few 

decades and they have been utilized under conditions conducive to biological attacks. Unfortunately, 

these composites are prone to decay fungi and termite attacks if utilized without preservative 

treatments. There are two major procedures to protect WBCs and WPCs. The post-manufacturing 

treatment is applied after the production of such composites and does not require any modification 

in composite manufacturing lines while some side effects on mechanical properties are reported. In-

line treatments, incorporating biocides during the manufacturing process, might require some 

modifications on the manufacturing process but provides full protection throughout the board 

thickness. 

Alkaline copper quat (ACQ) and copper azole (CA) which have been accepted worldwide as 

alternatives to chromated copper arsenate (CCA), were evaluated as wood preservatives for post-

manufacturing treatment of WBC in the present research.  

Specimens were prepared from five commercially available structural-use wood-based composites: 

softwood plywood (SWP), hardwood plywood (HWP), medium density fiberboard (MDF) produced 

from hardwood fibers, aspen oriented strand board (OSB) and particleboard (PB) made of both 

hardwood and softwood particles. The specimen sizes were 100 mm x 100 x thickness for field tests. 

ACQ and CA were tested for their effectiveness at three retentions, respectively K1, K2 and K3 classes 

as designated by JAS.  

Untreated and treated wood based composite specimens were tested for their changes in mechanical 

properties due to preservative treatments by the JIS three-point bending method. A previously 

developed system to simulate performance of sill plates (dodai) in traditional Japanese homes was 

used in the field tests.  

 



                     

Fig. 1. Installation details of specimens and feeder stakes in the Living Sphere Simulation Field (LSF) of RISH, 

Kagoshima, Japan. 

The findings indicate that wood-based composites tested are not durable enough, even in protected 

above ground conditions, if they are used without protective treatment, with the exception of MDF. 

MDF displayed high natural durability and might be used under less hazardous conditions based on 7-

year exposure data. Post treatment with ACQ and CA at the retention levels tested significantly 

enhanced termite resistance of SWP, HWP, OSB and PB but failed full protection at the end of 84 

months’ period. 
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The research presented is a result of STSM performed within COST action FP1303. The goal was to 

develop a novel numerical model for computation of the weather dose (D), defined as an amount of 

energy provided to the system and affected the changes of material due to weathering, on the base 

of meteorological data and other geo databases. It could be considered as an alternative approach for 

assessing incursion of the environment, including longitude, latitude, solar radiation, rain and air 

humidity. The model provides a single (or multiple) indicator precisely quantifying the weather dose 

to be later used for determination/modeling of the aesthetical changes of biomaterials exposed to 

natural weathering as well as for technical characteristics influencing service life performance. The 

challenge is to apply the appropriate numerical procedures and algorithms to the available data, but 

most of all to define an original approach for the weather dose determination. 

A preliminary numerical model to be used for explaining weathering process of biomaterial (wood) 

was developed with a set of samples exposed in Ås (Norway). This test was conducted in parallel to 

the COST Actions FP1006 and FP1303 Round Robin test program, with higher frequency of sample 

collection. The test was conducted on the private building located in an open field, therefore allowing 

direct access of the sun radiation during the whole test. Five cycles of sample exposure were 

performed, each of 21 days duration. All samples within single cycle were exposed together, but the 

collection moment (and resulting exposure duration) was different for each sample. The collection 

frequency was 1 sample/set/day. Five consecutive cycles were conducted in total assuring the time 

shift of one week. The samples were stored after collection in a dark climatic chamber in order to 

avoid any further weathering. All the samples were carefully characterized after the experimental 

campaign including:  
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• NIR hyperspectral imaging 

• TGA 

• CIE Lab  

• FT-NIR 

• X-ray attenuation mapping 

The detailed weather data were acquired from the local weather station located closely to the 

exposure site. The weather dose (D), was calculated directly on the base of CIE L, CIE a, CIE b and CIE 

dE (as linear interpolation of the tabular values obtained with the fitting function). Alternatively, D can 

be calculated by means of the weather index obtained with chemometric modelling methods, such as 

PLS.  

The main goal of the developed software (Fig. 1) is to visualize the whole collection of the available 

results corresponding to each sample form the RR test, including: 

• appearance of the weathered sample 

• measured CIE LAB colour coordinates  

• modelled CIE LAB colour coordinates 

• RGB colour coordinates and distribution on the image (histogram) 

• weather data: (surface temperature, relative humidity, direct solar radiation, cumulative 

hours of relative humidity >80% and cumulative solar radiation during the period of the 

sample exposure). 

 

Figure 1. The user interface of the software usable for analysis of the weathered wood samples 

 

The software is recently updated to accommodate weathering data from other locations and 

visualization of the additional characteristics available for other samples 
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When an organic material is exposed to favourable moisture and temperature conditions as well as to 

degrading organisms, its functional and aesthetic service life can decrease. Fungi can cause structural 

damage and lead to degradation of bio-based materials (Bertron 2014, Dedesko & Siegel 2015). It is, 

for example, well known that most wood products used in outdoor environments must be protected 

against deterioration by decay fungi, such as white and brown rot fungi (Goodell et al. 2003).  

Vidal-Diez de Ulzurrun and co-authors (2015) developed an automated method capable of assessing 

fungal growth through time and space. The experimental set-up (Fig. 1) allows for a functional 

description of fungal growth dynamics and a quantitative mutual comparison of different growth 

behaviours. Through a combination of image analysis and graph theory (Fig. 2), several fungal growth 

features (area and total length of the mycelium, number of tips, growth angle, etc.) can be extracted 

from images of growing fungi (Vidal-Diez de Ulzurrun et al. 2015).   

 

  
Fig. 1 Scheme of the experimental set-up. 

The method has successfully been applied to the analysis of fungal growth for several fungal species 

(Coniophora puteana, Rhizoctonia solani, etc.), varying environmental conditions and varying 

concentrations of one particular growth medium, being malt agar (Vidal-Diez de Ulzurrun 2016). As 

this approach allows to quantify fungal growth of an entire mycelium in an automated way, we would 

like to examine its potential as a tool for fungal susceptibility testing of bio-based materials.  



 

  
      

 

 

 

For this purpose, the spatial structure of the bio-based material will have to be largely removed, as 

the growing height in the experimental set-up is restricted to 0.6 mm (Fig. 1). This restriction of the 

fungal growth to two dimensions is necessary because overlapping hyphae would otherwise not be 

identifiable. Removing the structure could for example be done by taking a micro section of a bio-

based material or by milling and creating a paste out of it. This approach is interesting, as the effect 

of only the chemical components of a material on fungal susceptibility can be examined when the 

spatial structure is eliminated. 
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Fig. 2. Summary of the complete process of fungal growth feature extraction from an image of Coniophora 

puteana growing in vitro at 75% RH and 20°C after 70 hours. a) Initial image; b) Preprocessed image; c) Binary 

ridge map; d) Mathematical graph; e) Fungal feature ‘total length of the mycelium’ as a function of time, the 

arrow indicates the area of the mycelium at the moment the picture on the left was taken. 
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Thermal insulation wood-based composites used in construction should have high insulation 

properties, which are influenced by i.a. density (Sekino 2016) and temperature (Troppova et al. 2015) 

and are significantly dependent on moisture content because with increasing moisture content 

thermal conductivity raises. This explains the importance of the initial moisture content of wood-

based boards and climate parameters under which they were stored before their intended use. 

Despite storage at the same air temperature and moisture, the equilibrium moisture content 

of boards does not achieve the same level, which impacts on the insulation properties. The relevant 

standards specify only conditioning the samples under controlled climate conditions immediately 

before testing, but do not include parameters of the samples before such conditioning. The aim of this 

research was to investigate the influence of pre-conditioning parameters on the equilibrium moisture 

content of selected wood–based composites for structural purposes. 

The investigated materials in this work were thermal insulation wood–based composites and 

construction and building boards (MDP, MFP, particleboard). During research the sorption properties 

were characterized to measure moisture equilibrium and determine the relative (respect to initial 

thickness) change in thickness. All the tested wood – based composites were divided into two 

categories: 

1) prior to testing dried at 105C to constant weight (0% moisture content); 

2) humidified in air with a relative humidity about 100% and at 23C to constant weight. 

Then all the samples were conditioned under the same air conditions (20C and relative 

humidity in the range of 30 – 35%). The weight and thickness of the samples were measured after 409, 

936 and 984 hours of conditioning. The moisture content was conducted by oven dry method, on 5 

samples from each board type. 

The results show that the preliminary preparation of the tested samples (dried or humidified) 
has a significant influence on their equilibrium moisture content. The selected results of the 
equilibrium moisture content measurement for the particleboard are displayed on figure 1 and for the 
insulation mat on figure 2. Samples humidified / dried and then conditioned under the same 
conditions finally do not reach the same equilibrium moisture (moisture content hysteresis). Among 
all the tested boards, the highest hysteresis value, 3.2%, was for the insulating mat and the lowest, 



1.6% for particleboard. Such high difference of equilibrium moisture content of wood fibrous 
insulation panel can significantly influence the insulation properties during use as well as when testing 
the thermal conductivity characteristics. 

 

Figure 1:  The equilibrium moisture content for the single layer particleboard 

 

Figure 2:  The equilibrium moisture content for the insulating mat 
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The present study focuses on some decorative features of coated surfaces of black alder wood (Alnus 

glutinosa Gaertn. L.) as a function of two eco-varnish types. Adhesion strength, surface glossiness and 

the effects of dry heat test and chemo-resistance were evaluated.  

Planed specimens made of black alder wood were subjected to parallel sanding with two grit sizes, 

100 and 150, respectively. Two eco-varnish products, such as 100% UV and water-borne, were applied 

by spraying in two layers under laboratory conditions. A light sanding with 220 grit size sandpaper was 

applied prior to the second varnish layer. The curing process was separately performed by using a UV 

unit for the samples coated with 100% UV product and the samples coated with the water-borne 

varnish were cured under laboratory conditions. 

The adhesion strength and the surface glossiness were measured with the help of the PosiTest-AT 

type adhesion tester and the PICO GLOSS 503 gloss meter, respectively. The resistance to dry heat was 

carried out to evaluate the effect produced by the contact of the coated surface with a hot object 

heated at the temperature of 70°C. The chemical resistance of the coated surfaces was determined 

by using four types of liquids, namely paraffin, water, alcohol and coffee.   

The samples coated with the water-borne product presented higher adherence values (1,39 MPa) 

when compared to those specimens varnished with the UV product (1,13 MPa). But the samples 

varnished with the UV product exhibited better glossiness at 60° geometry.  

The results after the dry heat test showed that the high temperature applied on the surface influenced 

the surface glossiness (Fig. 1).  

Alcohol was noticed to be the strongest agent, it produced the surface deterioration very fast, while 

coffee, paraffin and water did not produce much changes.  
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Figure 1:  Variation of gloss as a function of varnish type and resistance to dry heat 
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Thermal modification is an established form of wood modification, leading to enhanced dimensional 
stability. It may be used to add value to readily available timbers, not only due to greater suitability 
for joinery products resulting from reduced moisture movement but also aesthetic benefits. Thermal 
modification alters the colour, working properties, lustre and finish; it is also reported to assist in rapid 
transformation of the timber to a weathered silver-grey when used in building exterior cladding. This 
study was prompted by an interest in observing weathering effects under replicable conditions to 
compare thermally modified timbers.  

