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Local organiser preface

It is both a pleasure and a privilege for the Department of Technologies, Management and 
Design of Furniture and Wood Products, Faculty of Forestry to host the fi nal conference of 
COST AcƟ on FP1407. This honour has given us an opportunity to establish a more visible 
posiƟ on within the European network of wood related insƟ tuƟ ons. 

Wording of the Ɵ tle - “Living with modifi ed wood” - signifi es that the Ɵ me in which we live 
has provided us with technologies of wood modifi caƟ on that will ensure that never again 
will this material be regarded as a lesser material with a short life-span. Wood, as one 
of the rare living materials, is experiencing a worldwide renaissance, one that could not 
have been considered possible just a generaƟ on ago. For these very reasons, the primary 
goal of this conference is to foster, forge and encourage the cooperaƟ on and exchange of 
ideas between wood modifi caƟ on researchers and experts in related fi elds and, hopefully, 
help them grow. 

Belgrade, as a city with a long and rather evenƞ ul history, is an environment where sparse 
moments of peace and prosperity have insƟ lled a way of thinking that appreciates the liƩ le 
things in life. This seƫ  ng emphasises even more the pressing need of the modern age to 
live more organically, ethically and above all, ecologically – and what beƩ er way than living 
with an organic material  such as wood.

Success of this event would not have been possible without the eff ort of the enƟ re team of 
my colleagues. I would like to thank them and to express my deepest graƟ tude to Andreja 
Kutnar, Chair of COST FP1407, for leading this fantasƟ c AcƟ on, and for her conƟ nuous help 
in organising this Final Conference.

Last but not least I would like to thank all of the parƟ cipants and contributors of the Final 
COST FP1407 Conference. I wish you to have a memorable Ɵ me in Belgrade.

So let us look forward to an exciƟ ng conference!

Goran Milić
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Preface

Welcome to the fourth and fi nal internaƟ onal conference of COST AcƟ on FP1407 “Under-
standing wood modifi caƟ on through an integrated scienƟ fi c and environmental impact 
approach” (ModWoodLife). This conference, “Living with modifi ed wood”, held in Belgrade, 
Serbia December 12 and 13, 2018 brings researchers and professionals together to share 
and disseminate their work. Their research contributes signifi cantly to our AcƟ on’s objec-
Ɵ ves. It is especially rewarding too see contribuƟ ons that have resulted from collaboraƟ ons 
developed and strengthened through this network. Since the beginning of the AcƟ on in 
2015, we have delivered new knowledge in the fi eld of wood modifi caƟ on and environmen-
tal impact assessment. We can all be proud that during our AcƟ on, the European Union 
recognized the need to strategically approach acƟ viƟ es, research, and policy to reduce 
climate change. Among the key strategies that were accepted in the past three years are 
the Circular Economy (2015), the Paris Agreement (2016), the Research and InnovaƟ on 
Roadmap 2050 – A Sustainable and CompeƟ Ɵ ve Future for European Raw Materials (2018), 
as well as the recently renewed Bioeconomy strategy. Although our AcƟ on did not directly 
contribute to these documents, I am convinced that the acƟ viƟ es of our network and its 
parƟ cipants accelerated their adopƟ on. At the same Ɵ me, it is clear that our collaboraƟ on 
must conƟ nue aŌ er the AcƟ on ends on March 9, 2019. Going forward we should jointly 
contribute to “closing the loop” of product lifecycles through greater recycling and re-use 
and bring benefi ts for both the environment and the economy.

I would like to thank you for your great collaboraƟ on. Besides the new knowledge we cre-
ated, our new friendships will conƟ nue for many years more!

Wishing you a successful and memorable conference in Belgrade. 

Andreja Kutnar
Chair, COST FP1407
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Conference Program

COST AcƟ on FP1407 Final Conference: 
“Living with modifi ed wood”

Wednesday, December 12th, 2018

 9:00 - 9:30 RegistraƟ on

 9:30 - 9:40 Welcome to University of Belgrade – Faculty of Forestry: 
  Goran Milić & Ratko RisƟ ć, dean

 9:40 - 9:45 Welcome from COST AcƟ on FP1407 Chair: Andreja Kutnar

 9:45 - 10:15 Keynote lecture: “ShiŌ  Your Thinking for Research InnovaƟ on”, Eric Hansen

10:15 - 11:15
Session 1: Modifi ed wood in use

Chairs: E. Kegel, T. Palija  
Human interacƟ on with wood – what to 
measure, how to measure?

A. Sandak, J. Sandak, A. 
Landowska, V. Kotradyová

Can modifi ed wood compete with untreated 
wood in preference of people?

D. Lipovac, M. Burnard,
A. Kutnar, A. Sandak

EcoModules - an on-line Eco-design Tool T. Räty, M. LaajalahƟ ,
M. Saarinen, K. Usva

Online tool for generaƟ ng Environmental 
Product DeclaraƟ ons (EPD-tool) for 
modifi ed wood products

L. Tellnes, O. Iversen

 11:15 - 11:45 Coff ee break

11:45 - 13:00
Session 2: Novel modifi caƟ on technologies

Chairs: G. Mantanis, A. Sandak

Review: wood modifi caƟ on techniques 
based on cell wall bulking with non-toxic 
chemical reagents

K. Peeters, E. Fredon, P. 
Gérardin, C. Grosse, C.A.S. 
Hill, C. L’HosƟ s, M. Humar, 
D. Jones, E. Larnøy, M. 
Noël, A. Sandak

The potenƟ al applicaƟ on of Maillard-type 
reacƟ ons during thermal modifi caƟ on 
treatment

D. Jones, D. Kržišnik, 
M. Hu-mar, L. Nunes, S. 
Duarte,
C-M. Popescu
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Eff ect of polymerizaƟ on temperature during 
ɛ-caprolactone modifi caƟ on on wood 
properƟ es

M.A. Ermeydan, O. 
Gonultas, M. Yildirim, Z. 
Candan

Wood sawdust and alkali acƟ vated slag bio-
composite

D. Vaičiukynienė, A. 
Kielė, R. Bistrickaitė, G. 
TamošaiƟ s

Wood protecƟ on from the olive industry M. Schwarzkopf,
M. Burnard

 13:00 - 14:15 Lunch

14:15 - 15:45
Session 3: ProjecƟ ons and monitoring of modifi ed wood

Chairs: C.Ganne-Chédeville, L.Tellnes
ProjecƟ on of the eff ects of climate change 
on decay risk of external Ɵ mber: United 
Kingdom case study

S. Curling,
G. Ormondroyd

State of the art of wood modifi caƟ on in 
Spain. Researches, industrial treatments 
and examples of end uses in real cases

D. Lorenzo, A. Lozano, 
J. Benito, M. Touza, J. 
Fernán-dez-Golİ n, R. 
Herrera

Monitoring of the performance of thermally 
modifi ed wood in buildings

M. Humar, B. Lesar,
D. Kržišnik

Durability of modifi ed wood and bio-based 
materials under outdoor condiƟ ons

H. Kallakas, K. Visnapuu, 
T. PolƟ mäe, J. Kers, A. 
Sandak

Furfurylated wood durability in a cyclic 
hydrothermal environment

A. Morozovs, A. Ķeķe,
L. Fišere, U. Spulle

Termite and decay resistances of bioplast-
spruce green wood plasƟ c composites

K. Candelier, A. Atli,
J. Alteyrac

 15:45 - 16:15 Coff ee break

16:15 - 17:30
Session 4: Beyond wood modifi caƟ ons

Chairs: A. Dias, M. Petrič  
Wastewater remediaƟ on with 
formaldehyde free tannin-furanic foam 
powders

T. Sepperer, J. Eckardt,
J. Neubauer, G. Tondi

The applicaƟ on of water pretreatment in 
the pellet producƟ on process

J. Popović, M. Popović,
M. Điporović-Momčilović,
A. Prahin, V. Dodevski,
I. Gavrilović-Grmuša
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Charring of Norway spruce wood surface as 
a surface modifi caƟ on technique

J. Žigon, M. Pavlič, M. 
Petrič

Wood modifi caƟ on related researches at 
the University of Sopron

R. Németh, M. Bak, J. 
Ábra-hám, F. Fodor, N. 
Horváth,
M. Báder

Networking in European wood research P. Rademacher

 17:30 Closing of the fi rst day

 17:30 - 18:00 Core group meeƟ ng

 18:30 - 20:00 Sightseeing

 20:00 Conference dinner

Thursday, December 13th, 2018

9:00 - 10:20
STSM Session

Chairs: L. Rautkari, A. Kutnar
Engineered wood products in contemporary 
architecture

M. Kitek Kuzman,
D. Sandberg

Eff ect of silane treatment on mechanical 
properƟ es of degraded wood

M. Broda, M.J. Spear,
S.F. Curling

The impact of temperature increasing rate 
during ther-mal modifi caƟ on on wood 
surface-coaƟ ng interacƟ on

T. Palija, G. Milić, T. 
Schabel, D. Djikanović

Cuƫ  ng forces assessment when machining 
wood over all grain orientaƟ ons – example 
of thermally modifi ed poplar 

R. CurƟ , B. Marcon, A. 
Scippa, M. FioravanƟ , G. 
Campatelli,
L. Denaud, G. Goli

Experimental and numerical analysis of 
fracture toughness of thermally modifi ed 
beech in mode II

V. Sebera, M. Redon, 
M. Brabec, D. Děcký, 
P. Čermák, J. Milch, J. 
Tippner

MechanosorpƟ ve creep tests on thermally 
modifi ed wood 

C.F. P. Nziengui, G. Goli, 
R.M. Piƫ  , E. Fournely, J. 
Gril

CharacterisaƟ on of subfossil oak wood 
from central Serbia using SEM and FTIR 
spectroscopy

M. Veizović, A. Straže,
N. Todorović, K. Čufar,
M. Merela, G. Milić
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Generalised thermal modifi caƟ on kineƟ c 
model of poplar wood under diff erent 
technologies

B. Marcon, L. Procino, G. 
Goli

ProperƟ es of mulƟ -layer plywood made 
from combinaƟ ons of densifi ed and non-
densifi ed veneers in one structure

E.A. Salca, P. Bekhta

Decay and insect resistance of modifi ed 
wood with epoxidized plant oils

G.K. Demirel, A. Temiz,
S. PalanƟ , N. Terziev

10:20-11:35
Poster Session

Chairs: D. Jones, I. Burawska-Kupniewska 

Strategies for improvement of visibility and 
acceptance of modifi ed wood

A. Sandak, V. Golja, J. 
Belda, J. Geissmann-
Fuchs, K. Peeters,
J. Sandak, J.J. Grkman, S. 
Hribernik, D. Lipovac, P. 
Nadrah

VolaƟ le organic compounds emiƩ ed from 
heat and vacuum- heat treated wood

H. Sivrikaya, D. Tesařová, 
E. Jeřábková, A. Can

In-service performance of fl oorings with 
modifi ed wood top layer R. Németh, M. Bak

Thermo-hydro mechanical densifi caƟ on 
process of Nothofagus pumilio and 
Nothofagus antarcƟ ca and the eff ect of 
annual width ring on modulus of hardness, 
and dynamical mechanical properƟ es

J.G. Pečnik, M. 
Schwarzkopf, A. Kutnar

Enhancing outdoor durability of heat 
treated wood surface by photo-stabilizaƟ on 
by waterborne acrylic coaƟ ng using bark 
extract

Ö. Özgenç, E. Bilici

Changes in wood surface properƟ es caused 
by aging techniques A. Rozanska, A. Barski

Photostability of thermally modifi ed poplar 
wood coated with alkoxysilanes

D. Lechowicz, B. Mazela, 
W. Perdoch

Wood properƟ es and extracƟ ve exploitaƟ on 
from thermally modifi ed Chestnut wood