A QUV artificial weathering test based on EN 927-6 was conducted using twelve weeks of a combined 
UV rainfall simulation (6 days), with a one day exposure to humidity. This places significant strain on 
any paint films or glue joints, providing a challenging test method, enabling comparison of film 
performance and bonding. Samples were designed to minimise and to maximise the variety of strain 
at the glue-line by deliberately favouring matching (e.g. radial to radial) or poor (e.g. tangential to 
radial) combinations of growth ring alignment. In addition, combinations of mild and moderate 
thermal modification were placed in adjacent glue-lines. Samples were removed, measured and 
observed at each one week cycle. A polyurethane adhesive was used for all samples, and bonding 
remained good through the 12-week period. The performance of a high gloss varnish was also 
monitored. 

  



 

  



Updating the Reliability of cracked timber structures by using 

experimental results and numerical fracture model  

T-B Tran1, E. Bastidas-Arteaga1, Y. Aoues2, R. Moutou Pitti3, S.E Hamdi3, C.F. 

Pambou Nziengui3, E. Fournely3 

1 University of Nantes, Nantes, France thanh-binh.tran@etu.univ-nantes.fr, 

emilio.bastidas@univ-nantes.fr  

2 Normandie Univ, INSA Rouen Normandie, France younes.aoues@insa-rouen.fr  

3 Université Clermont Auvergne, Clermont-Ferrand, France Rostand.MOUTOU_PITTI@univ-

bpclermont.fr 

 

Keywords: Reliability, timber, cracks, Bayesian network, Cast3m, climate variations 

 

Introduction 

In timber structure, cracking initiation is frequently recognized as a main cause leading to structural 
failure (Riahi et al 2016). Especially, mechanical behaviours of timber are affected by environmental 
conditions: moisture, temperature, etc. These hydrothermal conditions could produce a higher risk of 
crack growth in timber structures (Dubois et al 2009). The fracture studies in timber structure 
therefore should take into accounts these conditions. In numerical modelling, the crack initiation and 
crack propagation are studied in terms of computing energy release rates (Moutou Pitti et al 2010). A 
limit state representing the collapse event of timber structures could be defined from the energy rate. 
However, in real practice it is difficult to obtain these parameters.  

This study aims to propose a methodology for assessing and updating the reliability of timber 
structures with cracks from experimental data and by coupling probabilistic approach and numerical 
fracture models. The proposed approach is based on updating of prior information by newly obtained 
measurements which is conducted by a Bayesian approach. The principle is to use coupled 
mechanical-probabilistic approach to generate a database for constructing a Bayesian Network (BN) 
representing for structural performance. An experiment on a beam Douglas wood exposed to external 
environment was developed to obtain real data about the variation of temperature and deflections of 
the beam. These data are introduced into BN for updating structural reliability. The results showed 
that this methodology is useful for reliability assessment of structures from experimental data. 

Results 

In the mechanical stage, a Finite Element Method (FEM) model on Cast3m is constructed for modeling 
a timber beam with cracking subjected to TVHM. In this model, the invariant integral A (including a 
temperature variation) are generalized to crack propagation in orthotropic media by using the MMCG 
(Mixed Mode Crack Growth) specimen which ensures the stability of the propagation path during the 
process in mode I, mode II or mixed mode. In the probabilistic stage, a number of simulations are 
performed and in each simulation, a vector of random variables representing for a set of input 
parameters is generated for processing the FEM model. The output from each FEM processing is the 



displacement and the energy release of the beam. The input and the output data from the numerical 
model are used to construct the Bayesian Network (BN). Structural reliability assessment is updated 
by introducing measurement data into BN as evidences. Real data from experiments (temperatures 
and deflections) (Figure 1a) are introduced into BN as evidences for updating the probability of failure. 
Results from BN updating presented in Figure 1b reveals that the increasing in temperature and 
deflection will increase significantly the failure risk of the timber structures subjected to crack.  

 
Figure 1. (a) The measurements of temperature and deflection; (b) The updated probability of failure. 

 

Conclusions 

In timber structures subjected to cracking, the variations of temperature and deflections have 
important influences on its serviceability and safety. This research proposed a coupled mechanical-
probabilistic approach with Bayesian Network (BN) to facilitate the representation of the structural 
performances. The obtained results showed that this approach is useful for assessing and updating 
the reliability of timber structure from experimental data.  
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The aim of research was to determine the physico-mechanical properties of densified floorboards. The 

floor elements (70x490x11mm) consisting of 3.8 mm thick wear layer were subjected to hot rolling 

densification. During modification, temperature of hot rolls and a rolling pressure were a variable 

factor, influencing a thickness of surface deformation.  

To evaluate the influence of densification parameters on physico-mechanical properties, 5 groups of 

samples were tested: 

- 0 - control sample, not densified, 

- 1/100 – samples densified by 1mm using hot rolls with temperature of 100ºC, 

- 2/100 – samples densified by 2mm using hot rolls with temperature of 100ºC, 

- 4/100 - samples densified by 4mm using hot rolls with temperature of 100ºC, 

- 2/200 - samples densified by 2mm using hot rolls with temperature of 200ºC. 

 

Within the framework of studies, the density distribution in floorboards were determined (fig. 1), 

which allowed to define the thickness of upper layer of modified surface, as well as its adjustment 

along the element. An increase in density was observed in case  of samples with modified surface.  

 

Additionally, the hardness of the modified surface was determined on the basis of EN-1534 standard. 

According with the recommendations of the standard, a steel ball was pressed into the surface with 

force value of 1kN by 25 seconds. After that, a diameter of the interference was measured using a 

microscope, combined with a digital camera and a software NIS-Elements D2.30. The test results for 

the different variants of materials are shown in fig. 2. It was observed that modification of the surface 

layer of the floorboard increases surface hardness, however the impact of wood anatomy and 

anisotropy of the surface layer is noticeable. 

 

The next stage of the study included surface wettability and surface free energy determination. Then 

scratch and abrasion resistance was determined for each of group of samples. It was found that an 

increase in the temperature of surface modification increase its fragility, which negatively affects the 

resistance to scratches and abrasion.  

 



 
 

Fig. 1. Density distribution in floorboard of 1/100 group 

 

 

Fig. 2. Hardness of the modified surface 
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Introduction 

Durability of wood windows is especially important issue in times when energy efficiency, natural 
resources management and carbon cycle of products have great value. It greatly depends on several 
important factors: material selection, physical protection and detailing, surface protection, installation 
and regular maintenance. Moisture content and its distribution over the cross section of window 
frames directly influences dimensional (in)stability, particularly bowing and distortion.  Therefore, the 
scope of this work was to monitor the distribution of moisture content of wood windows during one 
year period in order to get detailed insight into the influence of site orientation to the risk of 
degradation of wood.  

 

Materials and methods 

Four different windows of the family house in continental Croatia were taken as a material for this 
research. Measurements were taken on several different windows placed on comparable positions of 
the family house facing east, west, north and south during one year period. All the windows were 
partially protected with the roof overhang, leaving their lower parts exposed to weathering. In order 
to get the insight into the moisture content distribution over the cross section of the frame, three 
pairs of electrodes with insulated shafts were used at each measuring position. MC was measured 
using electric resistance moisture meter, and exterior weather conditions data (air temperature, 
relative humidity, precipitation) were taken from the local meteo station. Interior conditions 
(temperature, relative humidity) were also regularly monitored. 

 

Results and Conclusions 

Comparison of the distribution of moisture content (MC) on 4 different windows on comparable 
positions facing east, west, north and south, placed 3 m above ground is performed in the corner of 
the lower window frame.  

The results of the measurements in the outer zone of the frame (Figure 1) indicate that, during one 
year period, the lowest maximum moisture content was detected on the window facing south (14,5%), 
east (16,5%), west (19,5%) and the highest maximum was measured on the window facing north 
(21%). The maximum MC of wood materials in external windows as defined in EN 14220 should not 
exceed 15% in most European countries, and MC over 22% at 20 °C during the period longer than 2 
weeks poses a great risk of biological infection. Based on the results presented here (Figure 1) it is 
evident that the windows facing north have MC over 15% already from early September until the first 
half of August, windows facing west have higher MC from mid September until late April, windows 
facing east reach 15% in December, and maintain such values until early April, whereas windows facing 
south never reach 15% MC at this measuring position. At the same time, windows facing north 
attained MC close to 20% from late autumn until spring. 



Minimum MC values also differ significantly, depending on the side of exposure. The lowest minimum 
MC was detected on the window facing south (9%), east (10,5%), west (11,5%) and the highest 
minimum was measured on the window facing north (15%). The minimum MC of wood materials in 
external windows as defined in EN 14220 should not be below 11%. Only windows fully exposed to 
south exceeded that limit during late summer period. 

 

  

  

Figure 1: Influence of site orientation (east, west, north and south) to the seasonal fluctuations of wood moisture 
content in wooden windows measured on comparable position of the window frame 

 

Moisture content values in inner zone are in much narrower range compared to the outer zone during 
monitoring period. The lowest and the most uniform MC values are measured in south position (10 - 
12 %), and the highest and widest MC range was detected in north (13 - 17 %). The distribution of MC 
between the outer, mid and inner zone also depends on the exposure site, the lowest differences 
were measured in south and the greatest in the north side. The greatest differences (up to 6%) were 
detected during winter period. The smallest differences in MC (1 - 2 %) were detected in summer. 

Provided that windows are installed and maintained properly, east, west and south exposition will 
always attain significantly lower moisture content compared to north side. This is mostly due to 
absence of direct sun in the north exposition which would facilitate the reduction of wood moisture 
content to the acceptable range. 
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Black locust (Robinia pseudoacacia L.) is fast-growing, durable, malleable, ductile, and versatile. The 

tree is characterised by its richness of colour. Its sapwood is light yellow to light yellowish-brown, and 

its heartwood is greenish to yellowish brown. In the past, Robinia has been used mainly for firewood, 

rather than for visible structural elements (e.g., upholstered furniture frames). Today, it has become 

a valuable raw material for interior decoration. This radical change of perspective is caused by the 

various breeding procedures which make it possible to change the colour of mottled wood or 

homogenise its colour (Tolvaj et al. 2010). The fast-growing Robinia varieties achieved yields of up to 

200% compared with the traditional varieties (Fig. 1). Based on previous mechanical and physical tests, 

they might become an important industrial raw material. The primary goal of our work was to display 

the colour variability of Robinia varieties (clones) with high growth rates. Increased growth rate 

achieved by the breeders are likely to affect the colour of the wood, which affects its interior use and 

interior design. In total, 26 strains of 10 different fast-growing Robinia varieties from six East 

Hungarian regions were investigated. In total, 4 strains of 3 different non-fast growing Robinia 

varieties served as the control (Table 1). Colour analysis was carried out according to the CIELab colour 

system. The measurement was made on the radial surfaces. 

 

Figure 1: Control Robinia disc (Left, Variety code: O; Age: 20 years) and New Variety disc (Right, Variety 

code: A54; Age: 10 years) 

 



Table 1: Basic data of the Samples 

 

Standard deviation of the colour coordinate values is, in general, higher for fast-growing varieties. In 

addition, many outliers and extreme values of all colour coordinates could be observed, which is not 

typical of the control (non-fast-growing) varieties. However, there was an exception among the fast-

growing varieties (A32), in which case none of the colour coordinates showed higher standard 

deviation compared to the non-fast-growing varieties (Fig. 2). 