P. Cetera, M. D’Auria, 
L. Milella, D. Russo, L. 
Todaro

AnƟ microbial parƟ cleboards – part 1: 
preparaƟ on and strength J. Iždinský, L. Reinprecht

AnƟ microbial parƟ cleboards – part 2: 
resistance to bacteria and fungi

L. Reinprecht, Z. 
Vidholdová
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Selected mechanical properƟ es of 
lignocellulosic layered composites produced 
in various temperature condiƟ ons

A. Gumowska, M. 
Krakowski, G. Kowaluk

Assessment of lignocellulosic-substrate 
fungi-based materials

L. Marrot, M. Mikuljan,
F. Pohleven

The compressive resistance of low density 
mycelium boards

Z. Vidholdová, J. Iždinský,
R. Lagaňa

Variability of hemp concrete material 
performance: a focus to modulus and their 
calculaƟ on methods

C. Niyigena, S. Amziane,
A. Chateauneuf

CharacterizaƟ on of two liquefi ed 
agricultural wastes

S.H. Fuentes da Silva,
I. Egües, J. Labidi

Infl uence of hydrothermal modifi caƟ on on 
the properƟ es of cellulose and lignin aŌ er-
service-life valorisaƟ on of wood

E. Robles, R. Herrera,
J. Fernández, O. Gordobil,
J. Labidi

Improving hydrophobicity and thermal 
stability of wood through esterifi caƟ on with 
faƩ y acids

R. Herrera Díaz, O. 
Gordo-bil, P.L. de Hoyos-
MarƟ nez,
J. Labidi, R. L. Ponte

PreservaƟ on of wood structures in non-
controllable environ-ment by the example 
of pre-stressed laminated Ɵ mber bridge 
deck with two curved geometry

T. Teppand

SensiƟ vity and reliable design of a Ɵ mber 
beam considering crack growth and 
environmental eff ects

Y. Aoues, H. Riahi, S.E. Ha-
mdi, T.B Tran, E. BasƟ das, 
R.M. Piƫ  

Creep response of European species under 
environ-mental and mechanical loadings in 
outdoor condiƟ ons

CF.P. Nziengui, M.A. Ella, 
R.M. Piƫ  

Understanding shrinkage and fracture 
process of green wood using X-ray-
microtomography

JG Mambili, S.E. Hamdi,
R.M. Piƫ  

Modifi ed wood – research on selected 
physical and mechanical properƟ es

I. Burawska-Kupniewska, 
M. Grzeskiewicz, P. 
Boruszewski

Paper Ɵ ssue reinforcement – coaƟ ng with 
nanocellulose and silanes

Z. Cao, B. Mazela,
W. Perdoch

Preliminary analysis of bio-sourced hybrid 
resins as coaƟ ngs for wood protecƟ on
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 11:35 - 12:15 Coff ee break

12:15-13:00
Session 5: Thermally modifi ed wood – properƟ es

Chairs: D. Sandberg, A. Rozanska 
Infl uence of heaƟ ng rate during thermal 
modifi caƟ on on some properƟ es of maple 
wood

G. Milić, M. Glišić,
M. Veizović, N. Todorović

The evaluaƟ on of the quality control 
methods for thermally modifi ed wood

D. Kržišnik, B. Lesar, G. 
Rep, R. Repič, R. Cerc 
Korošec,
M. Humar

Physical and elastomechanical properƟ es 
of full-size fi r (Abies alba) sawnwood aŌ er 
heat treatment with diff erent intensiƟ es

A. Straže, G. Fajdiga,
B. Gospodarič

 13:00 - 14:00 Lunch

 14:00 - 14:45 Working group meeƟ ngs (WG1 , WG2, WG3, WG4)

 14:45 - 15:15 Reports of WG leaders and conference conclusions

 15:15 - 15:45 Coff ee break

 15:45 - 17:00 MC meeƟ ng

 18:00 - 22:00 Nikola Tesla Museum & Dinner



Keynote
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ShiŌ  Your Thinking for Research InnovaƟ on

Eric Hansen1

1Oregon State University, Department of Wood Science & Engineering

eric.hansen@oregonstate.edu

Keywords: innovaƟ on, creaƟ vity, funcƟ onal fi xedness

IntroducƟ on
As this COST AcƟ on closes and your community of researchers moves onto the next gen-
eraƟ on of research, I hope to provide each of you with an insight or two that can help you 
develop innovaƟ ve ideas for your future research. COST AcƟ ons are designed for: 1) “build-
ing  capacity  by  connecƟ ng  high-quality  scienƟ fi c  communiƟ es  throughout  Europe 
and worldwide; 2) providing networking opportuniƟ es for early career invesƟ gators; and 
3) increasing  the  impact  of  research on  policy makers,  regulatory  bodies and  naƟ onal 
decision makers as well as the private sector.” Accordingly, COST AcƟ ons are an example of 
a tool to diversify thinking via exposure to diff erent people, diff erent experƟ se, and diff er-
ent contexts. InnovaƟ on thrives when diff erent perspecƟ ves, backgrounds, experƟ se areas 
are brought to bear on a problem. Now that this COST AcƟ on has collecƟ vely mastered the 
networking pathway to innovaƟ on, it is Ɵ me to explore other avenues.

FuncƟ onal fi xedness is a psychology term describing a cogniƟ ve bias that limits one’s use 
of an object to its customary use (Duncker 1945). There is a certain parallel to this in the 
famous line from Maslow (1966), “I suppose it is tempƟ ng, if the only tool you have is a 
hammer, to treat everything as if it were a nail.” Considering diff erent ways of using the 
tool (hammer) or alternaƟ ve ways to describe the problem (nail) can lead to diff erent and 
potenƟ ally beƩ er soluƟ ons. UlƟ mately, creaƟ vity and learning to think diff erently can be 
criƟ cal in overcoming the bias of funcƟ onal fi xedness and can be a key benefi t to wood 
researchers.

CreaƟ vity Exercise
As humans, we tend to follow norms and the customary ways of doing things – and as a 
result fail to think outside the box. CreaƟ vity exercises can serve to jump-start thinking and 
remind us to always try look at things diff erently and from diff erent angles. The aircraŌ  
creaƟ vity exercise provides insights into developing out-of-the-box thinking.

Think ShiŌ  Exercise
McCaff rey and Pearson (2015) provide a unique approach to thinking diff erently via the 
example of the famous ocean liner, The Titanic. Could diff erent thinking from the Captain 
and the crew of the Titanic have resulted in the survival of more passengers? If so, what 
sort of soluƟ ons might they have developed? What soluƟ ons might wood modifi caƟ on 
researchers develop to save passengers of the Titanic?
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Conclusion
These two exercises provide food for thought as the wood modifi caƟ on fi eld contemplates 
its future research endeavours. Employing these concepts can ulƟ mately provide a posiƟ ve 
boost to research creaƟ vity in many fi elds, including wood modifi caƟ on. 
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IncorporaƟ ng nature into the built environment, either directly or indirectly, can reduce 
physiological and psychological indicators of stress, while increasing producƟ vity, creaƟ v-
ity and self-reported levels of well-being (Mcsweeney et al. 2015). Research in this area 
provides an evidence base of posiƟ ve health impacts of wood use in the built environment 
(Burnard and Kutnar 2015). However, the measurement of percepƟ on of aestheƟ cal qual-
ity of materials is challenging. The majority of research related to materials interacƟ on 
consider sensory percepƟ on using a single, two, three or more modaliƟ es (Fujisaki et al. 
2015). In fact, people use all their senses in order to explore the surrounding world. The 
richness of subjecƟ ve experience depends on the number of sensory modaliƟ es received at 
once. This aƫ  tude is parƟ cularly useful while designing new products. Customers perceive 
product characterisƟ cs through the sensory modaliƟ es that are closely connected to mate-
rial properƟ es. Hence, visual, tacƟ le and olfactory sƟ muli play a major role in the case of 
wood. The visual impression of material includes percepƟ on of the surface colours, glossi-
ness and paƩ ern. The tacƟ le sensing includes an object’s weight, temperature, roughness 
and hardness. Smell impressions depend on perceiving the volaƟ le molecules that are emit-
ted from in the material. For that reason, at the iniƟ al step of new product development, 
customized scenarios of the sensory events that occur when a person meets a product or 
uses it are prepared (MacDonald 2002).
Several methods for verifi caƟ on of user preferences might be implemented including sur-
veys and hedonisƟ c/preferences tests. They might provide quanƟ taƟ ve and/or qualitaƟ ve 
feedback. SelecƟ on of materials, as well as target groups of respondents, should be care-
fully planned in order to obtain reliable results. Tests can be performed with prior training 
of the responders or without any preparaƟ on. Assessment can be performed by using only 
visual sƟ muli or including other senses (in both cases use of real or virtual samples can be 
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implemented). Using real samples and employing more senses than only vision (hearing, 
taste, smell and/or touch) during the assessment is a superior approach. In preference 
tests aƩ racƟ veness of materials/products is ranked in comparison to the set of alternaƟ ve 
samples represenƟ ng the variability range of available choices. Respondents might perform 
two types of comparison: single-aƩ ribute or mulƟ -aƩ ribute comparison. Human percep-
Ɵ on tests might be supported by measuring physiological responses in order to provide 
a more complete picture of human emoƟ ons (Landowska 2014, Kotradyová et al. 2017, 
Landowska et al. 2018). Tests of preferences might be designed in a more complex way 
and co mbined with other than aestheƟ cs factors infl uencing the customer choice. These 
may include economic issues (investment cost, maintenance frequency) or environmental 
awareness (local/imported resources or natural/modifi ed wood) (Sandak et al. 2015). It is 
also necessary to provide suffi  cient isolaƟ on from other environmental sƟ muli in the tesƟ ng 
environment in order to ensure that the responses are mostly due to the tested sƟ muli.
Preference test approach can be considered as a very useful tool for conservaƟ on/main-
tenance scheduling. In this case the goal of the test is to defi ne limits for the customers’ 
tolerance for surface defects due to ageing, usages or deterioraƟ on. This research provides 
an overview on recent state of the art methods suitable for assessment of interacƟ on 
between human and materials from the perspecƟ ve of materials aestheƟ cs and funcƟ on. 
The review is combined with presentaƟ ons of case studies conducted by authors. Further-
more, the infl uence of economic, environmental and cultural aspects on the preference 
changes is discussed. 
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Visual or tacƟ le contact with pleasant materials can improve our aff ecƟ ve states and de-
crease our physiological arousal. Accordingly, pleasant materials may have a protecƟ ve 
or restoraƟ ve role in human stress responses. Current evidence suggests that tacƟ le and 
visual contact with wood leads to healthier aff ecƟ ve and physiological outcomes when 
compared to other common materials (Burnard and Kutnar 2015, DemaƩ è et al. 2018, 
Ikei et al. 2017). Recently, however, modifi ed wood has become widespread due to its 
improved properƟ es, such as enhanced durability and dimensional stability (Sandberg et al. 
2017). Importantly, these changes are accompanied by alteraƟ ons of the material’s visual 
and tacƟ le qualiƟ es (Bakar et al. 2013), which infl uence human percepƟ on and evaluaƟ on 
of materials. Is modifi ed wood, with its visual and tacƟ le changes, sƟ ll liked among people 
when compared to untreated wood? Are some modifi caƟ on processes beƩ er than others 
in creaƟ ng appealing materials? 