 

Figure 2:  Typical samples of a control (O), a fast growing variety with low colour variation (A32), and 

two samples of fast growing varieties with high colour variation (B7 and B2) 

There was no correlation between the mean annual ring width and the standard deviation of the 

colour coordinates. Namely, the higher colour variability is not primarily due to the higher growing 

rate. It is considered that when comparing the colour variability of the different varieties from the 

same growth sites, the higher standard deviation of the colour coordinates by the fast-growing 

varieties is a varietal, genetic characteristic. No significant differences were found among the different 

varieties in case of the mean colour coordinates. It is not possible to determine the applicability of the 

Robinia wood according to the mean colour values of the heartwood or sapwood, from an aesthetics 

viewpoint. It is necessary to investigate the standard deviation of the colour coordinates to show the 

colon variability and the applicability for aesthetical aspects of the different varieties. 
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A2 I; IV; V; VI 1985; 1995; 1997; 1999 2005 4 108.57 49.47 6.03 2.99

A7 I; IV; V 1985; 1995; 1997 2005 3 108.94 53.26 6.05 2.61

A32 I; III; V 1986; 1995; 1997 2005 3 113.63 10.43 5.88 2.70

A33 I; III; V 1986; 1995; 1997 2005 3 106.67 21.82 5.93 3.07

A54 I; III; V; VI 1986; 1995; 1997; 1999 2005 4 114.19 38.38 6.96 3.57

B2 I; II 1997; 1999 2005 2 123.55 46.71 11.23 7.15

B7 I; II 1997; 1999 2005 2 135.44 23.93 13.54 3.46

B32 I; II 1997; 1999 2005 2 120.13 65.78 12.01 6.12

B33 II 1999 2005 1 150.86 22.32 13.71 4.62

B54 I; II 1997; 1999 2005 2 130.9 37.17 11.90 8.68

0 III; IV 1985; 1986 2005 2 101.19 49.78 3.99 1.63
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The main technological processes related to the installation of wooden floors consist in preparing the 

subfloor, placing the floor elements and fixing them to the subfloor and finishing the parquet surface, 

protecting it against destructive factors resulting from usage. Modern biobased materials can be used 

at every stage to successfully replace solid wood in reconstructed floors, as well as selected products 

used for antique floor conservation, whose application is justified by substantive reasons related to 

the protection of historical buildings or to the safety requirements protecting people inside such 

buildings. 

The principles of protection of historical wooden structures defined in the ICOMOS IWC Charter 

(Mexico, 1999) stress the necessity of using traditional means (Art. 5), admitting however the 

possibility of replacement in case of decay or damage of structural elements or parts of the 

construction, or in line with restoration requirements, permitting contemporary materials or 

reinforcements. The criterion to admit modern biobased materials for conservation works in floors of 

historical buildings is based on the confirmed efficiency of materials and technologies, as well as the 

lack of negative impact on the technical, historical, artistic and aesthetical value of the antique object 

or structure. Therefore, this issue refers mostly to covered structural elements such as joists or the 

decking, contributing, to a large extent, to longer durability of wooden antique parquets, often having 

decorative character.  

In view of the safety during further usage of historical wooden structures, the new materials 

introduced into them should meet the requirements of European construction standards [Rozanska 

et al. 2012, Policinska-Serwa et al.2016]. The joists and the remaining elements - such as binding joists 

and posts - have to be designed in accordance with the requirements of Eurocode 5 (EC 5). Structural 

elements can be made only of wood approved for construction applications, that is: coniferous wood 

(spruce, pine, fir or larch) that has been strength graded and has a defined strength class C 24. The 

wood has to be marked with the CE mark and should fulfill the requirements of the EN 14081 standard. 

Considering that in construction practice joists should be made of impermeable or impregnated 

materials, apart from the most popular solid pine, joists made of plywood strips or OSB boards fixed 

to the subfloor are also used. These materials do not require additional impregnation with biocides.  



The decking - so called blind floor - is fixed to a structure made of beams. Traditionally, decking was 

made of solid wood planks that nowadays are often replaced with OSB 3 or 4 in conservation. The use 

of OSB panels can be justified by the need to level the surface in floors exposed to intense pedestrian 

traffic and highly variable dynamic loads caused by the foreseeable manner of usage. The thickness of 

planks as well as the amount and type of joints have to result from calculations, in line with the 

EN 1991-1-1 standard, or tests carried out in accordance with EN 1195 and EN 12871 standards. Planks 

require a large number of joints and tend to bend and curl, which is why in conservation works they 

are often replaced with engineered wood boards in the decking, provided that they meet the 

requirements of the EN 13986 standard, have the CE mark and are specifically dedicated for 

construction applications in floor decking - which has to be specified in the usage property declaration 

and usually also indicated by a special mark on the board - the word "floors". In case of decking made 

of OSB 3 panels it is necessary that the longer edges of the boards be supported by joists and 

connected above their axis, with expansion joints between adjacent boards of at least 2-3 mm. If the 

floor is intensly used during conservation works, two layers of OSB 3 panels are used, each at least 

11 mm thick, overlapping one another as far as joints are concerned, but respecting the rule of 

connections placed over joists and expansion joints in each layer. Additionally, panels with profiled 

connections can be applied (working with a so called bigger surface, which eliminates local deviations 

from the horizontal plane that tend to cause damage to parquets). 

The span between joists is defined both for decking made of planks and engineered wood boards, and 

in both cases it depends on the decking thickness. A manual published in the 1930s recommended to 

place joists every 450 mm if the blind floor made of planks was 25 mm thick; every 650 mm if the 

planks were 33 mm thick; and 800 mm in case of planks that were 38 mm thick [Mielnicki 1938]. The 

span between joists recommended for OSB panels is more favourable and amounts to 400 mm for 15-

18 mm thick OSB, 500 mm for 18-22 mm thick OSB, and 600 mm for OSBs over 22 mm.  

In conservation works, it is recommended to use traditional wood surface finishes - oil or wax. A good 

solution consists of contemporary parquet oil that can be additionally finished with wax oil. Linseed 

varnish darkens the wood surface too much, while the application of hot wax is troublesome and 

requires adequate qualifications. Contemporary parquet oils dry easily and have a pleasant smell, 

while their resistance to abrasion and scratches is comparable with antique finishes [Rozanska et al. 

2013]. 
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Climate neutral grocery shopping is a goal that implies turning every stone to also minimize the CO2 

footprint of the grocery store. In Norway, several leading food retailers have included wood as a part 

of their search for optimal climate solutions.  

The climate in grocery stores is influenced by several factors, among other things internal factors 

that originate from the inside of the building. These internal factors include large amounts of surplus 

heat and areas of potential condensation and water spills from cooling equipment. Condensation 

occurs especially when fresh foods that hydrate moisture are exposed to temperature drops in 

cooling and freezing zones. Additionally, the air temperature inside the grocery store has to be 

limited to 27°C to prevent goods from melting. At the same time, customers expect comfortable 

indoor climate, and employees demand a safe and pleasant work environment. Conditioning spaces 

requires in addition to temperature management, control of ambient and local relative humidity and 

emissions. 

Careful management of the internal factors is essential and hygroscopic materials can play an 

important role as they buffer humidity and energy. The buffer capacity of wood fits well with the 

climate conditions inside a grocery store. Wood mainly contributes to humidity buffering, but at the 

same time reduces the need for cooling and heating significantly. The term hygrothermal mass is 

defined to explain this potential effect of wood, see Figure 1. The use of wood in structural and 

interior application of grocery stores is estimated to save about 20 000 kWh per year compared to a 

conventional grocery store.  

 

Fig 1. Sorption heat from wood can counterbalance fraction of the heat losses Thus a potential for 

energy savings is provided, defined as hygrothermal mass.  



Building with wood requires awareness of possible risks related to moisture, but also the potential to 

lower the operating cost of buildings by integrating the beneficial properties of wood. The positive 

potential of moisture buffering has hardly been studied and not found used deliberately in grocery 

stores by the authors. The current poster describes results obtained in an environmental friendly 

grocery store opened in 2016. Figure 2 shows the measurement set up at Kiwi Fjeldset, at Elverum in 

Norway. The logging has been ongoing since February 2016. In addition to normal supermarket 

climate control wood weight, temperature, ambient air humidity and temperature is measured.  

In addition to its buffering capacity, wood is a CO2-efficient substitute for other building material. It 

lowers the CO2 spill in any new build or renovation project. To display the substitution effect of 

wood, three grocery stores with extensive use of wood materials in the building construction are 

compared to traditionally built stores.  

 

 

Fig 2. Set up to measure potential hygrothermal mass is measured in the supermarket Kiwi in 

Elverum, Norway.  
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Medium Density Fibreboard (MDF) is an engineered wood panel product composed of refined virgin 

wood fibres, mixed with resin and wax and pressed into flat sheets under pressure and at elevated 

temperature. It is mostly used for furniture production and, like plywood, as a building material. It is 

often confused with particleboard, but MDF is far easier to handle with industrial machinery and it 

has a smooth surface that is ideal for applying surface finishes or paint. 

Approximately 1 million tons of MDF are used in the UK every year, 13 million tons in Europe and 25 

million tons worldwide.  The material has been embedded into furniture, shop fittings and joinery 

products for over 40 years and so extensive volumes of post consumer waste will need to be processed 

in the coming years. In a report the Waste and Resources Action Programme (WRAP) (2009) stated 

that conservative estimates suggested over 150,000 tons of MDF waste from the UK furniture sector 

alone were either disposed of in landfill sites or burnt without energy recovery. 

MDF recovery and the BioComposties Centre have developed an innovative technology to reprocess 

medium density fibreboard (MDF). The process now developed consists of a wet phase, grading of the 

waste, mechanical dewatering, flash drying and finally decontamination.  

Recent work has shown that panels made with a proportion of rMDF fibre do not exhibit major colour 

differences from those made with 0% rMDF and therefore the panels will accept lamination without 

any bleed through of colour (figure 1). It has also been demonstrated that the MDF can be profiled 

with a router as well as virgin MDF.  



 

 

Figure 1: Panels manufactured with different additions of rMDF fibre 
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Abstract 

The use of insulating materials is particularly important in the construction industries, particularly with 

regard to the use of wood and naturally occurring substances.  The use and durability of natural 

materials as insulating materials is of keen interest to many construction experts, and continues to be 

a topic of intense investigation.  It is generally agreed that the use of natural substances as insulation 

is possible if certain harmful influences are prevented or controlled. We investigated plant material of 

the cattail (Typha spp.) which consists of long, tear-resistant fibers and a compressible sponge-like 

tissue. The test material has a low specific density of 0.65 kg / m³. Test specimens consist of insulating 

panels which would typically be used in walls and roofing areas, as well as inside living areas. 

It is especially desirable that the cattail-based insulating material be suitable for use in tropical 

environments where the insect and decay hazard is more severe than in temperate climates. 

In our research, we examined the resistance of a cattail-based insulation material against destruction 

by termites. Objectives of the testing were to determine resistance against termites and to assign a 

durability class to the test material.  

The experiments are in accordance with the European standard EN 117 and EN 118. The termite 

species Reticulitermes santonensis de Feytaud is the test organism. The test specimens have 

dimensions of 50 x 25 x 15 mm, and the test duration is 56 days. The test arrangement includes three 

different variations: the Forcetest is a test with only one specimen in a vessel; the Choicetest includes 

two specimens; and the Controltest demonstrates the behavior of termites under optimal conditions. 