To gain insight into these quesƟ ons, we prepared 30 wood samples (approximately 7 x 15 
x 1 cm) from several species that are either untreated or treated (i.e., thermally modifi ed, 
chemically modifi ed, impregnated, coated, or treated with a combinaƟ on of these meth-
ods) (Fig. 1). As a fi rst step, a group of experts rated all samples based on several sensory 
(e.g., glossy, dark) and evaluaƟ ve (e.g., natural) aƩ ributes. AŌ er compleƟ ng this step, we 
conducted the study in two phases. First, we presented all 30 samples to 25 parƟ cipants 
simultaneously and asked them to choose their favourite fi ve materials to be used as an 
outdoor table top surface based on their combined tacƟ le and visual inspecƟ on (and rank 
these fi ve favourite materials from their most to least favourite). From the iniƟ al group 
of 30 materials, we selected 10 samples that on average received the highest rankings. 
These 10 samples were then ranked by a new group of 50 parƟ cipants, similarly as in the 
fi rst phase. 

The presented results will demonstrate how modifi ed wood fares against untreated wood in 
terms of preference. In addiƟ on, we will present associaƟ ons between preference rankings, 
wood modifi caƟ on processes, wood species, as well as sensory and evaluaƟ ve aƩ ributes of 
wood.   
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 Figure 1:  Wood samples used in the study.
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The European Union is intensifying its rows in product life cycle assessment (LCA). The 
goal is that more durable products and businesses will stand out in the market - and more 
reliably. Luke has developed impact assessments and the new EcoModules tool to speed 
up and facilitate on-line product life cycle assessment.

The inventory for LCA is usually created as a rather demanding experiment and a consider-
able amount of eff ort is put forward to create a model for impact assessment and report-
ing. All this is usually leŌ  safe for the next trial aŌ er several years, whereas LCA could be 
made for use in daily R&D acƟ viƟ es and monitoring of environmental performance. The 
EcoModules approach is to keep inventory creaƟ on and modelling as live processes. The 
product/producer inventories are stored in a modular cloud service respecƟ ng autonomy 
and data ownership of actors in the chain, but also following common rules that guarantee 
comparability of the results.  It thereby ensures the possibility to link together diff erent 
inventories and/or impact assessments to facilitate eco-design of the products and pro-
cesses.  With tailored applicaƟ ons, users can easily simulate the impacts of producƟ on 
alternaƟ ves, condiƟ onal to diff erent suppliers, technologies in locaƟ ons or transportaƟ on 
needs, to name a few.

Data Sharing
The EcoModules data sharing service is unique in the life cycle assessment applicaƟ ons 
fi eld. It connects the chain of actors to each other so that the environmental indicators 
generated by an actor can be used by other chain operators in their own calculaƟ ons. This 
enables real-world, knowledge-based assessment at all stages of the chain, in modules, up 
to consumer products.

Sharing the data provides the basis for a chain of co-operaƟ on to manage the environ-
mental impact of products. Any actor of the chain can iniƟ ate co-operaƟ on. Assuring con-
fi denƟ ality,  EcoModules does not distribute LCI data but only module-specifi c outcomes. 

Data sharing is supported with generic data from Luke. This is usually the case for the 
primary fl ows, e.g. wood procurement, energy and transportaƟ on.    
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Figure 1: EcoModules work fl ow.

Tailored user applicaƟ ons
EcoModules follows SOA (Service-oriented Architecture) enabling fl exible communicaƟ on 
between data services as well as system-independent performance. Primary producers or 
industry designers can simply connect to t he service via web browser for the update of 
their inventory or create new calculaƟ ons using the data made available from the chain 
or the EcoModules system manager. EcoModules meets these demands through automa-
Ɵ on and centralized calculaƟ on, without sacrifi cing data specifi city or quality. A tailored 
applicaƟ on can even integrate LCA with an Enterprise Resource Planning  (ERP) applicaƟ on. 

In this presentaƟ on we will show an applicaƟ on of Ecomodules, based on a wood-plasƟ c 
composite value chain. 



COST AcƟ on FP1407 – Final conference “Living with modifi ed wood”

26

Online tool for generaƟ ng Environmental Product DeclaraƟ ons 
(EPD-tool) for modifi ed wood products

Lars Tellnes1, Ole Iversen2

1 Osƞ old Research, Stadion 4, 1371 Kråkerøy, Norway

lars@osƞ oldforskning.no

2 LCA.no AS, Dokka 1C, 1671 Kråkerøy, Norway

ole@lca.no

Keywords: environmental product declaraƟ ons (EPD), modifi ed wood products, life cycle 
assessment (LCA)

With an increased demand for objecƟ ve documentaƟ on of building product environmen-
tal properƟ es, Environmental Product DeclaraƟ ons (EPD) have become available for many 
more products. Since 2012, the amount of verifi ed EPD according to EN 15804 has risen 
from about 500 to more than 5000 in 2018 (Anderson 2018). For modifi ed wood products, 
some of the larger manufacturers have developed EPD for their main products and mar-
kets. The EPD can, for instance, be used to compare the carbon footprint of modifi ed wood 
with preservaƟ ve treated wood, taking service life and maintenance into account (Tellnes et 
al. 2018). The objecƟ ve of this work is to show the potenƟ al for making EPD development 
easier for modifi ed wood products through an EPD-generator (Fig. 1).  

Figure 1:  General illustraƟ on of the EPD-generator concept (LCA.no AS).

The pracƟ ce of developing EPD has, to a large extent up unƟ l now, been what can be 
called “manual EPD.” This EPD work is heavily dependent on LCA-consultants for each 
company and gives companies diffi  culƟ es when their product range has large variaƟ ons 
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and is applied under various scenarios. The soluƟ on for several producers is to have an 
EPD-tool or EPD-generator. In Norway, this has been developed both for whole industries 
and by individual companies. The use of an EPD-generator can make it possible for larger 
companies to declare their full range of products with scenarios especially for each build-
ing project or market. Since more work is done by the companies themselves, the costs 
per EPD is much lower than manual EPD. For smaller companies, the involvement of trade 
associaƟ ons would normally be a soluƟ on to share the iniƟ al cost of establishing the EPD-
generator and providing training courses. The development of an EPD-generator involves 
several parts such as soŌ ware, database and company data, quality control and verifi ca-
Ɵ on by an EPD-program operator. An overview of the technical system is shown in Fig. 2.

Figure 2:  System overview EPD-generator (LCA.no AS).
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Wood modifi caƟ on is used to improve key properƟ es of wood used as building material. 
Recently, developments in the area of cell wall bulking with chemical reagents have grown 
considerably. By cell wall bulking, a dimensionally stable material is created because the 
cell wall itself will be in a permanently swollen state that will aƩ ract no or very liƩ le wa-
ter. OŌ en the treated wood is no longer recognised as a nutrient medium by the specifi c 
enzyme systems of degrading fungi or the lowered equilibrium moisture content prevents 
decay. Several impregnaƟ on methods are available (some already commercialized), how-
ever development of new, enhanced treatments is sƟ ll on-going, mostly in steering the 
modifi caƟ on systems to meet following criteria: 
• use of cheap, readily available (coming from renewable resources), non-leachable, 

non-toxic and small enough to penetrate the cell wall chemical reagents; 
• economically and ecologically feasible (no use of solvents, expensive or harmful cata-

lysts or strong acids/ bases) impregnaƟ on technology; 
• recyclability at the end of its life cycle (absence of heavy metals). 
The focus of this abstract is to present informaƟ on regarding the diff erent types of bulking 
treatments which try to meet those criteria, and their progress. 
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One system fulfi lling above requirements is based on esterifi caƟ on reacƟ ons by a conden-
saƟ on of hydroxide groups from chemical reagents or wood with carboxylic acids under 
moderate temperatures. In NIBIO (Norway), they examined the potenƟ al of the polyes-
terifi caƟ on of sorbitol and citric acid in wood as a wood modifi caƟ on process. Pine wood 
was impregnated with the aqueous reagent soluƟ on and was cured at 103 or 140°C for 
18 hours. Impregnated samples cured at 140°C showed a permanent (leach-resistant) in-
creased dimensional change, but samples treated at 103°C did not. However, samples 
treated at both temperatures showed resistance to white-rot (Trametes versicolor) and 
brown-rot decay (PosƟ a placenta) even aŌ er a leaching procedure. The leached and non-
leached samples were also less suscepƟ ble to blue-stain fungi.
At the Bern university (Switerland), they studied the use of bio-polyesters for wood chemi-
cal modifi caƟ on by the vacuum/pressure impregnaƟ on of mono- or oligomers of lacƟ c acid 
(LA) or oligomers of polybutylene succinate (PBS), in bulk or water soluƟ ons. Subsequently, 
thermal treatment enables the LA to diff use into the cell wall, whereas wet heat treatment 
is necessary for PBS diff usion. OpƟ mized treatments confer excellent biological resistance 
and dimensional stability, with good fi xaƟ on in wood. Slight increase in material briƩ leness 
and diminished ability to gluing and coaƟ ng must sƟ ll be overcome. Easier to implement 
(simple treatment process), LA modifi caƟ on is considered for industrial up-scaling, which 
would allow posiƟ oning new modifi ed wood variant with intermediate properƟ es, between 
thermo-treated wood and chemically modifi ed wood.
Dealing as well with poly-esterifi caƟ on, the university of Lorraine (France) invesƟ gated the 
combinaƟ on of glycerol (G) with citric acid (CA), tartaric acid (TA) or succinic anhydride 
(SA). Waterborne mixture (about 40% solid raƟ o) were vacuum/pressure impregnated in 
wood, then thermal treatment was performed to induce in situ polymerizaƟ on. For each 
variant, molar raƟ o, temperature and duraƟ on were opƟ mized regarding material proper-
Ɵ es. Best results were obtained using GCA and GSA formulaƟ ons, keeping leaching under 
1%, reducing swelling up to 60%, ensuring high durability against white and brown rot fungi 
and maintaining bending mechanical performances compared to untreated wood. 160°C 
and 6h were found to be the opƟ mum curing condiƟ ons. On-going research is focused on 
the extension to other biobased monomers and the preparaƟ on to numerical modelling-
supported up-scaling, which will ensure opƟ mal material performances.
Another possibility to bulk wood cell walls is the Maillard reacƟ on, where amine groups 
are reacted with the reducƟ ve ends of sugars according to a complex mechanism. The 
feasibility thereof was recently invesƟ gated by InnoRenew CoE (Slovenia) and NIBIO. They 
scanned diff erent combinaƟ ons of chemical reagents and found that the combinaƟ on of 
0.1 mg L-1 lysine/glucose/ citric acid reacted at 120°C obtained the highest weight percent-
age gain, albeit with signifi cant leaching. In conƟ nuaƟ on, they found that at 120°C mainly 
esterifi caƟ on between glucose and citric acid occurs and a reacƟ on temperature of 160°C 
is necessary to achieve Maillard reacƟ on and no leaching. Another reagent combinaƟ on 
(0.1 mg L-1 ascorbic acid/Trizma base/citric acid) appeared to work, but SEM images showed 
that it could damage the wood. On-going research is focused on the resistance of the treat-
ment against fungal decay and obtaining a repeatable, high-volume change.
Whilst the Maillard reacƟ on classically involves primary amines, secondary amines could be 
used, too. On-going studies between LTU in Sweden and University of Ljubljana in Slovenia 
are considering how to combine these Maillard-type reacƟ ons within a thermal modifi ca-
Ɵ on process. IniƟ al experiments considered tricine and the terƟ ary amine bicine, and whilst 
the work has yet to be fully published, spectroscopic analysis by FTIR has idenƟ fi ed that 
some degree of reacƟ on has occurred.
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The concept of thermal modifi caƟ on of wood has been well established over the past 
decades, with several commercialised processes now supplying the market. Whilst the 
process results in more dimensionally stable material with increased biological resistance, 
its use where mechanical properƟ es are required oŌ en causes problems. Many of these 
mechanical properƟ es lost during thermal modifi caƟ on are maintained during chemical 
modifi caƟ on, such as with methylol/melamine resins, silicon polymers, or DMDHEU. Re-
cent work (Hauptmann et al. 2015) has considered the use of tricine for the modifi caƟ on 
of wood. This reagent is apparently capable of binding with reduced sugars via a Maillard 
reacƟ on, though studies have been limited to a maximum temperature of 103 oC. Recent 
work (Peeters et al. 2018) invesƟ gated the Maillard reacƟ on at low temperatures. These 
concurrent studies invesƟ gated if compounds such as tricine could be impregnated into 
wood prior to convenƟ onal thermal modifi caƟ on.