The test results are discussed with emphasis on the possible use of cattail-based insulation material 

in tropical countries where the termite hazard is of particular importance. 
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Introduction 

The assessment of reliability of existing timber truss subjected to degradation is an important task for 
taking decisions on inspection, maintenance and repair actions (Brites et al., 2013). Several kinds of 
uncertainties related to wood properties, structural dimensions, and load fluctuations are involved. 
Furthermore, the mechanical properties of timber structures over the time are affected by a 
combination of loading, moisture content, temperature and biological activity. The design of timber 
structures considers these uncertainties through the use of prescribed partial safety factors 
recommended in the code of practice as Eurocodes 5. The use of these partial safety factors in 
designing new timber structures generally leads to safe structures. Nevertheless, the timber resistance 
capacity is affected by the load duration, moisture content and  biological activity. The exposition of 
the unprotected timber truss to high relative humidity exposure and high moisture content of wood 
can lead to bio-deterioration of timber with decay fungi. This deterioration reduces the strength 
capacity of timber structures. Unfortunately, the decay deterioration of the wood material is not 
appropriately taken into account in the calibration of the partial safety factors. 

In order to overcome these limitations, the reliability analysis can be used to assess the safety of 
existing timber structures with including the effects of decay on structural safety. This study proposes 
the use of the time-variant reliability approach to analysis the safety of the timber truss subjected to 
decay degradation under various climate change scenarios. The time-variant reliability aims at 
computing the probability of failure during the whole structure lifetime, when the time dependency 
lies in the loading and the degradation phenomena. Where the load and the climate parameters 
(temperature and relative humidity) are usually randomly varying in time and should be modelled by 
random processes (Andrieu et al. 2002).  

Results 

The deterioration processes and the structural behavior of timber structures are complex, nowadays 
the deterioration models are not able to account for all influencing factors. Consequently, this study 
is based on an empirical model that was derived on the basis of previous in-lab experimental studies, 
Viitanen et al., (2010)  developed a model for the decay growth of brown rot in pine sapwood under 
variant climate conditions. Figure 1a) presents the random process trajectories of humidity and 
temperature considered as major parameters of the climate changes. Figure 2b) present the profile of 
the reliability index of the Ultimate (ULS) and the Service Limit states (SLS). These results reveal that 



for the first scenario of the climate change the ULS and SLS limit states verify the target reliability 
levels. In the second scenario the reliability index of these limit states is below the target reliability 
levels.   

 

 
 Figure 1. (a) Temperature and relative humidity random process ; (b) The time-variant reliability index profile 
for Ultimate (ULS) and Service (SLS) Limit States 

 

Conclusions 

This study proposes the use of e time-variant reliability approach  to predict the probability of failure 
of timber truss element members under biological degradation and climate changes, function of 
temperature and humidity. The structural lifetime of timber trusses depends on the relative humidity 
in different combinations with temperature and exposure time. Together, these factors can 
deteriorate the material by developing mold surfaces. 
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One of the main objective of French ANR project CLIMBOIS N° ANR-13-JS09-0003-01, is to know the 

impact of climatic variations on the behaviour of timber structures. To reach this goal some tests are 

performed on notched beams of European species. This work presents the first experimental results 

of creep test carried out on a notched beam of Abies Alba Mil. 

Material  and Methods  

According to European code Eurocode 5, a notched beam of Abies Alba Mil has been dimensioned as 

presented on figure 1a. Then, the beam is submitted de environmental effects coupled with creep 

loadings induced by a four points bending during 5 days until the total collapse, Figure 1b. During the 

test, there appeared cracks at the right of the notches on the four faces of the beam, a daily follow-

up of the opening and propagation of the tips of cracks versus the climatic parameters (Temperature, 

HR) is carried out. 

 

Figure 1:   Scheme of notched beam tested (a). Real experimental devices (b). 

Results  

Figure 2a shows the propagation of the tips of cracks of the four faces versus the climatic parameters 

(Temperature T, Relative Humidity HR). Between the times 70-80H there are a pronounced impact of 

T and HR on the propagation of the tips of cracks. Figure 2b shows also the influence of T and HR on 

1200mm                    1200mm 1200mm

60 mm

180mm

3900mm

Constant concrete load

(a) (b)



the opening of crack during the test and before is break. We can remark that there is a correlation 

between the opening of crack and the augmentation or the diminution of T and HR (figure 2b, 0-40H). 

These experimental results (Figure 2) are in an accordance with the results obtained by (Pambou et 

al. 2016) on the Pseudotsuga menziesii J.L.  The evolution of the deflexion versus environmental 

parameters will be investigated in the coming works. 

 

Figure 1: Propagation of cracks versus climatic parameters (T, HR). 
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The study focused on the emission behaviour of wood and the occurrence of corrosion on lead 

coupons due to these emissions when both materials were combined in a modified Oddy test (Oddy 

1973, modified). Wood may not seem like a challenging environment for corrosion but by its porous 

micro- and ultrastructure wood has complex interactions with water that greatly affects its physical, 

mechanical, and chemical properties, including corrosion (Zelinka 2014). Wood can be considered as 

one of the major emission sources of formaldehyde and other volatile compounds. During the kiln 

drying of wood, the hydrolysis of cell wall components (cellulose, hemicellulose and lignin) leads to 

formation of furfural, formaldehyde and very volatile acids, e.g. acetic and formic acid. In addition, at 

a relative humidity of 20 % an initial molecular layer of water on the metal surface can react with 

atmospheric formaldehyde to produce formic acid which in turn causes metal corrosion (Hatchfield et 

al. 1986). 

The selected test set up consisted of wood species which are known to have low emissions such as 

Alder, and wood species with expected higher emission rates such as Ash and Oak. Six samples of each 

species were impregnated with a buffer-solution and were dried under vacuum conditions along with 

further six untreated samples to an absolute dry state. According to Cole (1979) a pH range of 3.3 to 

7.2 for hardwoods (e.g. 5.5 for Alder and 3.3 to 3.9 for Oak) was found. All pH measurements were 

made with a WTW pH meter, Model inoLab according to the technique of Lambuth (1967). In this 

study the measurements of the emissions from wood were performed based on ISO 16000-10 (2006) 

with a micro-chamber. Specimens were installed under constant conditions with respect to 

temperature, relative humidity and air exchange rates. The samples were prepared according to ISO 

16000-11, formatted (Ø 40 mm) and stored in a conditioning room (23 ± 2 °C and 50 ± 5 %). Prior to 

the tests, fresh surfaces were planed. The stainless steel cell allowed a controlled climate at 23 ± 1 °C 

and 50 ± 3 % RH. Using the Oddy test (Oddy 1973), potential damage of art objects through 

formaldehyde and organic acid (formic and acetic) vapour is seen to accelerate by the addition of a 

small amount of water (1 ml), elevation of temperature to 60 °C and storage for 28 days; this prompts 

the evolution of potentially corrosive gases from the test material and metal corrosion reactions. 

The impregnation with the buffer solution led to the intended effect. The results showed that the 

buffer system with a pH value of 7.2 caused an increase of the pH values of the three different species: 

Alder (6.22 to 6.65), Oak 4.72 to 5.27) and Ash (5.82 to 6.82). The subsequently performed 



investigations of the emissions and the degree of corrosiveness were affected by the decreased acidity 

of the specimens (Fig. 1). 

 

 
a) untreated b) treated 

 
 c) untreated d) treated 

 

 

 

Figure 1:  left: Sum of emissions of aldehydes consisting of C>2 (i.e. furfural, hexanal, heptanal, octanal, 
nonanal and decanal) AN = Ash untreated, A = Ash impreg., ON = Oak ut, O = Oak i., ALN = Alder 
ut, AL = Alder i.; right: lead coupons removed from Oddy test-vessel 

The results indicated the positive influence of the buffer treatment on the chemical compounds. 

However, acet-, formaldehyde and VOCs possess very little corrosiveness towards materials like 

textiles, paper and metals. By contrast, vapours of organic acids (formic and acetic acid) are known to 

be reactants in the metal corrosion. This became visible after the Oddy tests when lead coupons were 

removed from the test vessels. Due to increased amounts of water available in the vessel, the results 

became more pronounced to the point of being rated as unsuitable because of heavy corrosions. 

Possibly usage of biobased products is limited in sensitive environment. 
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Project Competitive wood-based interior materials and systems for modern wood construction, 

Wood2New, has explored the use of wood in interiors from various perspectives. The scope of work 

included technical material properties like hygrothermal and moisture buffering capacity of wood 

material (Kraniotis et al. 2016), and emissions of Volatile Organic Compounds (VOC) (Weigl et al. 2016), 

but also intangible aspects of material use like end-user perceptions of wood material and built 

environments (Cronhjort et al. 2017).  

Research has shown that wooden surfaces can moderate humidity fluctuations of indoor air, but these 

functional properties of wooden surfaces are not yet widely exploited in the indoor environment. This 

paper shows examples of interiors with varying amounts of exposed wood and discusses the possible 

potential of various wooden solutions and coatings. 

Figure 1 shows an overall image of selected spaces. Case examples include meeting rooms and care 

environments used in the study of Cronhjort et al. (2017). Their careful collection of background 

information of the spaces provides information for the assessment of a more functional use of wood 

in discussed spaces. In many real cases the functional properties of wood are not fully utilized. Studies 

have shown that coatings decrease for example the moisture buffering capacity of wood material 

significantly (Vahtikari et al. 2016), but this seldom affects the choice of coating materials (Paloheimo 

2008). Coatings are important factor also regarding the cĺeanability of wooden surfaces which is of 

importance for many people as the recent surveys show (Cronhjort et al.; Mace et al. 2107).  

 



 

Figure 1: Overall image of the case examples. Images: Ira Verma, Laura Zubillaga, Janne Pihlajaniemi and Tomi 

Tulamo. 
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Fast, non-destructive and efficient markers are currently required in the field of wood modification 
industry in order to be used for the estimation of the thermal treatment degree of wood (Willems et 
al. 2015). Spectroscopic methods were proved as valuable tools for non-destructive determination of 
many wood properties (Sandak et al. 2016). Hardness, mass loss as well as surface elasticity are 
physical properties that can be determined with minimal impact on wood and could also be used as 
markers of the thermal modification degree (Willems et al. 2015). Purpose of this collaboration was 
to evaluate the potential of NIR spectroscopy for non-destructive evaluation of hydrothermally 
treated wood. Beside of NIR, also other spectroscopic techniques were tested within this 
collaboration. The main steps of the research are presented along with some indicative results, since 
the data processing and analysis are still ongoing. 

Beech (Fagus sylvatica L.) specimens with dimensions of 40mm x 40mm x 22mm were produced from 
defect-free sapwood. In order to facilitate comparison between treated and non treated wood, the 
specimens were cut in adjacent pairs, as explained in other works (Hansson and Antti 2006). 
Consequently half of the specimens were hydrothermally treated in a closed system using saturated 
steam at 110, 140, 170 and 200°C for intervals of 10, 30, 60, 120 and 240min. 5 specimens per 
treatment were used. All specimens were then conditioned in a constant climate of 65RH/20°C and 
used for the determination of Brinell hardness, surface elasticity. Hardness and surface elasticity were 
determined according to methods used by Niemz and Stübi (2000) and Rautkari et al. (2011). Spectra 
were acquired by using FT-NIR VECTOR 22-N (Bruker Optics GmBH) at 5 spots over each sample 
surface; four around corners of the sample surface containing the indentation mark of and one directly 
on the indentation area. A dedicated sample holder was constructed in order to assure measurements 
on the corresponding regions of both treated and reference specimens. The same procedure was 
performed on the respective paired samples and comparative spectra corresponding to treated and 
non-treated wood were acquired. The spectral range measured was between 4000cm-1 and 12000cm-

1. Halogen lamp served as the source of infrared light. The system was able to measure the spectra 
with a resolution of 8cm-1 and each spectrum has been computed as an average of 32 successive scans, 
in order to reduce the measurement error. All measurements were performed in the same climate 
conditions (climatic chamber 65RH/20°C.) In addition to the above measurements, FT-IR (in 
reflectance mode), UV-VIS (with probe and with integrating sphere) as well as custom made 
hyperspectral imaging system were used in order to acquire complementary information.  

Spectra were preprocessed (extended multiplicative scatter correction) for multivariate analysis. 
Various chemometric methods were implemented for data analysis and mining. These included 
Principal Components Analysis, Partial Least Squares, 2D spectral correlation, among others. 
Particularly, PLS modeling was utilized to develop models predicting hardness, surface elasticity and 



mass loss change on the base of NIR spectra. The possibility for developing quality control routines 
based on NIR spectroscopy was also explored.  

From the up to now analysis of the data very promising results came up concerning the correlation of 
treatment conditions against hardness, surface elasticity and mass loss. Multiple Linear Regression 
(MLR) analysis showed strong correlation of the predicted against the reference values. The results 
will facilitate better understanding of the degree of wood thermal modification. Proposed non-
destructive methods might be used for on-line process control and for further optimization of the 
thermal treatment. It is expected that developed quality markers might assure well-defined 
improvement of material properties and contribute to the estimation of overall performance of wood 
as a building component. It should be clearly noted that due to the large volume of data acquired the 
analysis are still ongoing. The outcomes presented in this paper are only a small indicative part of the 
results that will come up upon completion of the analysis using all methods for all reference and 
estimated parameters. 
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Introduction 

Recent decades have marked a shift of focus towards a sustainable economy, and renewable energy 

and material use. With it came a new trend in building construction and design – namely, sustainable 

design. Sustainable design aims to decrease the negative effects the modern built environment has 

on nature: energy, water and material consumption, as well as waste production. This type of building 

design goes hand in hand with creating a built indoor environment that reduces negative health 

outcomes for people using it. Kellert (2005) argued that merely mitigating the adverse impacts on 

health isn’t enough, driving the next change in building design paradigms towards restorative 

environmental design, and more recently, restorative environmental and ergonomic design (RED and 

REED, respectively). These amalgamate the ideas of environmentally sustainable design with the 

inclusion of nature into the built environment as a means to cater to the human affiliation to other 

life and life-like processes and thus promote health and well-being (Browning & Clancy 2014, Hartig 

2004, Kaplan & Kaplan 1989, Kellert 2005). Therefore, our goal was to explore psychological 

mechanisms which drive these well-being and health promoting effects of nature in the built 

environment. A web survey was performed to (1) determine how the design of office spaces is linked 

to employee well-being and (2) assess the state of office spaces in Slovenia with regard to their 

adherence to the principles of REED. 

Methods 

Following a review of literature covering the introduction of bio-based materials and elements that 

reflect nature into the built indoor environment, key findings were itemized to form a questionnaire 

that was used in the study. Attention was given to the inclusion of wood as a natural element in office 

design. Participants were asked to rate the presence of visible wooden surfaces in their offices, as well 

as the haptic pleasantness of these surfaces. To measure restorativeness, the modified Perceived 

Restorativeness Scale (PRS; Pasini, et al. 2014) was included. 401 responses from office workers 

employed in various businesses in Slovenia were analysed using structural equation modelling. 

 

 



Results 

Our model revealed a relationship between various aspects of the presence of nature in office space 

and employee well-being. The model fit was assessed using multiple indices and compared with 

recommended values (Dion 2008). The presence of elements of nature (which includes the aspect of 

wood use in office design), perceived naturalness of the office space, and its restorativeness were 

linked to occupant well-being as shown in Fig. 1. 

 

 

Figure 1: The fitted model of latent variable interrelationships (** significant at .001 level, * significant at .05 

level). 

Conclusions 

Despite the modest strength of the relationships within the model, these results serve as an indicator 

to encourage designers, as well as builders and developers, to pursue design choices that impact 

occupant health. Implementing the REED paradigm and following evidence-based design protocols 

can provide positive human health impacts through building design. 

References: 

Browning W.D., Ryan C.O., Clancy J.O. 2014. 14 patterns of biophilic design. New York: Terrapin Bright Green, 

LLC. 

Kaplan S., and Kaplan R. 1989. The experience of nature: A psychological perspective. New York: Cambridge 

University Press. 

Kellert S. R. 2005. Building for life. Designing and understanding the human-nature connection. Washington: 

Island Press. 

Pasini M., Berto R., Brondino M., Hall R., & Ortner C. 2014. How to measure the restorative quality of 

environments: The PRS-11. Procedia – Social and Behavioral Sciences, 159: 293-297. 

  



Combining the science and design of plant cells and 

structures 

Morwenna Spear1, Yan Xing2, Maurice Bosch3, Simon Curling1, Graham Ormondroyd1 

1 The BioComposites Centre, Bangor University, Deiniol Road, Bangor, LL57 2UW, U.K. 

m.j.spear@bangor.ac.uk 

2 Cardiff School of Architecture, Bute Building, King Edward VII Avenue, Cardiff, CF10 3NB, 

U.K. 

3 IBERS, Aberystwyth University, Penglais, Aberystwyth, SY23 3DA, U.K. 

 

Keywords: bioinspired design, cell wall, turgor pressure, architecture, built walls 

 

Timber and structures share a long connection (with the use of wood facilitating man’s 
development throughout civilisation), and modern timber structures have advanced 
considerably during the 20th Century, leading to elegant designs for public arenas, sports 
stadia, concert halls, as well as increasingly tall multi-occupant dwellings. Many materials 
scientists, architects and designers believe that the wood cell wall may provide more than 
building material, instead providing the inspiration for biomimetics and bioinspired design. 

This presentation will showcase examples of the role of plant tissues, and the plant cell wall 

in biomimetics. This will extend from the simple models of fibre composites, through design 

of novel buildings mimicking turgor pressure to achieve pneumatic or hydraulic structures, 

and the further application of non-structural roles of the plant cell wall in providing building 

services (communication, selective permeability and passive control of the interior 

environment). Examples of design and architecture which demonstrate this parity will be 

given, based on recent work by the Plants and Architecture cluster of the NRN-LCEE in Wales.  
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Aesthetic service life of the wood in the outdoor applications is predominately affected by weathering, 

and parallel development of the (blue) staining fungi. These disfigurements are one of the key reasons 

for the customers complains. Blue staining does not affect the mechanical properties of wood, 

however they contributes to the negative image of wood.  

Al wood species does not have the same susceptibility to staining. It is well known, that scots pine 

sapwood is one of the most susceptible wood, on the other hand certain heartwood species perform 

considerably better. The objective of the present study was to compare the susceptibility of the key 

Central European softwood species, that are used for the building applications, namely: Norway 

spruce (Picea abies), Scots pine (Pinus sylvestris) sapwood and heartwood and European larch (Larix 

decidua). There were two sets of the experiments performed, laboratory and field trial (Figure 1). 

During the outdoor exposure samples were exposed based on the modified EN 927-3:2012 procedure. 

In contrast to the recommendation, samples were not facing south but north, to accelerate blue 

staining. The dimension of the samples was: 375 × 100 × 20 mm3. In order to determine material 

climate, Scanntronik moisture content (resistance based sensors attached to Gigamodule) and 

temperature sensors were attached to the outdoor samples. All data was collected twice per day with 

Thermofox data loggers. The colour of the specimens and presence of the disfigurement was 

determined in predetermined intervals that were more frequent at the beginning and less frequent 

after first months. Samples were scanned periodically as well. In parallel laboratory experiments, 

samples (100 × 50 × 8 mm3) were exposed in the chambers with various climate ranging from 66% to 

98% at two different temperatures 20°C and 25°C. Presence of fungal disfigurements was determined 

once per week in the following 10 week.  
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Table 1: Development of staining on the surface of the respective wood species exposed in two 
different relative humidities. Marks indicates 0 = no blue stains; 1 = weakly blue stained; 2 = slightly 
blue stained; 3 = severely blue stained.  

 

Table 2: Development of the blue staining on the specimens exposed in outdoor conditions (Figure 1) 
for 14 weeks between 6. 9. 2016 and 13.12.2016. Marks indicates 0 = no blue stains; 1 = weakly blue 
stained; 2 = slightly blue stained; 3 = severely blue stained. 

 

 

  
Figure1: Exposure of the samples to natural 
weathering on the field test site in 
Ljubljana  

Table 3: Summary of the moisture measurements on 
the wood exposed to the natural weathering in the 
period between 6.9.2016 and 9.11.2016 

 L. decidua P. abies 
P. sylvestris 
sap 

P. sylvestris 
h 

no. of meas. 124 124 124 124 

 MIN  12,3% 13,6% 13,2% 8,7% 

 MAX  34,8% 23,1% 64,3% 34,5% 

 Average  19,1% 17,2% 39,2% 14,8% 

 Median  18,2% 17,2% 44,4% 14,1% 
 

Acknowledgments: 

The authors acknowledge support Slovenian Research Agency within the framework of project L4-

5517 and L4-7547, programme P4-0015 and infrastructure centre 0481-09.    

  

RH (%) Wood 1 2 3 4 5 6 7 8 9 10

L. decidua 0,2 0,5 1,3 1,3 1,5 1,7 1,8 1,9 2 1,9

P. abies 1,1 1,6 2,3 3 3 3 3 3 3 3

P. sylvestris sap 1,2 1,8 2 3 3 3 3 3 3 3

P. sylvestris heart 0 0,3 1 1,3 1,2 1,2 1,5 1,5 1,7 1,7

L. decidua 0,6 1,1 1,5 1,9 2,2 2,3 2,4 2,6 2,8 2,8

P. abies 0 0,4 0,5 1 1 1 1 1 1 1

P. sylvestris sap 0,1 0,3 0,6 1,1 1 1 1 1 1,1 1,1

P. sylvestris heart 0 0,4 0,9 1,1 0,9 0,9 1 1 1 1

Exposure (weeks)

98
87

1 2 3 4 5 6 7 8 9 10 14

L. decidua 0,0 0,0 0,7 1,0 1,0 1,0 2,9 3,0 3,0 3,0 3,0

P. abies 0,0 1,0 1,0 1,0 1,0 1,5 3,0 3,0 3,0 3,0 3,0

P. sylvestris sap 0,3 0,8 2,5 2,5 2,5 2,6 3,0 3,0 3,0 3,0 3,0

P. sylvestris hart 0,0 0,1 1,0 1,0 1,0 1,0 2,1 3,0 3,0 3,0 3,0

Weeks of exposure
Wood species
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One of the progressive forms of increasing the plantation production of trees suitable for their 
industrial processing is the establishment of intensive plantations (industrial plantations) in lowland 
and upland areas with fast-growing softwood and dense hardwoods species. They must be interesting 
for woodworking industry in terms of yield and quantity availability. Moreover, it could be wood 
species suitable for the production of decorative veneers, with positive aesthetics on the surface of 
composite materials, creating comfort from combining new design of biobased materials. Suitable 
species, according to the research carried out, is silver maple (Acer saccharinum L.). 
 