Experiments were carried out on two diff erent species, spruce (Picea abies) and beech 
(Fagus sylvaƟ ca), with impregnaƟ on of two chemicals (tricine and bicine) undertaken in an 
aqueous soluƟ on of 10 wt% bicine/tricine. Tricine was chosen as an extension of previous 
work (Hauptman et al. 2015), whilst bicine (a terƟ ary amine) was chosen to invesƟ gate if 
this could undergo a similar Maillard-style reacƟ on. A summary of the reacƟ on parameters 
is shown in Table 1, with modifi caƟ on temperatures limited to 160 oC to minimise thermal 
degradaƟ on of the compounds.
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Some of the results will be presented from this study, along with FT-IR spectral analysis 
and invesƟ gaƟ ons into the eff ect on termite aƩ ack.

Table 1: Summary of reacƟ on parameters

Spruce Beech

Code Treatment descripƟ on Code Treatment descripƟ on

 S_C control B_C control
S_HT Heat treatment only B_HT Heat treatment only
S_B Bicine pre-treatment and drying B_B Bicine pre-treatment and drying

S_B_HT Bicine pre-treatment and heat 
treatment B_B_HT Bicine pre-treatment and heat 

treatment
S_T Tricine pre-treatment and drying B_T Tricine pre-treatment and drying

S-T_HT Tricine pre-treatment and heat 
treatment B-T_HT Tricine pre-treatment and heat 

treatment

Spectral analysis (Popescu et al. 2018) of the thermally and thermo-chemically modifi ed 
wood suggested the occurrence of the reacƟ ons between the funcƟ onal groups from bi-
cine and tricine and those present in wood structure, which for bicine would suggest that 
there was chain displacement to create the Amadori products and acƟ vaƟ on of the N via a 
quaternary ammonium intermediate. Moreover, it was observed that the soŌ wood samples 
were more suscepƟ ble to chemical/thermal modifi caƟ on than the hardwood samples, indi-
cated both by the increased WPG values, but also by the infrared spectra. Termite experi-
ments (Duarte et al. 2018) focussed on the analysis of termite hindgut fl agellate proƟ st 
community. Both bicine and tricine are recognised zwiƩ erionic buff ers, which may hinder 
the ways in which the proƟ sts work. As such the most “eff ecƟ ve” treatment was the com-
binaƟ on of bicine and heat treatment in both beech and spruce.
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Wood is one of the best engineering materials due to its specifi c strength and has been 
used since almost the beginning of human age of our planet. Many products such as in-
door/outdoor furniture, decks, sidings, fences, insulaƟ on panels, sport-products, etc. are 
only some uƟ lizaƟ on fi elds of wood. However, hygroscopic and hydrophilic nature of wood 
due to its chemical structure limits long-term usage, especially at outdoor fi elds. Cracks 
and spliƫ  ng may occur in a year; also, water absorpƟ on ability makes wood suscepƟ ble 
to biodegradaƟ on.
Hydrophobic poly(ɛ-caprolactone) modifi caƟ on of wood is one of the chemical modifi caƟ on 
methods established recently (Ermeydan et al. 2014). Water repellence and dimensional 
stability can be both improved up to 50% and 45% respecƟ vely, by in-situ graŌ ing hydro-
phobic ɛ-caprolactone monomer inside spruce, pine or poplar wood cell walls (Ermeydan 
et al. 2014, 2017). The main factors of reacƟ on condiƟ ons of ring opening polymerizaƟ on 
of ɛ-caprolactone are, i.e., the nature of the iniƟ ator, type of solvent, reacƟ on temperature, 
etc. It is known that temperature above 100 °C is criƟ cal for wood mechanical properƟ es 
and mild temperatures are generally preferred (Hill 2006). In this research, economically 
valuable poplar wood is modifi ed with a preƩ y new modifi caƟ on method by graŌ ing hy-
drophobic poly(ε-caprolactone) (PCL) with diff erent temperature ranges (75-85-95 °C) to 
assess the opƟ mal condiƟ ons for complete polymerizaƟ on and minimal wood degradaƟ on. 
To fi nd the possible eff ects of temperature, (Dynamic Mechanic Thermal Analysis) DMTA 
of wood samples was characterized. The results obtained in this study showed that the 
modulus values increased as the modifi caƟ on temperature increased. It is already reported 
that storage modulus of PCL modifi ed poplar was increased about 14% at 105 °C a s shown 
in Fig. 2 (Candan et al. 2017).  BeƩ er mechanical performance is expected with slightly 
lower temperatures. Besides, water absorpƟ on, dimensional stability (ASE) of modifi ed 
wood was found in order to observe temperature dependence. On the other hand, na-
Ɵ ve wood components was invesƟ gated to observe possible changes; hot-water solubility, 
contents of Klason lignin, holocellulose, α-cellulose, and ash will be determined as shown 
by Gonultas et al. (2017) in Table 1 which gives criƟ cal informaƟ on.
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Figure 1:  ε-caprolactone modifi caƟ on of wood.

Figure 2:  Storage modulus values of modifi ed (POP_M) and control (POP_C) poplar wood samples 
(Candan et al. 2017).

Table 1: Chemical properƟ es of the materials (Based on extracted dry wood, %, Gonultas et al. 2017).

Sample Ash content Hot water 
solubility Klason Lignin Holocellulose α-cellulose

Control Poplar 0.82 2.87 22.49 79.09 47.54
Modifi ed Poplar 1.85 3.37 21.19 81.94 41.36
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Alkali-acƟ vated materials are a rapidly emerging sustainable alternaƟ ve to Portland cement 
binder because of their high strength and durability and low environmental impact. There 
is a growing interest in the development of new cemenƟ Ɵ ous binders, which enhance 
opƟ mal uƟ lizaƟ on of industrial by-products, such as slag and wood sawdust. Great interest 
in alkali-acƟ vated materials resulted in a large amount of waste recycling.
According to literature review, the infl uence of sawdust on the properƟ es of alkali acƟ vated 
materials varied. One group of researchers stated that sawdust has posiƟ ve eff ect on the 
main properƟ es of alkali acƟ vated materials, but the other group published negaƟ ve ef-
fect. Halas et al. (2011) showed that sawdust can be used as one of the possible fi llers to 
alkali-acƟ vated materials based on fl y ash. However, it also showed that growing quanƟ ty 
of sawdust decreases the compressive strength of the samples. Duan et al. (2016) stated 
that sawdust is benefi cial for the resistance to cracking and drying shrinkage. Sawdust 
exhibited posiƟ ve eff ect on compressive and fl exural strength aŌ er 28 days and it led to 
the formaƟ on of an opƟ mal microstructure. Feltz et al. (2005) invesƟ gated parƟ cleboards 
composed of sawdust and Geopolymer resin. The results indicated that it is possible to 
manufacture and engineer these types of composite beams to obtain a specifi ed strength 
and to saƟ sfy fi re requirements. Kong et al. (2018) synthesized the geopolymer composites 
formed by two industrial wastes, namely red mud and sawdust. Sawdust was chemically 
treated with alkali for the removal of lignin and subsequently bleached, before forming 
composite with acid-modifi ed red mud. The geopolymer matrices with high compressive 
strength of 8.3-138 MPa were obtained, which is comparable to Portland cement (compres-
sive strength of 9-20.7 MPa). 
Bio-composite which is made of sawdust and alkali acƟ vated slag is presented in this paper. 
In this case, 5 % of phosphogypsum addiƟ on was added. RelaƟ onships between density, 
compressive strength, bending strength and sawdust content were observed.
In this study milled granulated blast furnace slag was used as cemenƟ ng component. Ac-
cording to XRD data, the biggest amount of oxides CaO and SiO2 were found. High amounts 
of amorphous SiO2 and Al2O3 made slag a good raw material for alkali-acƟ vated binding 
material. XRD analysis showed the peaks of quartz, hydrotalcite and calcite. Semi-hydrate 
phosphogypsum generated by ferƟ lizer plant in wet-process of phosphoric acid producƟ on 
was used in the study. Hardwood sawdust was taken in amount of: 0%, 5%, 10%, 15% and 
20% by slag mass. Samples were hardened for one day in ambient condiƟ ons, second day 
at 60 oC temperature and the last 26 days in ambient condiƟ ons again. The samples were 
covered with polyethylene material to prevent water from evaporaƟ on (Fig. 1). 



University of Belgrade – Faculty of Forestry

37

Figure 1:  The samples of wood sawdust and alkali acƟ vated slag bio-composite

The results of the study showed that bio-composite from alkali-acƟ vated slag blended with 
sawdust has a great potenƟ al in the construcƟ on materials area. It could be used as alter-
naƟ ve construcƟ on material to ordinary P ortland cement as well. It is possible to recycle 
sawdust, slag and phosphogypsum in alkali-acƟ vated slag blends.
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The European olive industry produces the majority of the olive oil in the world. The pro-
cess by which the oil is obtained separates the oil phase of the olive from the solid phases 
comprised of the stone, fl eshy parts of the olive, and residual leaves. All of these materi-
als contain phenolic compounds which provide good fl avour and human health benefi ts, 
however, they may serve another purpose: providing protecƟ on against degradaƟ on of 
wood products.  Recently, Schwarzkopf et al. (2018) explored the use of these olive mill 
by-products for use in the protecƟ on of wood. In this study two maleinisaƟ on techniques 
were used to chemically modify low-value lampante oil to limit leaching when impregnated 
in wood. Scots pine (Pinus sylvestris) and European beech (Fagus sylvaƟ ca) were then 
impregnated with the modifi ed oils (Fig. 1) and underwent leaching, accelerated weather-
ing, and decay tests. The two oil modifi caƟ on treatments increased the potenƟ al for the 
oil to react with the hydroxyl groups of the wood, making them less likely to leach from 
the wood. Leaching of the oils was relaƟ vely low compared with other experiments and 
beech wood specimens impregnated with a direct maleinisaƟ on oil showed improvement 
in leaching performance compared to control specimens. In addiƟ on, it was found that the 
modifi ed oils were not completely removed from the wood aŌ er solvent extracƟ on indi-
caƟ ng that they could potenƟ ally be used as an immobilisaƟ on agent in combinaƟ on with 
other treatments to reduce the required quanƟ ty of acƟ ve component of protecƟ ve agents.
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F igure 1:  Pine (upper row) and beech (lower row) specimens treated with modifi ed oils. DM signi-
fi es direct maleinisaƟ on and GM signifi es maleinisaƟ on preceeded by a glycerolysis step.