Silver maple is an introduced species for Europe. This species grows under natural conditions in North 
America from New Brunswick, along Maine, southern Quebec, and southern Ontario to Michigan and 
Minnesota, south to southeastern South Dakota, eastern Nebraska, and eastern Oklahoma, and east 
to Mississippi and Georgia. It is also local in Louisiana and northwestern Florida (Harrar 1958). Silver 
maple is a member of the family Aceraceae (Coombes 1992). 
 
Silver maple has white wide sapwood. The heartwood is pale pinkish, may be shaded of gray, green, 
or lavender. It is one of the fastest growing hardwoods of the forests. Also called river maple, this 
name derives from the common occurrence of the species along the river systems. Silver maple shares 
many of its sites with red maple, but the two species are easily distinguished. Silver maple is typically 
a much larger tree. The leaves of silver maple are often larger and more deeply fissured between lobes 
than those of red maple. The sawmilling production of silver maple is usually sold as soft maple. It is 
light in color and weight. The wood can be used as pulp for making paper. Lumber from the trees is 
used in furniture, cabinets, flooring, musical instruments, crates and tool handles, because it is light 
and easily worked. Because of the silver maple's fast growth, it is being researched as a potential 
source of biofuels. Silver maple produces a sweet sap, but it is generally not used by commercial 
sugarmakers because its sugar content is lower than in other maple species. Production of decorative 
veneers and application and aesthetics of wood composites are not reported extensively for silver 
maple (Lutz, 1971, Barbu et al. 2014). 
 
Materials and Methods 

Raw material for this research has Slovak origin and it was taken from forests around the city of 
Palárikovo, region of Komárno. 12 veneer logs with a length of 140 cm and with a diameter of 33.5 – 
38.0 cm were not conditioned. Veneers were manufactured from fresh logs by off-center cutting in 
the Development workshops and laboratories of the Technical University in Zvolen. By means of 
interrupted off-center cutting a new and interesting grains and textures of silver maple were obtained. 
Veneers with the thicknesses of 0.5, 0.6, 0.7, 0.8, and 0.9 mm were dried up to a moisture content of 
12  3 % by drying at a temperature 110  5 °C. 
     
Silver maple veneers were subjected to a number of technological test procedures: 

- Specific Glue Penetration to the Veneered Area 
- Veneer Adhesion to the Particleboard Substrate 

https://en.wikipedia.org/wiki/Pulp_(paper)
https://en.wikipedia.org/wiki/Biofuel


- Technological Properties of Veneers from the Aspect of Surface Finish 
a. Determination the local thickness of the paint 
b. Determination of the paint adhesion by means of the screen method (cross hatch) 
c. Determination of paint hardness by means of the pencil method 
d. Determination of the resistance to hot steam 
e. Determination of the resistance to a burning cigarette (burn resistance) 
f. Determination of the resistance to chemicals and selected consume liquids (spot 
resistance) 

 
Transparent coatings were used only. There exist two reasons for the use of final coating material; 
aesthetics and protection from the end use environment. The esthetics of the final product varies in 
many ways, depending upon the selection of the various topcoats available and upon how the final 
topcoat is handled. The ultimate protection for any wood product finish is dependent upon proper 
selection of the topcoat for a specific end use. 
    Three types of clean topcoats were used: 

a) Nitrocellulose Lacquer C 1008 
b) Synthetic Acid Hardening Lacquer S 1711 
c) Nitrocellulose Lacquer Basic C 1026 + Synthetic Acid Hardening Lacquer S 1711 

 

Results and Discussion 

The test results on glue penetration to the veneered area revealed no substantial glue penetration 
within the spread range 140 – 170 g.m-2, inclusive of followed thicknesses.  
     
It can be said from the results of tests performed that silver maple as an interesting species for 
application and aesthetics of wood composites and it is fully recommended. The quality of veneers 
made of silver maple does not differ from the quality of commonly used veneers and thickness 0.6 – 
0.7 mm can be recommended for processing. All finished types of paints provide acceptable adhesion 
degree independently of the type of paint used pointing to excellent or very good properties of silver 
maple veneers with regard to the paint adhesion. Glue spread 140 – 150 g.m-2 was proposed for 
particleboard. 
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Introduction 

Thick wood fibre-based insulation products intended for enhancing the thermal performance of 

buildings have been made by companies like STEICO (www.steico.com) for many years. Their products 

compete with glass-wool, rock wool and expanded polystyrene. The wood-based products have the 

advantages of being largely made from a renewable material and have a low embodied energy 

content. On the other hand, their thermal performance in terms of conductivity, at 0.038 W/m.K, is 

slightly below that of non-renewable products, e.g. glass wool has a conductivity of 0.035 W/m.K. In 

addition, wood fibre products tend to become compressed during storage and transport and the 

thickness does not always recover and this affects thermal performance. The main drawback of wood-

based insulation materials is their price; they are more expensive and consequently, they tend to have 

about 2% of the market. 

The Ecole Supérieure du Bois (ESB) is part of a consortium headed by the University of Bordeaux that 

is trying to help two companies, STEICO and FINSA, improve or develop new wood-based insulation 

products. One of the main contributions that ESB is making to the project is a characterisation of 

existing and new fibre-based products using its environmental scanning electron microscope (ESEM). 

This short paper presents some images that show how the plastic component of these fibreboards 

binds the much shorter wood fibres into a cohesive product. 

Materials and Methods 

Wood fibres were made by the FCBA, Grenoble, from and loblolly pine (Pinus teada), Maritime pine 

(Pinus pinaster), poplar (Populus spp), and a Eucalyptus spp. These species were refined at different 

energies ranging from 36 to 215 kWh/t, thus producing very coarse fibre through to very fine. The 

fibres were dried and stored in laboratory conditions before being mixed with a two-component 

polyester fibre using a pilot-scale insulation panel manufacturing line. 

Samples of approximately 1 cm3 were cut from the panels and then teased apart to reveal the interior 

structure in the X-Y plane. These specimens were examined using an Environmental Scanning Electron 

Microscope (Quanta 250 made by FEI). 
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Results 

The polyester fibre has two components: a strong central fibre and an outer coating of a lower 

molecular weight polyester that melts, or at least softens, between 120-140 °C depending on the fibre 

type. It is this outer coating which acts as an adhesive that binds the wood fibres into an insulation 

panel. The polyester fibres are easily identified in Figure 1 because they are longer, thinner and more 

consistent than the wood fibres. It can be seen that the plastic fibres have a constant diameter unless 

they make contact with another plastic or a wooden fibre. In which case surface tension effects cause 

the outer coating to deform and fuse to form a joint. 

 
A 

 
B 

 
C 

 
D 

Figure 1. (A) Maritime pine, (B) Loblolly pine, (C) Poplar and (D) Eucalyptus. 
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In the approach of multiple-use from natural forests, the present study aims to obtain, characterize 

and find applications to leaf crude extracts from the native Brazilian tree Ocotea lancifolia in order to 

use as wood-preserving bio-agent. Firstly, the obtained leaf extracts were partitioned with ethyl 

acetate and butyl alcohol in order to obtain two phenolic-rich fractions. Subsequently the 

physicochemical properties of the crude extract and fractions were evaluated by Fourier transform 

infrared and thermo-gravimetric analysis to confirm the differences on structure, stability and purity 

of the evaluated products. Afterwards, the phenolic, flavonoids and tannins contents as well as the 

antioxidant capacity were measured to know the feasibility of implementing these products as wood 

preservatives. Finally, wood veneer samples from downy birch (Betula pubescens L.) and beech (Fagus 

sylvatica L.) were impregnated with the crude extract and its fractions (at 1 and 4%), and evaluated 

with respect to their appearance, product retention and the resistance against two wood-destroying 

fungi. The results showed lower potential of the crude extract compared with its fractions regarding 

the total phenolic content, antioxidant activity and purity of polyphenolic compounds. Moreover, the 

retention of products in wood veneers presented similar profiles with high retention when applying 

at [4%] and not affected by the solvent nor veneer variety (figure 1), however the use of 

additives would improve the retention. The decay resistance (Table 1) test showed that the 

crude extract and ethyl acetate fraction at [4%] were the most effective treatments to reduce the 

action of two wood-rot fungi (mass loss < 8%). In conclusion, the refined fractions presented 

superior thermal stability, higher phenolic content and antioxidant activity than crude extract. 

However, despite impurities the crude extract reduced the fungal attack on veneer samples, 

providing a renewable source of natural wood preservatives.  

 

 

 



Figure 1:  Measurement after leaching cycles and UV evaluation of extract/fraction emission. 

Table 1 - Average mass loss (%) of veneers treated with different concentrations of extract and fractions.  

No. Treatment 
Mass loss [%] 

G. trabeum T. versicolor 

1 CE 1% 15.5 ± 5.1 ab 57.7 ± 24.1 b 

2 CE 4% 6.6 ± 2. 7 a 3.1 ± 0.6 a 

3 EA 1% 17.5 ± 3.7 b 1.8 ± 0.4 a 

4 EA 4% 7.2 ± 5.2 a 2.3 ± 0.7 a 

5 BU 1% 18.5 ± 5.8 b 68.7 ± 8.0 b 

6 BU 4% 22.9 ± 3.8 b 55.4 ± 10.5 b 

 Control samples 48.2 ± 9.3 c 48.1 ± 6.6 b 

Data are reported as mean ± standard deviation. Different letters within the columns refer 
to means statistically different by Tukey test (P < 0.05). CE: Crude extract; EA: Ethyl 
acetate fraction; BU; Butanolic fraction. 
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The impact of Hemp Bio-Aggregates (HBA) on Hemp Concrete (HC) have been treated in previous 

studies (Arnaud and Gourlay 2012, Stevulova et al. 2013). In those studies, used HBA are of limited 

varibility. Morever, the considered properties are mainly based on particle size and HBA origin. Since 

many parameters (curing conditions, the specimen size, etc.) are taken into account at the same time, 

it comes difficult to assess the impact of HBA due to parameter interferences. 

The present study focuses on the thermal conductivity variability of HC due to HBA. The selection 

procedure for nine HBA has been developed in a previous study (Niyigena et al., 2015) in which 

different characteristics are taken into account. The aim was to predict the impact of HBA on HC 

performance. The study revealed three categories of HBA, which are supposed to result in three 

mechanical performance (high, medium and low) of HC. Thus, it is recommended to conduct tests in 

order to validate the predicted results. At one hand, results on mechanical performance are consistent 

with the prediction (Niyigena et al., 2017). At the other hand, result for thermal conductivity are not 

very impacted by HBA type, they are presented in the herein study. 

The thermal conductivity was measured by the "hot wire" method illustrated in (Fig. 1). Specimens 

used are the same as for mechanical test (Niyigena et al., 2017). Thus, for a given measurement, two 

specimen are used (Fig.1), and an average value is considered, (Table 1). 

   

(a) cylinders (b) cubes (c) hot wire with contact surfuses  

Figure 2: Experimental devices for thermal conductivity test. 



 

Table 1: thermal conductivity [W/m.K] per HBA, specimen type and direction of heat flux at different ages. 