These results have prompted further interest in this topic leading to Horizon 2020 fund-
ing in an acƟ ve Bio-Based Industries project enƟ tled ‘ProEnrich’. Rather than focusing on 
the oil, this project targets the pomace and wastewater coming from the olive mill. These 
waste materials have higher phenolic content than the oil, making them more aƩ racƟ ve 
for further processing. The objecƟ ve of the project is to create a value chain from the ol-
ive farmer to the end user who would buy refi ned phenolic compounds. These phenolics 
can then be used by industries including food, cosmeƟ cs, pet care, and wood protecƟ on.
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Decay fungi require certain condiƟ ons (an adequate temperature and a moisture source) 
to enable them to decay wood. For exterior Ɵ mber exposed out of ground contact, these 
factors are determined by the climaƟ c condiƟ ons. A number of models have been used 
to determine climate risk and service life (Viitanen et al. 2009, Brischke and Rapp 2010, 
Brischke et al. 2011) and have shown that the UK (parƟ cularly western areas) is in a zone 
with some of the highest Decay Climate Indices in Europe. One of the earliest and simplest 
modelling methods is the Scheff er Climate Index (SCI) (Scheff er 1971) that determines 
regional decay risk based on temperature and precipitaƟ on data. Whilst not a perfect 
predictor of decay likelihood, the SCI is a useful tool and in this paper is determined for 
diff erent regions of the UK using both historic data from the UK meteorological offi  ce and 
various scenarios using climate projecƟ ons. 

DeterminaƟ on of the historic and current SCI was calculated using publicly available data 
from the UK Metrological offi  ce. For temperature, data was obtained from 1931, from a 
number of weather staƟ ons around the UK (from at least 1 staƟ on in each region). Precipi-
taƟ on data was extracted from the regional HadUKP data set (Alexander and Jones 2001).  
The annual SCI was then calculated for each staƟ on, with means calculated for regions 
where possible, based on approximate 30 year ranges ending in 1960, 1990 and 2017. 

ProjecƟ ons of the increase in SCI were also made for the same regions of the UK using 
projecƟ ons detailed in The UK Climate ProjecƟ ons (UKCP09) with low and high emission 
scenarios uƟ lised to calculate possible SCI for the mid 2020’s and the mid 2050’s (Fig.1b).

The data shows that the climate index for decay in the UK has increased from 1990 to 
2017 and this implies an associated rise in decay hazard. ProjecƟ ons suggest a signifi cant 
increase in the SCI and the associated decay hazard under projected climate change sce-
narios, although again it must be remembered that localised condiƟ ons ulƟ mately deter-
mine the decay hazard.
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a b
Figure 1:  Current SCI values (a) and projecƟ ons (b) of percentage increase for mid 2050’s based on
 low and high emission climate scenarios (values in brackets).
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In Spain there are small research groups studying diff erent aspects related to modifi ed 
wood and its processes. In the University of the Basque Country, Chemical and Environmen-
tal Engineering Department, is doing researches of modifi ed wood, focussing in thermal 
modifi ed radiate pine. The Forest Research Centre (CIFOR)-NaƟ onal InsƟ tute for agricul-
tural and Food Research and Technology (INIA) is working in Spanish research projects 
related mainly to the performance of thermal modifi ed wood in test devices of use class 
3, deckings. Forest and wood Galician Research Centre CIS-Madeira is conducƟ ng diff erent 
researches of modifi ed wood related to performance of real cases of acetylated modifi ed 
facades, studying real examples in diff erent Spanish locaƟ ons.

Concerning the situaƟ on of the wood modifi caƟ on industrial treatments plants, there are 
actually only 3 industrial plants in Spain. In the Basque country, the company “Maderas Tor-
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resar” produces thermally modifi ed products, mainly in radiata pine, in a medium industrial 
scale plant under the brand Termogenik. The process involves using a Mahild chamber of30 
m3 capacity with steam as heaƟ ng medium, and modifying wood at temperatures between 
192 and 212 °C. The company “Mariano Hervás Parquets”, located in Sigüenza, modifi es 
thermally eucalyptus and ash wood between 180 and 220 °C for outdoor applicaƟ ons, in 
a small plant scale (no data provided). The company “LOSAN group”, in Galicia, is tesƟ ng 
thermal modifi ed eucalyptus and other wood species in a small plant (no data provided). 
Some projects regarding the installaƟ on of new thermal industrial faciliƟ es in Spain are 
planned for the future. Diff erent products from chemical modifi caƟ on processes (acetyla-
Ɵ on and furfurylaƟ on) and thermal modifi ed wood are commercialized and available in 
the market in Spain, where is possible to fi nd diff erent examples of modifi ed wood in real 
cases for indoor and outdoor applicaƟ ons, mainly as facades and deckings. 

 Figure 1:  View of thermally modifi ed radiata pine wood elements in a passive house.
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Thermally modifi ed wood is frequently used for various building applicaƟ ons such as win-
dows, doors, façades and decking. Wood in these applicaƟ ons is exposed to several bioƟ c 
and weathering factors. Hence, it is of great importance to predict changes of thermally 
modifi ed wood in real condiƟ ons and describe possible changes. The aim of the presented 
paper was to elucidate the overall performance of thermally modifi ed (TM) spruce in build-
ing applicaƟ ons and compare it to the performance of untreated Norway spruce wood. 

The research was performed on wall, decking, façade and window elements. Decking ele-
ments were posiƟ oned horizontally on copper-treated spruce beams 0.5 m above ground 
in monolayer using steel fasteners. Façade elements were fi xed on all sides of the model 
house. The model house is located in Ljubljana (46.048721, 14.479568). Façade and deck-
ing were exposed in October 2013. Timber window with a frame width of 68 mm, produced 
by Slovenian company M SORA d.d., was made of spruce and TM spruce. The window 
was installed in a test object with a regulated internal temperature of approximately 24 
°C. In addiƟ on, the performance of thermally modifi ed wood was assessed in the fi rst 
building made of modifi ed wood in Slovenia (2009) in Mozirje, and on the façade of the 
new building of the Department of Wood Science and Technology in Ljubljana (2015). For 
moisture monitoring, insulated electrodes (stainless steel screws) were applied at various 
posiƟ ons and depths and linked to electrical resistance measuring equipment (Gigamodule, 
Scanntronik Mugrauer GmbH, Germany). 

In order to determine moisture performance of TM spruce and spruce on diff erent ap-
plicaƟ on scenarios, the moisture content (MC) of façade and decking applicaƟ ons were 
monitored for periods between 2 and 5 years. It can be resolved from fi gures 1 and 2, that 
MC of thermally modifi ed wood was considerably lower through all monitoring procedure. 
None of the applicaƟ on in UC 3.1 exposure did exceed 25% limit within the exposure. The 
only excepƟ ons were decking elements (Fig. 3), where moisture performance decreases 
through the years. There were small cracks formed on the surface of TM wood that re-
sulted in decreased durability. However, lower moisture performance can be overcome 
with beƩ er inherent durability. In the last year of the monitoring, MC of spruce wood 
increased, predominately due to prominent decay.  
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Figure 1:   Moisture content distribuƟ on in the log house made of thermally modifi ed wood in 
Mozirje (right). On every locaƟ on, 2500 measurements were performed in the period 
between March 2015 and June 2018. 

Figure 2:   Moisture content distribuƟ on in the window (right) made of non-modifi ed spruce and 
thermally modifi ed wood in Ljubljana. On every locaƟ on, 12.000 measurements were 
performed in the period between October 2013 and October 2018. 
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Figure 3:   The moisture content of decking elements made of non-modifi ed and thermally modifi ed 
spruce in Ljubljana in the period between October 2013 and October 2018. 

Acknowledgments: The authors acknowledge the support of the Slovenian Research Agen-
cy within the projects L4-5517, L4-7547, program P4-0015 and the infrastructural centre 
(IC LES PST 0481-09). Part of the research was supported by the project: Sustainable and 
innovaƟ ve construcƟ on of smart buildings - TIGR4smart (C3330-16-529003).



COST AcƟ on FP1407 – Final conference “Living with modifi ed wood”

48

Durability of modifi ed wood and bio-based materials under 
outdoor condiƟ ons

Heikko Kallakas1, Kevin Visnapuu1, Triinu PolƟ mäe1, Jaan Kers1, Anna Sandak2,3,4

1 Laboratory of Wood Technology, Department of Materials and Environmental 
Technology, TalTech University, Ehitajate tee 5, 19086 Tallinn, Estonia

heikko.kallakas@taltech.ee; kevin.visnapuu@mail.ee; triinu.polƟ mae@taltech.ee; jaan.
kers@taltech.ee

2 CNR-IVALSA (Trees and Timber InsƟ tute), via Biasi 75, San Michele all’Adige, Italy

3 InnoRenew CoE, Livade 6, 6310 Izola, Slovenia 

4 University of Primorska, Faculty of MathemaƟ cs, Natural Sciences and InformaƟ on 
Technology, Glagoljaska 8, 6000 Koper, Slovenia

annasandak@ivalsa.cnr.it

 Keywords: modifi ed wood, bio-based materials, natural weathering, durability, façade 
performance

Recent advances in the biomaterials modifi caƟ ons processes have delivered several inno-
vaƟ ve soluƟ ons for the building sector. However, in order to increase confi dence for their 
use, a deep understanding of the material properƟ es, structure, assembly, formulaƟ on 
and its performance along the service life is indispensable. This research was conducted in 
collaboraƟ on with BIO4ever, where the performance of 120 selected façade materials pro-
vided by over 30 industrial and academic partners was evaluated during an experimental 
campaign of natural weathering. Natural weathering was conducted in 2 diff erent locaƟ ons: 
Tallinn (Estonia) and San Michele (Italy). AddiƟ onally, durability fi eld tests according to EN 
252 standard were carried out in Oleron Island (France), Guadeloupe (France) and San 
Michele (Italy). The experimental samples were classifi ed in seven categories, according to 
the type of material and treatment applied: natural wood (or other bio-based material), 
composites, chemically modifi ed, thermally modifi ed, impregnated, coated and/or surface 
treatment and hybrid modifi ed materials. The last one included a combinaƟ on of at least 
two diff erent treatments. 
This abstract presents a part of the natural weathering experiment conducted in Tallinn 
according to standard EN 927-3. Samples were exposed on the racks, inclined at an angle of 
45° to the horizontal level and facing the southern direcƟ on. EvaluaƟ on protocol was simi-
lar as proposed by Round Robin Test conducted within COST AcƟ on FP1303. The materials 
performance was evaluated by measurement of the color change, visual assessment and 
the evaluaƟ on of cracks formaƟ on during outdoor exposure. High resoluƟ on photos were 
taken every month in order to document appearance changes during the test. 

The performance of invesƟ gated samples aŌ er 12 months of exposure was varying depend-
ing on materials class and treatment process. The color measurement results indicated 
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that the most durable test-specimens were the coated materials (belonging to the class 
of surface treatments). The cracks occurred on 45 specimens among 120 tested façade 
materials. Natural wood of diff erent species, as well as thermally modifi ed wood, were 
among specimens changing appearance in the most apparent way. This included changes 
of the color parameters as well as cracks presence. Impregnated samples (e.g. furfurylated 
wood) and some of the hybrid modifi caƟ ons of samples (e.g., thermally modifi ed + col-
ored wood with ferrous sulphate) became patchy. The appearance of selected material (in 
this case belonging to composite class) is presented in Fig.1. As it can be seen, that this 
parƟ cleboard lost its bamboo coaƟ ng enƟ rely. Outdoor exposure tests for wood-based 
materials are sƟ ll on-going and will be confronted with the natural weathering results from 
San Michele (Italy). 