 Specimen type cylinder (11x22cm2) cube (15x15x15cm3) 

 Age of test (days) 30 60 90 180 30   180   

 Direction       ┴ // ┴ // 

H
e

m
p

 b
io

-a
gg

re
ga

te
s 

ty
p

e C2 0.116 0.107 0.089 0.083 0.118 0.113 0.100 0.095 

C4 0.094 0.091 0.075 0.075 0.100 0.092 0.084 0.083 

C5 0.124 0.110 0.089 0.087 0.124 0.111 0.103 0.094 

C12 0.093 0.093 0.083 0.080 0.111 0.101 0.098 0.092 

C3 0.111   0.092      
C6 0.119   0.091      
C10 0.101   0.087      
C11 0.101   0.079      
C13 0.096     0.075         

 

The thermal conductivity varies according to HBA type, at 30 days a minimum of 0.093 W / m.K and a 

maximum of 0.124 W / m.K are observed for hemps C12 and C5, respectively. However, it is to note 

that at 180 days the thermal conductivity decreases below 0.1 w / m.K. In fact, the more the material 

dries, the more the water contained in the pores evaporates; these pores are then empty or filled with 

air, which increases the insulating power of the material. At this age, a minimum of 0.075 W / m.K and 

a maximum of 0.092 W / m.K are observed for HBA C4, C13 and C3, respectively. Moreover, the 

thermal conductivity may also vary according to the orientation of HBA or the direction of heat flow 

with respect to the compaction energy, and also the shape of the specimen used. In this latter case, 

the issue is about the boundary/side effect. 

Results show that the thermal conductivity is higher in the direction of heat flow perpendicular to the 

direction of compaction with values ranging from 0.084 to 0.124 W / m.K whatever the type of HBA 

type and age. In the parallel direction, the results vary from 0.083 to 0.113 W / m.K. For specimen 

type, the tests are carried out with the heat flux parallel to the direction of compaction, which leads 

to low thermal conductivity for cylinders. This is due to its rounded shape and small contact area (Fig. 

1 (c)), heat loss is likely to occur, leading to low thermal conductivity. 

Results for different HBA show low variability; however, the performed analyses show that the 

specimen type and direction of heat flux are likely to contribute to observed variability. Hence, further 

investigations taking into account the specimen type and the protocol may allow to better understand 

this variability and help to fix the standards to be used for the characterization of HC. 
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There is an increased interest in adding value to wood processing residuals and also of using modified 

wood.  Thermal modification is one type of wood modification used to alter the sorption properties 

of wood, which can imply advantages in the use of new bio-based building material products. The 

objective of this study was to modify wood particles by thermal modification and evaluate the water 

vapour sorption properties. The thermal modification was performed on circle sawed Norway spruce 

wood particles. The equipment used for the thermal modification was a steam-pressurised laboratory-

scale treatment reactor (Altgen et al. 2016). The treatment process parameters involved the 

temperature (T), pressure (p) and relative humidity (RH). The pressure was regulated using a heated 

external water reservoir. Two different thermal modification processes were executed TM1 (T=150 ˚C, 

RH=100%) and TM2 (T=180 ˚C, RH=40%), both at the constant maximum pressure of 0.47 mPa. The 

water vapour sorption characteristics were measured using dynamic vapour sorption (DVS). The tests 

were carried out for unmodified (UM) and thermally modified (TM1 and TM2) samples in three cycles 

for each ranging from 0-95% RH, at 25 ˚C. The results from the DVS analysis showed a clear difference 

in equilibrium moisture content (EMC) between the unmodified and thermally modified samples, 

which was expected. There was also a difference between the TM1 and TM2, indicating a lower 

adsorption curve for the first cycle of the wood particles modified at the higher temperature and lower 

RH (TM2, T=180 ̊ C, RH=40%). The results are in agreement with other studies on the effect of humidity 

during heating of thermally modified wood (Endo et al. 2016 and Altgen et al. 2016). The difference 

between the first and subsequent sorption cycles is suggested to be related to softening caused by 



the increase in RH during the process. Results from the 1st and 2nd cycles of UM and TM1 are shown in 

Fig. 1.  

 

Figure 1:  Water vapour sorption isotherms of unmodified, UM and thermally modified, TM1 (T=150 ˚C, 

RH=100%) spruce particles in two cycles 
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The influence of the pre-treatments of Narrow leaved ash on the curing behaviour of urea-

formaldehyde (UF) adhesive was studied in this work. Differential scanning calorimetry was used to 

monitor the reaction of UF adhesive mixed with the non-treated and treated wood flour. Three 

different pre-treatments were chosen, one with sodium carbonate solution (0.03 g/g of dry wood), 

one with acetic acid solution (0.06 g/g of dry wood) and one with distilled water. The treatments were 

performed in the autoclaves heated to 100 °C, during 1 h. Differential Scanning Calorimetry (DSC) was 

used to test the curing reaction in non-isothermal regime, in the temperature range from 30 °C to 180 

°C, and with three different heating rates (5, 10 and 20 °C/min). Mixes of UF adhesive and the wood 

flour were prepared with the addition of 10 % of wood flour per dry adhesive. Before the DSC tests 

the hardener (ammonium sulphate) was added to each mix (1 % of dry hardener per dry adhesive), 

and the adhesive mix was diluted to 50 %. DSC scans were performed with approximately 5 mg of UF 

adhesive mix placed inside the aluminium pan and hermetically sealed. 

The application of Friedman izoconversional model, on the whole range of the curing reactions of UF 

adhesive mixes, have showed a different curing behaviour between the test series (Fig. 1). The 

Friedman model does not introduce any mathematical approximations (Starink 2003, Yang et al. 2013), 

and being the differential method it is considered to be more suitable to analyse data obtained from 

DSC measurements (Vyazovkin et al. 2011). The applied Friedman model shows that the activation 

energies of all UF adhesive mixes are decreasing at the beginning of the reaction, having the values 

between the 87.1 - 89.7 kJ/mol at the 10 % of conversion, down to 74.7 - 77.1 kJ/mol at the 30 % of 

conversion. 



 

Figure 1:  Dependance of the activation energy on the conversion degree of the curing reactions for the 

UF adhesive mixes obtained by Friedman method (SC - sodium carbonate, AA - acetic acid) 

The range of conversion from 30 to 60 % shows further decrease of activation energy for the UF 

adhesive systems with wood flour from acetic acid and water treatments. From the point of 60 % of 

conversion, the activation energy of all UF adhesive mixes is constantly increasing until the 90 % of 

conversion, which may suggest that the reaction was controlled by diffusion rather than by kinetic 

factor (Gao et al. 2006). However, at that final stage of conversion, the influence of acetic acid 

treatment have resulted in the lowest levels of activation energy of the relevant UF adhesive mix, 

while the UF adhesive mixes with control (non-treated) wood flour and the wood flour from sodium 

carbonate treatment were showing the highest values of activation energies. Furthermore, the 

predictions of isothermal cure obtained from non-isothermal data have showed that the UF mixes 

with wood flour obtained from acetic acid and water treatments have achieved significantly shorter 

reaction times in comparison to other two UF adhesive systems. 
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As renewable material, wood has many advantageous properties such as workability, mechanical 

strength, sustainability and pleasant aesthetic features. However, wood is sensitive to its 

environment, especially regarding moisture. Due to its chemical composition, dimensional stability 

against humidity and biological resistance of wood are limited. Chemical modification of wood with 

polybutylene succinate (PBS) has been reported to confer interesting properties to wood for outdoor 

applications (Noël et al. 2015a, 2015b, Vitkeviciute et al. 2014). This treatment was based on the hot 

impregnation (90°C) of PBS in oven-dried beech wood (Fagus sylvatica L.), followed by a curing step  

at 100/120°C for 6h/96h.  

The dry treatment conditions did not allow any penetration of the oligomers in wood cell walls, thus 

any anti-swelling efficiency (ASE). The mechanical properties were not influenced either. However, 

the PBS lumen-filling led to a substantial decrease in wood hygroscopicity. Moreover, a good retention 

of oligomers into the wood lumens was observed, with ca. 80% retention rate of the impregnated 

polymers in wood during water leaching.  

Humid treatment conditions were observed to allow a partial diffusion of the oligomers into the cell 

walls, most likely because of water acting as swelling agent inducing partial penetration of oligomers 

in the cell wall. Humid treatment conferred ASE of 60% to 70%.  

This article reports the systematic characterization of wood impregnated with PBS and post-treated 

under varying conditions of temperature, relative humidity (RH) and duration. After post-treatment, 

samples are air-dried and oven-dried until constant weight. The influence of post-treatment 

conditions on PBS curing and diffusion into the cell walls was evaluated regarding dimensional and 

weight variations during treatment. Swelling after impregnation (Si) was always lower than 2%. 



Impregnation yield (IY) was about 65% to 70% for all variants. The improvement of wood properties 

relies on the amount and persistence of PBS into the wood cell walls. BCd (Fig.1) determination 

characterized PBS diffusion into the walls. At temperature higher than 100°C, BCd is not significantly 

influenced by the process parameters of a short post-treatment (30 min). The long treatment (120 

min) shows however differing BCd according to the pair temperature/humidity.  

Figure 1:  Dry bulk coefficient (BCd) of PBS impregnated wood after different post treatments 
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The improving effect of nanoparticles on wood properties is barely known nowadays. Contrarily, the 

nanoparticles are commonly used in other industries because of their favourable properties. For 

example, it is possible to improve the properties of polymers remarkably. The novelty of the research 

is the application of such new nanoparticles, which utilization in the wood industry was not 

investigated yet. The planned treatment will likely elongate the lifetime of the wood-based products. 

With the use of the hydrophobous properties of the titanate nanotubes and nanowires (provided by 

Nanobakt Kft., Hungary) it is possible to create “hydrophobic wood”. The changes in the 

environmental parameters, the temperature and the humidity will have less effect on the wood 

material treated with the above mentioned nanoparticles. As a result of that is less shrinking or 

swelling, and that leads finally to the increased dimensional stability. The improvement of wood 

materials’ dimensional stability by nanoparticles has the favourable property contrary to earlier 

methods, that this modification does not decrease other physical properties of wood. For the 

reduction of the shrinking anisotropy, heat treatment methods are current, but they cause significant 

decrease in the strength and elasticity depending on the treatment parameters. Accordingly, such 

modified wood material is only suitable for cladding or decking, but not for load-bearing structures. 

The expected result of the research is the improvement of the dimensional stability as a result of 

impregnation with nanoparticles. Because the wood-water relations are essential at all utilization 

fields, the expected positive results of the research can serve useful information regarding the 

expandability of the utilization fields of wood. It is possible to create such dimensionally stable wood 

material which do not have negative properties as the “price” for outstanding dimensional stability. 

Overall, we can state according to our investigations so far, that the impregnation with nanoparticles 

was successful. Shrinking and swelling properties decreased remarkably in case of all the four 

investigated wood species (Fig. 1). The improvement of the swelling values shows some moderation 

compared to the improvement of the shrinking values, which is explained by the leaching of the 

nanoparticles. As a side effect of the treatments, a slight colour change could be observed as well. We 

are looking forward to the results of the other planned investigations, trusting in the further success 

of the research. 



 

Figure 1:  Decrease of the shrinking coefficient in case of poplar wood, as a result of different 

nanoparticle treatments 
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Shell structures are not very common until today because of complicated modelling, strength analysis 

and construction technology. It makes shells and grid shells in it too expensive compare with other 

types of buildings and technologies.   