Figure 1:  Change of appearance of parƟ cleboard with bamboo cladding during 12 months 
of exposure.
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Wood as a renewable resource has been widely used since Ɵ me immemorial to provide 
people with heat and shelter construcƟ on. Almost three quarter parts of wood dried mass 
is composed of cellulose and hemicelluloses rich in hydroxyl groups (Fengel and Wegener 
1984). Hydrogen bonds among wood carbohydrates and water induce anisotropic wood 
swelling that is a drawback for wood construcƟ on longevity. Therefore, considerable re-
search on wood modifi caƟ on has been carried out to fi nd pracƟ cal and economical meth-
ods to reduce the natural tendency of wood to shrink and swell with changes in ambient 
humidity (Sandberg et al. 2017). Wood chemical modifi caƟ on is the result of chemical 
reacƟ ons that provoke cross-linking between wood consƟ tuents or subsƟ tuƟ on of wood hy-
droxyl group hydrogen atom with bulking agents to reduce dimensional alteraƟ ons. Furfuryl 
alcohol (FA) with maleic anhydride (MA) catalyst is used for wood furfurylaƟ on (Schneider, 
2012). Wood dimensional stabilizaƟ on is supposed as result of FA polymers graŌ ing to cell 
wall polymers. Modifi caƟ on of wood with FA is one of the modifi caƟ on techniques on an 
industrial producƟ on level that is now in the phase of product improvement and develop-
ment of new applicaƟ on areas (Sandberg et al. 2017).

The objecƟ ves of the given research were: 1) to aƩ ain maximal modifi caƟ on of wood cell 
wall by saturaƟ on with FA with subsequent polymerizaƟ on catalysed by formic acid vapours 
and 2) evaluaƟ on of FA modifi ed wood hydrothermal durability by cycles of hydrothermal 
impact (HTI).

Two diff erent series: 1) oven dried and 2) with moisture content of 13.4%, pine (Pinus 
silvestris L.) wood specimens were conƟ nuously impregnated with FA. Then FA excess was 
removed from wood by condiƟ oning at temperature of 100 °C during 1 day. AŌ erwards, 
FA in wood was cured in formic acid vapours at 100 °C for 1 day. AŌ er modifi caƟ on, wood 
specimens were dried at temperature of 103 °C for 3 days.

The dried modifi ed and reference specimens were exposed to the severe HTI. The HTI cycle 
consisted of: exposure to hot water at temperature of 75 °C, freezing at temperature of 
-20 °C and drying at temperature of 103 °C. DuraƟ on of the each stage was 3 days (total 
9 days). Wood sample mass or volume was raƟ oned against untreated, iniƟ al oven-dried 
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mass or volume before treatment. The raƟ o of furfurylated and unmodifi ed wood sample 
mass or volume was used for modifi caƟ on impact assessment in each HTI cycle.

Hot water absorpƟ on in the furfurylated wood was less than for reference wood 3 during 
the iniƟ al four HTI cycles. It indicates that FA polymers blocked the penetraƟ on of water 
into wood voids. The iniƟ al water anƟ -absorbance effi  ciency of modifi ed wood was 85% 
and decreased to 75% during cyclic HTI, probably due to increase of voids accessibility to 
water.

The graŌ ing with wood or bulking eff ects of FA polymer decreased the swelling in furfu-
rylated wood in smaller degree in comparison to reference wood. AnƟ -swelling effi  ciency 
(ASE) decreased from 42% to 33% during eleven HTI cycles. ASE was 1.7 Ɵ mes lower than 
in acetylated wood in analogous condiƟ ons. The swelling of reference wood to furfurylated 
wood diminished from 1.7 to 1.5 Ɵ mes in the same HTI cycles.

Wood two stage furfurylaƟ on with extended FA absorpƟ on into wood cell wall and curing 
in the formic acid vapours did not protect wood cell components against interacƟ on with 
water so well in comparison with wood acetylaƟ on. This result can be related to greater 
modifi caƟ on reagent volume irrespecƟ ve of the high mass percent gain by furfurylaƟ on 
(128±3%) .
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Wood-plasƟ c-composites (WPCs) are very promising and sustainable green materials to 
achieve durability without using toxic chemicals. These materials, produced by blending 
biopolymers and natural fi llers, permit us not only to tailor the desired properƟ es of ma-
terials, according to the characterisƟ cs and raƟ os of wood and polymers, but are also the 
soluƟ on to meet environmental and sustainability requirements.  

This study is focused on the durability evaluaƟ on of green WPCs made from a blend of 
an enƟ rely biodegradable biopolymer (Bioplast GS2189 supplied by Biotec-Germany) and 
spruce wood sawdust. The spruce sawdust with diff erent amounts (from 0 to 30% of total 
weight) was introduced into Bioplast and the obtained blends were injected into injec-
Ɵ on molds in order to manufacture the samples which are eco-friendly materials and are 
biodegradable in specifi c condiƟ ons. To determine the biological resistance of the pro-
duced WPCs, the decay and termite resistance tests, conducted according to screening 
tests adapted from European Standards, were carried out in relaƟ on to the wood content. 

The results showed an increase of fungal and termite degradaƟ on levels with increasing 
amounts of wood in Bioplast.  It also showed (Fig. 1) a relaƟ onship between the water 
uptake due to fungi growth and a decrease of the resistance against fungal and termites. 

The opƟ cal microscopy observaƟ ons performed on WPC specimen surfaces highlighted the 
presence of micro-cracks on the surface of WPCs, aŌ er their decay exposure, resulƟ ng in 
an embriƩ lement of the composite containing high wood content. These observaƟ ons were 
discussed in order to understand the pathways of degradaƟ on mechanisms in our WPCs.

Although Bioplast parƟ al subsƟ tuƟ on by wood decreased the resistance of WPCs to fungal 
and termite aƩ acks, the elaborated WPCs in this study were sƟ ll in the class of strongly 
durable material. 
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 Figure 1:   Water absorpƟ on (WA) and Weight loss (WL) due to Coniophora puteana, Poria placenta 
and Coriolus versicolor exposures, Mass loss (%) due to termite aƩ acks of control and 
WPC samples, according to composite wood contents.

Acknowledgments: We gratefully thank to our colleagues Drs. S. Simon, P. Lourdin and C. 
Rigollet from ECAM Lyon (France) for helpful discussion and our students M. Blanchard and 
T. Tetaz for their contribuƟ on to this work.





Session 4: Beyond wood modifi caƟ ons



COST AcƟ on FP1407 – Final conference “Living with modifi ed wood”

56

Wastewater remediaƟ on with formaldehyde free tannin-furanic 
foam powders

Thomas Sepperer1, Jonas Eckardt1, Jonas Neubauer1, Gianluca Tondi1

1 Salzburg University of Applied Sciences, Forest Product Technology & Timber 
ConstrucƟ ons, Marktstraße 136a, 5431 – Kuchl, Austria

Thomas.sepperer@Ĭ -salzburg.ac.at; Jonas.eckardt@Ĭ -salzburg.ac.at; J onas.neubauer@
Ĭ -salzburg.ac.at; Gianluca.tondi@Ĭ -salzburg.ac.at 

Keywords: modifi ed bio-resource, pollutant absorpƟ on, polyphenols, water remediaƟ on

Materials of a new generaƟ on have to be integrated into favourable life cycles. This means 
that every product has to be exploited as much as possible, considering extensive cascade 
usages and long serving Ɵ me (Höglmeier et al. 2014). 

Tannin foams are copolymers of two bioresources, tannin extract and the furfuryl alcohol 
obtained by dehydraƟ on and catalyƟ c reducƟ on of hemicellulose moieƟ es. This material 
can be produced with tailored chemical and physical process parameters so that the range 
of product obtainable is very broad (Tondi and Petutschnigg 2016). These foams can be 
considered for the insulaƟ on of buildings because of their lightness (40-50 kg/m³), their 
good thermal conducƟ vity (30-40 mW/m. K) and their good fi re resistance (Tondi et al. 
2016). From the chemical viewing angle, these foams have a strong aromaƟ c and hydro-
philic character due to the presence of fl avonoid and furanic components in their matrix 
(Reyer et al. 2016). 

Three diff erent tannin extract from Acacia mimosa and namely, industrial original extract 
(OIE), methanol soluble (MeS) and acetone soluble (AcS) fracƟ ons, have been foamed with 
furfuryl alcohol under acid environment at 90 °C. The formaldehyde free foams were then 
pulverized, repeatedly washed with water and ethanol to remove any impuriƟ es and unre-
acted material and fi nally dried before undergoing the pollutant absorpƟ on capacity test.

Ribofl avin and methylene blue have been selected as new generaƟ on pollutants. The ad-
sorpƟ on trials were conducted as follows: An equivalent of 1 mg tannin foam powder 
was mixed with 5 ml of pollutant soluƟ on containing ribofl avin or methylene blue at a 
concentraƟ on of 20 ppm and magneƟ cally sƟ rred for 48 h in the dark. ConcentraƟ on of 
the pollutants was determined by UV/vis spectroscopy at 450 nm for ribofl avin and 656 
nm for methylene blue before and aŌ er the foam treatment. 

In Fig. 1 the absorpƟ on capacity of tannin foams against the two pollutants is reported as 
percentage of removal. Standard deviaƟ on is indicated by error bars.
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Figure 1:  Pollutant removal by diff erent foams.

It can be observed that generally the presented tannin foam powders contained absorpƟ on 
of Ribofl avin (< 5%) but also showed very interesƟ ng absorpƟ on of methylene blue (> 30%). 

This result suggests that the interacƟ on between the tannin polymers and methylene blue 
is stronger, possibly because of the aromaƟ c chemical structure presenƟ ng and charge dis-
tribuƟ on, while the ribofl avin has a signifi cant branch of aliphaƟ c alcohols and it interacts 
more weakly with the tannin-furanic network. 

Further, we can also observe that that the foams present similar absorpƟ ons against the 
two pollutants independently on the purifi caƟ on. Hence, the purifi caƟ on degree has no 
infl uence in case of absorpƟ on of ribofl avin, while a decrease was observed by the foam 
produced with the tannin soluble in acetone (roughly 35% compared to 45%). 

According to our previous research (Sepperer et al. 2018), this tannin fracƟ on is poorer of 
proteins suggesƟ ng a possible involvement of the laƩ er in the absorpƟ on process. 
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The properƟ es of wood pellets depend on the processing parameters, but also on the 
characterisƟ cs of wood raw material, such as: size, chemical composiƟ on and moisture 
content (Stelte 2011). The applicaƟ on of pretreatment can change the structure of wood 
in such a way to enable the process opƟ mizaƟ on, improve the properƟ es of end product 
and increase the uƟ lizaƟ on raƟ o of raw material. For example, the pre-extracƟ on process 
removes part of hemicelluloses, which have the lowest heaƟ ng value due to their high 
oxidaƟ on degree (Grammelis 2011). This results in the increase of the heaƟ ng value of 
ligno-cellulosic raw material.

This paper presents the research on the eff ects of hot water treatment of beech par-
Ɵ cles on the properƟ es of pellets. Sawmill residues from beech wood processing were 
comminuted using hammer mill. Obtained wood parƟ cles were then treated with water 
(wood:water = 1:4) in the autoclave, during 60 minutes at the temperature of 150 °C. AŌ er 
the treatment, parƟ cles were washed in plain water and air dried unƟ l the appropriate 
moisture content.

The size distribuƟ on of untreated and treated parƟ cles was determined on the labora-
tory vibraƟ ng sieve machine with the series of screens (1.2; 1.0; 0.5; 0.4 mm and blind 
screen), and since it did not diff er signifi cantly, this parameter was presumed to have no 
infl uence on the pellet properƟ es. Water treatment did however reduce the content of 
hemicelluloses for 10.02%.

Three series of pellets were produced under the same processing condiƟ ons. Two pellet 
series were produced from the treated beech parƟ cles with diff erent iniƟ al moisture con-
tent of 10.54 % (PT 10) and 20.46% (PT 20), while the third series was produced from the 
untreated beech parƟ cles (PNT). The pellets were produced in the pellet pressing machine 
equipped with fl at matrix die of 40 mm in thickness and with the 6 mm diameter of holes. 
The temperature of the matrix was about 97 °C during processing. The characterisƟ cs of 
produced pellets are given in the Table 1.
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Table 1:  CharacterisƟ cs of pellets produced from untreated (PNT) and water treated beech 
parƟ cles (PT 10 and PT 20)

Sample Diameter*
[mm]

Bulk density 
[kg/m3]

Equilibrium mois-
ture content* [%]

Ash content 
[%]

HeaƟ ng value, 
[MJ/kg]

PNT 6.34 ± 0.11 605.13 ± 4.37 10.40 ± 0.21 1.32 ± 0.14 18.266
PT 10 6.07 ± 0.04 729.63 ± 8.57 7.08 ± 0.17 1.00 ± 0.24 19.332
PT 20 5.95 ± 0.18 667.11 ± 4.84 10.60 ± 0.23 1.08 ± 0.08 18.445

* aŌ er condiƟ oning (68%, 20.1 oC)

Diameter of the pellets PT 10 and PT 20 slightly diff ers from the nominal diameter (6 
mm), which implies that the elasƟ city of treated parƟ cles has decreased. Consequently, 
the bulk density of the PT 10 and PT 20 pellet series has increased for 20.57% and 10.24%, 
respecƟ vely, in regard to the untreated pellets (PNT series). The ash content of both PT 
10 and PT 20 pellets was about 20% lower than for the PNT pellets, since a large porƟ on 
of mineral substances have been dissolved in water during pretreatment. HeaƟ ng value 
of the PT 10 and PT 20 pellets (made from treated wood parƟ cles) was increased for 5.84 
% and 0.98 %, respecƟ vely, in regard to the PNT samples. The samples of PT 10 pellets 
had the lowest equilibrium moisture content of 7.08%, aŌ er condiƟ oning (68%, 20.1 °C). 
The moisture content between other two pellet series was similar, and signifi cantly higher 
than for the PT 10 pellets, suggesƟ ng that the moisture content of raw wood material had 
signifi cant infl uence on this property of pellets.

According to the results, it could be concluded that the water treatment has increased bulk 
density and heaƟ ng value, and decreased the ash content of pellets. The moisture content 
of treated parƟ cles has infl uenced the pelleƟ ng process, thus aff ecƟ ng the properƟ es of 
pellets, especially in regard to equilibrium moisture content, which also refl ected on the 
heaƟ ng value of pellets.
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If wood is subjected to suffi  cient heat, a process of thermal degradaƟ on (pyrolysis) oc-
curs. Charring (also known as scorching) of wood substrate is a modifi caƟ on technique 
performed with a source of heat, which due to wood’s low thermal conducƟ vity, is limited 
to its surface (Lowden and Hull, 2013). As a protecƟ on technique for wood, it was used 
in most civilisaƟ ons in history against infl uences of abioƟ c and bioƟ c factors (Millis 2013). 
Wood’s behaviour and its Ɵ me-dependent thermal degradaƟ on is quanƟ fi ed by the char-
ring rate, mainly determined by the type of wood (Frangi and Fontana 2003) or its micro-
structure, respecƟ vely (Zicherman and Williamson 1981). Another much more widespread 
protecƟ on technique is thermal modifi caƟ on. Thermally modifi ed (TM) wood is well-known 
and widely used due to its appearance, beƩ er dimensional stability, and resistance to in-
sects and fungi. AŌ er TM of normal wood, the surface and the bulk become dark brown 
and the surface is more hydrophobic. During both modifi caƟ on processes (charring and 
thermal modifi caƟ on) combusƟ ble gases are generated, accompanied by a loss in mass 
and cross-secƟ on dimensions (Frangi and Fontana 2003).

The aim of the present study was to compare the crucial surface properƟ es of charred, TM 
and non-modifi ed wood. Also, the quesƟ on was whether the surface, prepared by char-
ring, is similar in its properƟ es to the surface of TM wood and if it can be surface-fi nished 
in the same way.

In the experimental part, samples of Norway spruce (Picea abies (L.) Karst.) wood with 
semi-radial orientaƟ on and dimensions of 300 × 75 × 20 mm were used. For the compari-
son of their surface properƟ es, three types of specimens were prepared: charred, TM, and 
non-modifi ed. Charring of the surface was performed with the fl ame of a gas (mixture of 
butane and propane) burner, and the surface was fi rst gently scrubbed (to remove char-
coaled part) and sanded aŌ erwards. TM process was performed in vacuum at 230 °C i.a.w. 
Rep et al. (2012). Later, diff erent analyses of the surfaces were performed: CIELAB colour 
measurements, contact angle (CA) measurements of water, diiodomethane and formamide 
droplets, calculaƟ on of the surface free energy, and FT-IR analysis. At the end, a transparent 
commercial water-based polyurethane coaƟ ng was applied on the samples and adhesion 
strength of the created fi lms was measured.

The results showed that the surface of wood aŌ er the described charring and sanding 
procedure was darker than the surface of TM wood. In general, colour changes are the 



University of Belgrade – Faculty of Forestry

61

result of reacƟ ons taking part through the thermal degradaƟ on of wood components, 
which combine caramelisaƟ on and Maillard reacƟ ons (Millis 2013).

The results of water droplet CA measurements showed that the process of TM and charring 
made the wood surfaces quite more hydrophobic, since the average CA on both modifi ed 
wood types were about 20° higher than at non-modifi ed wood (Fig. 2).

  
Figure 1:  Colour parameters and appearance of 

diff erent Norway spruce wood types.
Figure 2:   Water contact angles on diff erent 

Norway spruce wood types.

FT-IR analysis showed that chemical reacƟ ons of wood structure in a thin layer under the 
charred surface are very likely, because of a probable anoxic environment (Nishimiya et al. 
1998), similar to those of TM wood in vacuum. Adhesion strength of the coaƟ ng system on 
charred and TM wood was lower in comparison to that on non-modifi ed wood.
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Wood is a biodegradable material. Many tradiƟ onal treatments currently exist to prevent 
these deterioraƟ ons, but they are based mostly on toxic materials. The aim is to get beƩ er 
performance of the wood, resulƟ ng in improvements in dimensional stability, decay resis-
tance, weathering resistance, etc. Wood modifi caƟ on in diff erent ways dates back decades 
at the University of Sopron (Simonyi Károly Faculty of Engineering, Wood Sciences and 
Applied Arts, InsƟ tute of Wood Science). During the last years, special aƩ enƟ on was given 
to heat treatment processes in diff erent media, acetylaƟ on, some impregnaƟ on processes 
and applicaƟ on of nano-scale materials as well as compression of wood perpendicular and 
parallel to grain. The main topics are described below:

 – Heat treatment in gaseous atmospheres: Our autoclave is suitable for heat treatments 
up to 250°C temperature in vacuum, inert gases and steam. So far, the invesƟ gated 
wood species are oak, turkey oak, black locust, poplar, hornbeam, beech, maple, pine 
and spruce. By means of heat treatments exoƟ c and homogeneous colour can be 
achieved in whole cross-secƟ on of the wood, for producing fl ooring elements. As a 
result of the treatments, durability improved, swelling decreased, and both tensile 
strength and impact bending strength decreased.

 – Heat treatment in diff erent fl uids: Wood was heat treated in rapeseed-, linseed- and 
sunfl ower oil at 160-200°C. Swelling properƟ es decreased by 20-60% and strength 
decreased less than by heat treatment in gaseous atmospheres. Colour changes were 
similar than by heat treatments in gaseous atmospheres. Further advantage of a heat 
treatment in vegetable oils is the short treatment Ɵ me (Bak and Németh 2012). With 
applying paraffi  n as heat treatment medium, similar results were achieved, and mois-
ture uptake decreased further (Németh et al. 2012).

 – Compression perpendicular to the grain (densifi caƟ on): In terms of low-density wood 
species, for example poplar, the property which limits the indoor uƟ lizaƟ on is the 
surface hardness, so the goal was to ensure the low-density material a high surface 
hardness. Using heat and steam treatment before densifi caƟ on of poplar wood by 30% 
(Thermo-Hygro-Mechanical treatment) hardness increased by 120% and reached the 
hardness of maple. In addiƟ on, the wood colour became brownish in 2-3 mm depth 
(Ábrahám et al. 2010).
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 – Compression parallel to the grain (pleaƟ ng): Before the compression procedure the 
high-density hardwoods have to be plasƟ cized. The compression raƟ o is 15-25% of 
the original length, but the remaining shortening is always lower. The sample can be 
held compressed for a while (relaxaƟ on), which increases the property changes. During 
the process, the cell walls are deforming and the name “pleaƟ ng” comes from this 
phenomenon (Báder and Németh 2018). PleaƟ ng results in a high decrease of modulus 
of elasƟ city and a high increase in pliability.

 – AcetylaƟ on of wood: AcetylaƟ on changes hydroxyl groups to acetyl groups. Focusing 
on poplar, its swelling decreased by 70%, and the mechanical properƟ es remained 
unchanged. Black locust could not be eff ecƟ vely treated. However, as veneer or fl ake, 
good results were achieved. Equilibrium moisture content and fi bre saturaƟ on point 
of hornbeam decreased by 58% and 33%, respecƟ vely, beside a slight increase in the 
density (Fodor et al. 2017). Its shrinkage decreased by 60-80%. Weight loss by three 
types of fungal decay was below 1%. 

 – Other wood modifi caƟ on processes: ImpregnaƟ on of wood with nanoparƟ cles im-
proved the decay-resistance signifi cantly, using already very low agent concentraƟ ons. 
BeƩ er results could be achieved by using zinc borate compared to zinc oxide. Impreg-
naƟ on with beeswax decreases the moisture uptake of wood signifi cantly (10-40%) and 
it increases the durability in short term applicaƟ ons, thus it can be a natural- based 
preservaƟ ve for wood (Németh et al. 2015).
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InternaƟ onal relaƟ onships and networking play more and more an important role in Europe 
(not only in the bio-economy research fi eld) in order to be successful in European calls, 
project implementaƟ ons, publicaƟ ons, conferences and stakeholder-interacƟ ons. The de-
mands to do this are not only limited to mainly Southeast EU-countries with an economy 
average < 66.6% in order to be supported by EU-countries with an average of > 66.6% in 
scienƟ fi c, technological and fi nancial ways. The EU-countries > 66.6% can also gain from 
this relaƟ onship in making accessible new EU calls and projects by involving Southeast-
European partners and helping to implement innovaƟ ve products and open new markets 
in this region.
In our fi eld of wood research, focussing on the invesƟ gaƟ on of wood and bio-materials and 
their property improvement by wood modifi caƟ on, the COST AcƟ on FP 1407 and the In-
noRenew acƟ viƟ es are predominant examples of successful research networks, also includ-
ing Southeast European partners, who funcƟ on here partly or mainly as project leaders.
Important network examples in wood research, joined by our Brno-group and parƟ cipated, 
established or led by SE-European research insƟ tuƟ ons, are Slovenian-led projects:

 – COST AcƟ on FP1407 ModWoodLife; Lead: University of Primorska (SI)
 – InnoRenew CoE (GA 739574); Lead: InnoRenew-Group/ Izola (SI) 
 – EFOP-3.6.1 (Improving research, development & innovaƟ on); Lead: Sopron-Univ. (HU)
 – Danube Network-Wood Research Centres (No. 01DS17011); Lead: HNE-Eberswalde 

(DE)
 – Hungarian Danube-Co-fi nancing (EU_KP_16-1-2017-0009); Lead: Sopron-Univ. (HU)
 – HARDIS (bilateral CZ-AT-project in mechanical wood processing); Lead: Mendel-Univ. 