Grid shell technology needs normally big supporting system of construction jacks, beams and platform 

of plywood. The first two layers of laths connected to each other with finger joints and gluing as 

unlimited will mounted on the platform. After that the needed points will lowered until the projected 

level and shape. The edges will fixed to the exterior beams (Harris et al. 2004: 2).  

The idea of constructing grid shells without supports came from technology of making baskets, not as 

usual from bottom to the edges but on the opposite. Fixing the laths to the external beam or 

foundation capable to carry cantilever loads the shell structure start “rising” towards the top. To fix 

the laths together and carry loads will be used half joints. It is no need to have unlimited laths any 

more. The longitudinal connections between the laths will done with tenon at one end and mortise at 

the other end (Figure 1).  

 

 

 

 

 

 

 

 

Figure 1:  GLT laths with mortise and tenon for longitudinal connection (Author´s drawing) 

 

The best and cheapest way to produce them is to glue the laths together of like hollow tube in tube 

of lamellas made of timber. The lamellas of different kind of timber with different physical properties 

can used. 



Design of the shell shape will done as 3D model (software Rhinoceros for example). After that the 

laths will projected on the surface (Teder et al. 2015). The data of crossing points (x, y, z) is needed for 

CNC-workstations to produce the half joints on exact place.  

During mounting the laths will be bended until the half joint locks. The bending and twisting forces 

inside the laths keep the designed shape of grid shell in correct form from the very beginning, because 

real shape of the laths will form as spline. After second row of 1st and 2nd layer will start mounting of 

3rd and 4th layer of laths etc. The amount of layers depend on shape, carrying loads used materials of 

lamellas, glue type what will calculated with the software of finite element method. 
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Carbon storage in harvested wood products (HWP) is an internationally recognised measure 
to mitigate climate change. The Intergovernmental Panel on Climate Change (IPCC) provides 
reporting guidelines on how to estimate carbon stocks and their changes in harvested wood 
products (HWP) (IPCC, 2006; IPCC, 2014). However, after forest harvesting a significant 
amount of carbon is removed and might be stored in HWP, including building materials, 
furniture, paper, etc. Method requires estimating the HWP carbon pool and its changes for 
the three default HWP categories, namely: sawn wood, wood-based panels, paper and 
paperboard. 

Historical data for different time series on production and trade of HWP were obtained from 
three sources: FAO statistics (1992-2015), national statistics office (1940-1991) and literature 
(1960-1991). (fig 1): 

 

Fig. 1. Historical HWP changes. These estimates are based on data obtained from national statistics (1940-1991) 

and FAO data (1992-2015). 
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Lithuania is a net exporting country of industrial roundwood. In in the last years (2010-2014), 

the export of industrial roundwood accounted to almost 1.7 million m3 on average. This 

corresponds to 33% of domestic production of industrial roundwood (LSY, 2015). It is evident 

that huge amount of domestic carbon is exported together with industrial roundwood 

We estimated carbon storage in HWP by applying different methods and compared the 
results. The presented estimates are in line with internationally agreed (UNFCCC) carbon 
accounting principles. 

 

 

Fig. 2. Total carbon stocks in HWP under the IPCC Tier 2 and Tier 3 methods. These estimates are based on data 

obtained from national statistics (1940-1991) and FAO data (1992-2015). 

The highest carbon stock (15,4 Mt) at the end of the study period (year 2015) was observed 
when the Tier 3 method was applied. The carbon inflow into the pool of HWP in all cases was 
estimated to be 40% higher when applying the material flow analysis compared to the IPCC 
default (Tier 2) method. 
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The energy efficiency for building heating has contributed to improve the use of insulating products. 

At the same time the demand for a reduction of the environmental burdens has led to a broad 

discussion about the sustainability of these building products. However, before these products can be 

called “sustainable”, it is necessary to understand all the consequences involved and the real gains to 

the environment. 

For an overall view of the environmental impacts associated with these products, Life Cycle 

Assessment (LCA) method has been ever more applied in searching answers to these questions.  

The contribution of this study has been to quantify the environmental impacts produced by the 

manufacture of wood wool cement boards (WWCB). The environmental assessment has been 

combined with a technological analysis in order to verify the thermal performance of the insulation 

boards. The study has allowed to quantify the benefits of a short supply chain, recycled materials and 

different energy sources. Results have led to identify opportunities to improvement environmental 

performance of wood wool cement board manufacture through an ecodesign approach (Caprai et al. 

2015). 

WWCB consists of wood strands bonded within concrete matrix. It is produced in slabs, tiles, and 

building blocks for thermal and acoustic insulation of roofing, walls, and flooring. It is weather and fire 

resistant and has good thermal inertia and compression strength (Wang et al. 2016).  

Life Cycle Assessment 

A cradle-to gate LCA has been carried out and the system boundaries take place from log transport, 

wood working, mixing, board formation and shaping, drying and finishing operations, as well as the 

activities associated with the production of the raw materials, energy, and transport applied in the 

process. The functional unit has been expressed in mass because allows a better comparison with 

other insulating materials. The data for the WWCB manufacture has been collected on-site, while the 

secondary data has been provided by Ecoinvent v3, adapted to Italian conditions, and JRC ILCD 

databases. All assumptions has been owned by industrial partners and professional judgment. The 

case study site in Northeast Italy, is considered representative of the state of the art with 100 thousand 

m³ per 40 thousand tons of boards. The ReCiPe Midpoint (H) v1.12 method has been used for impact 



assessment and data has been processed by SimaPro 8.0.5 software. According to this method, Figure 

1 shows the impact amplitude of any single process to each environmental category.  

 

Figure 1:  Life Cycle Impact Assessment of 1 kg of Wood Wool Cement Board 

 

References 

Caprai V., Doudart de la Gree G., Yu Q., Brouwers H. 2015. Design and performances evaluation of an eco-friendly 
board applying an alkali activated binder. In H-B. Fischer (Ed.). Internationale Baustofftagung, 16.-18. 
September 2015, Weimar, Bundesrepublik Deutschland. Vol. 2, 343-351 

Wang L., Chen S., Tsang D., Poon C., Shih K. 2016. Value-added recycling of construction waste wood into noise 
and thermal insulating cement-bonded particleboards. Construction and Building Materials, 125, 316-325 

  



Modified cellulose nanofibers thin-film as external layer for 

wood-based multi-layer composites 

E. Robles1, René Herrera1, Grzegorz Kowaluk2, J. Labidi1 

1 Biorefinery Processes Research Group, Chemical & Environmental Engineering Department, 

University of the Basque Country UPV/EHU, Plaza Europa 1, 20018 Donostia, Spain 

2 Warsaw University of Life Sciences, Faculty of Wood Technology, Nowoursynowska Str. 

159, 02-787 Warsaw, Poland 

*e-mail: jerobles001@ehu.eus 

Keywords:  3-aminopropyl(triethoxysilane), cellulose nanofibers, multi-layered composites 

 

This work was aimed to evaluate the performance of surface modified (CNF) obtained from almond 

shells as external coating for wood products. Cellulose was obtained through organic pulping and total 

chlorine free (TCF) bleaching sequence and cellulose nanofibers were defibrilated by mechanical 

methods, resulting in a green process to extract CNF straight from agricultural by-products. After 

cellulose extraction and size reduction, surface modification was done at room temperature in 

water/ethanol basis (50:50) with a cellulose/silane ratio of 1:2 the selected silane was a functional 

organosilane with alkoxy and amino groups (3-aminopropyl triethoxysilane) which acts both as 

coupling agent between cellulose nanofibers and wood samples as well as protective agent against 

moisture. After the modification, thin wet mats were done with solvent-casting method to achieve a 

stable and homogeneous surface, which was then layered on the surface of beech (Fagus sylvatica L.) 

wood veneers and hot-pressed in a Santec hydropneumatic moulding press with a curing pressure of 

200 bar at 105 ˚C during 10 minutes. Surface topography (Figure 1) and surface energy were tested 

for the elaborated multilayered-composites.  

 

Figure 1. AFM topography of the modified CNF external layer. 
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The European Commission recognised the potential of a consortium of Slovene partners, led by the 

University of Primorska, and awarded it with a grant of almost 15 million Euros to establish the 

Renewable Materials and Healthy Environments Research and Innovation Centre of Excellence 

(InnoRenew CoE). The government of the Republic of Slovenia added 30 million Euros of investment 

funding to boost development of the new research centre. 

The Centre of Excellence will pursue research, development, and innovation in renewable materials 

use, with a focus on supporting the circular economy and providing positive health benefits to building 

occupants. 

The InnoRenew CoE will strive to become an international hub of scientific excellence in the field of 

renewable materials and human well-being in the built environment. The new centre of excellence 

will generate scientifically excellent original scientific research and offer business and RDI support to 

businesses and other institutions in Slovenia and abroad. With an extensive public engagement 

programme, the centre will target industry members, the general public, and policymakers to 

emphasise the importance of renewable materials use and sustainable development. 

The underlying concept of the InnoRenew project is to develop and operate a new Centre of 

Excellence, InnoRenew CoE, that will conduct cutting edge scientific research related to renewable 

materials utilisation, develop industrially relevant applications of scientific developments and 

innovations, support businesses in their implementation of RDI activities and outcomes, and liaise 

with policy makers to direct more support to companies and research in the forest sector. The 

InnoRenew CoE’s activities will be centred on two key distinguishing technologies that set it apart from 

other institutions: 

• Wood modification - Addressing the mounting pressure on renewable resources and 

maximising the efficiency of materials derived from them requires new methods to improve 

the functionality, durability, properties, and environmental impacts. Wood modification 

mailto:andreja.kutnar@iam.upr.si
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methods (including thermal, thermo-hydro, thermo-hydro-mechanical, impregnation, etc.) 

will be investigated, developed, optimised, and then scaled up for industrial application in 

partnership with industrial actors. 

• REED (Restorative environmental and ergonomic design). Building and product design today 

are balanced between function and form. Despite the existence of building design systems 

that attempt to minimise environmental impacts and provide greater societal benefits, they 

do not often incorporate scientific investigation of material and design decisions. REED 

extends these design systems and shifts the priority to maximising human health impacts in 

the built environment. REED achieves this by investigating the positive health impacts 

materials and design decisions have in the built environment, including ergonomic 

interventions for adaptability, safety, and accessibility, and ICT integrations to optimise 

building and district management. REED addresses the increasing demand for individual, 

healthy, and age appropriate products creating opportunities for industry to reach new 

markets by creating value through human-centric and user led design. The REED paradigm 

encompasses other aspects of sustainable design as well, including furniture, landscape 

structures (e.g., boardwalks, pavilions, etc.), household products, and other items that 

humans frequently interact with. 

The InnoRenew CoE further refines and enhances its work by emphasising activities related to three 

core research themes: 1) Health - measurement of and work towards maximising positive human 

health impacts; 2) Design and Cultural Heritage - supporting designers, design topics, and cultural 

heritage impacts of material developments; 3) Policy - policy support to increase political, social, and 

economic support for research in the CoE’s field and RDI implementation by industry. 

The new centre of excellence will hire researchers in the areas of wood science, civil engineering, 

computer science, chemistry, health, business, and beyond. The interdisciplinary staff will bring 

together young scientists in a state-of-the-art research environment with leadership from global 

experts to develop their careers and advance wood science and sustainable building research to a new 

level. 
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