(CZ)
 – InWood “The Establishment of an InternaƟ onal Research Team for the Development 

of New Wood-based Materials” (CZ.1.07/2.3.00/20.0269); Lead: Mendel-Univ. (CZ).
Examples of two integraƟ ng Hor2020-projects, just under development as proposals, in the 
ERA-Net: ‘Wood Value Chain’ (ParƟ cipants: DE, SE, UK, AT, CZ, SI; Lead: HNE-Eberswalde) 
and ‘TWINNING’ (ParƟ cipants CZ, SE, DE, AT; Lead: MENDELU in Brno), enable the Brno 
research team to deepen and widen their network acƟ viƟ es in wood research and the 
bio-economy (Fig. 1).
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Figure 1:  ImplementaƟ on of the Brno-Group into the European Wood Research Network.

Important research fi elds and outcomes our research network is focussing on:
 – Widening the uƟ lizaƟ on of lesser-used wood species (Robinia, Eur. Chestnut, Poplar)
 – CharacterizaƟ on of wood properƟ es for tradiƟ onal and future applicaƟ ons
 – Improving wood properƟ es by wood modifi caƟ on with non-biocide impregnaƟ on 

agents from naƟ ve origin (plasƟ cisaƟ on, densifi caƟ on, thermal-treatment, chemical 
impregnaƟ on; Rademacher et al. 2017a & b).

 – ApplicaƟ on of new material in music instruments, furniture, fl ooring, and  exterior 
uƟ lizaƟ ons.
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We oŌ en talk about an idea for a building, a structure with integrated materials where 
shape is the result and not the reason. AestheƟ cs is the aspect of design and technology 
that most closely relates to art, where colour, shape, texture, contrast, form, balance, 
cultural references and emoƟ onal response are important aspects. Architecture, of which 
construcƟ on is a part, is the responsible handling of nature and landscape to combine “the 
place and the use”, a truly meaningful combinaƟ on of place and experience. It is possible 
to build something with a fi ne feeling where everything is built in relaƟ on to use and func-
Ɵ on, where design and technology diverge from art in their aim to create a product that is 
both useful and aƩ racƟ ve, meeƟ ng the challenge of holding together the values of pracƟ -
cal uƟ lity and aestheƟ c appeal. By using validated eco-friendly materials, e.g. engineered 
wood products (EWPs), in combinaƟ on with innovaƟ ve methods of modifying wood, new 
business opportuniƟ es for the Ɵ mber construcƟ on industry can be created.  Contemporary 
Ɵ mber architecture mirrors the conversion from classical construcƟ on techniques to the 
use of new wood-based materials. EWPs off er technical and spaƟ al innovaƟ ons and make 
possible the use of materials and construcƟ ons as new standards for the future (Fig. 1).

Figure 1:   Examples of innovaƟ ve Ɵ mber construcƟ ons, from the leŌ : a) La Seine Musicale in Paris, 
 b) House of bread in Asten, Austria, and c) Kilden Performing Arts Centre in KrisƟ ansand, 
Norway.

EWPs off er greater design freedom and address the design requirement of ensuring that all 
places off er the same quality, helping to bridge the divide between funcƟ on and hierarchy.
EWPs are an ideal material for RestoraƟ ve Environmental and Ergonomic Design (REED) 
because they saƟ sfy the general tenets of the design concept (paƩ ern, standard and idea), 
sustainability and a connecƟ on to nature. There are diff erent types of interior environ-
ments in which occupants benefi t from restoraƟ ve environment and REED (Fig. 2). 
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Figure 2:   The use of EWPs in interiors as a result of fruiƞ ul cooperaƟ on between architecture and 
engineering (Kitek Kuzman et al. 2018; Sandberg et al. 2018).

Wood modifi caƟ on is a process used to improve the physical, mechanical or aestheƟ c 
properƟ es of sawn Ɵ mber, veneer or wood parƟ cles used in the producƟ on of wood com-
posites and EWPs (Fig. 3). The reason for wood modifi caƟ on is to meet increasing global 
environmental concerns, and wood modifi caƟ on must therefore fulfi l three aspects: 
1. the  modifi ed wood should not exhibit toxicity in service,
2. the modifi ed wood should not release toxic materials at the end of service, and 
3. the modifi ed wood should be non-biocidal in providing biological resistance. 
Nowadays, EWPs illustrate the system and its specifi c applicaƟ on in contemporary archi-
tecture, i.e. integrated design and construcƟ on with aestheƟ cs Ɵ ed to the construcƟ on 
system and methodology. The case studies where a Ɵ mber construcƟ on meets the goals 
of sustainability through its architecture provide an understanding of the use of EWPs and 
modifi ed wood.  

Figure 3:   Examples of modifi ed wood in construcƟ on, from the leŌ : a) The Moses Bridge of acety-
lated wood in Fort De Roovere, the Netherlands, b) façade of thermally modifi ed Ɵ mber, 
private house in the Netherlands, and c) Outlook tower of acetylated Ɵ mber in Fort De 
Roovere.
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The results of a study on new methods for waterlogged wood conservaƟ on clearly showed 
that organosilicon compounds with diff erent funcƟ onal groups can eff ecƟ vely stabilise the 
dimensions of waterlogged wood during drying (Broda et al. 2018). However, to establish 
this kind of treatment as a pracƟ cal method of conservaƟ on, beƩ er understanding of the 
properƟ es of the treated degraded wood is needed, including its mechanical characteris-
Ɵ cs. This was the aim of the presented research.

The studied material was chemically degraded pine wood, treated with a soluƟ on of 50% 
silane in 96% ethanol using the oscillaƟ ng vacuum-pressure method. Three organosilicon 
compounds were used for wood modifi caƟ on: Methyltrimethoxysilane (MTMS), (3-Mercap-
topropyl)trimethoxysilane (MPTES) and 1,3-Bis(diethylamino)-3-propoxypropanol)-1,1,3,3-
tetramethyldisiloxane (DEAPTMDS). Untreated and sound pine samples were used as a 
control.

Dynamic Mechanical Analysis (DMA) was performed using a Triton Technology DMA. The 
samples of dimensions ca. 20x10x3 mm (r x l x t) were analysed using a single canƟ lever 
mode in the temperature range from -150°C to 150°C. A dynamic force of 0.5 N was used.

DMA is a technique which enables determinaƟ on of glass transiƟ on temperature (Tg) of a 
homogeneous polymer system and of the individual thermal transiƟ ons within a heteroge-
neous material, such as the amorphous components of wood (lignin and hemicelluloses). 
Moreover, the eff ect of various diluents on the visco-elasƟ c response of wood can also 
be observed using this method (Kelley et al. 1987). This allows beƩ er understanding of 
the contribuƟ ons made by individual wood components and the applied silane within the 
treated wood. 

Example output from the performed DMA analyses is presented in Fig. 1. In the untreated 
wood, the lowest peak in tan δ, or the γ dispersion, can be aƩ ributed to molecular mo-
Ɵ on in the polysaccharides (amorphous cellulose and hemicellulose), while the β peaks (at 
intermediate temperatures from -38 to +66°C) relate to site exchange of moisture (Kelley 
et al. 1987). Silane treatment of samples decreased wood moisture content, and this is 
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commonly reported in silane modifi caƟ on systems. Therefore, in the case of the treated 
samples, a slight shiŌ  of the γ peak towards higher temperatures, and change in locaƟ on 
of β peaks was observed, in comparison with untreated wood. 

In Fig.1b tan δ response for the treated samples, an addiƟ onal peak was observed, which 
was presumably associated with the presence of parƟ cular silanes. The locaƟ on of this 
peak was disƟ nctly diff erent for the three silanes studied. For example, in the case of the 
MPTE-treated samples, a sharp decrease of storage modulus (E’) at a temperature of about 
-100°C can be observed. It further indicates that the tan δ peak which occurs at this tem-
perature is associated with Tg related to the silane, as it is characterisƟ c for a large-scale 
segmental moƟ on which is specifi c for a glass transiƟ on (Kelley et al. 1987). However, in 
the case of chemically degraded wood treated with the same silane the decrease of E’ was 
not visible. This could be explained by the diff erent chemical reacƟ vity of the silane with 
parƟ cular wood polymers. As sound and degraded wood diff er in their chemical composi-
Ɵ on, the reacƟ vity with chemicals can also be expected to diff er.

Figure 1:    Storage modulus (E’), loss modulus (E”) and tan δ response of: (a) untreated and (b) 
MPTE-treated sound pine.

The experiment highlighted several phenomena relaƟ ng to the eff ect of silane and moisture 
content on the observed DMA results in sound and degraded wood. This study undertaken 
during an STSM has led to planned addiƟ onal experiments, which will be performed in the 
near future to explain addiƟ onal phenomena observed from the DMA analyses.

References
Broda M., Mazela B., Dutkiewicz A. 2018. Organosilicon compounds with various acƟ ve groups as 

consolidants for the preservaƟ on of waterlogged archaeological wood. Journal of Cultural Heri-
tage (in press), DOI: 10.1016/j.culher.2018.06.006

Kelley S.S., Rials T.G., Glasser W.G. 1987. RelaxaƟ on behaviour of the amorphous components of 
wood. Journal of Materials Science, 22, 2: 617–624

Acknowledgements: The research was supported by the STSM Grant from COST AcƟ on 
FP1407 [COST STSM reference number: COST-STSM-FP1407-39990] and the Polish Ministry 
of Science and Higher EducaƟ on as part of the “Cultural heritage – research into innova-
Ɵ ve soluƟ ons and methods for historic wood conservaƟ on” project (No. 2bH 15 0037 83).



COST AcƟ on FP1407 – Final conference “Living with modifi ed wood”

72

 The impact of temperature increase rate during thermal 
modifi caƟ on on wood surface-coaƟ ng interacƟ on

Tanja Palija1, Goran Milić1, Thomas Schabel2, Daniela Djikanović3

1 University of Belgrade Faculty of Forestry, Department for Technology, Management 
and Design of Furniture and Wood Products, Kneza Višeslava 1, 11030 Belgrade, Serbia

tanja.palija@sĩ .bg.ac.rs; goran.milic@sĩ .bg.ac.rs

2 Salzburg University of Applied Sciences, Marktstr. 136a, 5431 Kuchl, Austria

thomas.schnabel@Ĭ -salzburg.ac.at

3 InsƟ tute for MulƟ disciplinary Research, University of Belgrade, Kneza Višeslava 1, 11030 
Belgrade, Serbia

danielle@imsi.rs

Keywords: thermal modifi caƟ on, temperature increase rate, coaƟ ng penetraƟ on, 
adhesion strength

The properƟ es of thermally modifi ed wood (TMW) are aff ected by characterisƟ cs of the 
substrate and parameters of the thermal modifi caƟ on treatment (TMT) process. The du-
raƟ on of the TMT process can be reduced by the increase of the speed of reaching the 
treatment temperature. This approach can be signifi cant from an economical point of view 
for industrial (commercial) use. On the other hand, lowering of the total process Ɵ me of 
TMT by reducƟ on of Ɵ me needed to reach the treatment temperature can be jusƟ fi ed 
only if the properƟ es of TMW during use are not threatened. This paper analyses how the 
speed of reaching the specifi ed temperature during TMT of wood aff ects the interacƟ on 
of coaƟ ng and wood surface. 

Samples of ash (Fraxinus excelsior L.) and maple (Acer pseudoplatanus L.) wood were 
treated at temperature of 200°C, with a diff erence in the Ɵ me required to reach specifi ed 
treatment temperature. In the short-term regime (I treatment) the total process lasted for 
approximately 4 days, while in the long-term regime (II treatment) the total process Ɵ me 
was approximately 6 days. For the purpose of comparison of eff ects of diff erent types of 
coaƟ ng, half of the samples were fi nished with water-based (WB) coaƟ ng and the other 
half with polyurethane (PU) coaƟ ng.

FT-IR spectroscopy revealed diff erences in spectra of TMW in comparison to untreated 
ones for both wood species. Between samples of TMW, the changes in samples modifi ed 
by II treatment were more accentuated, especially at wavenumbers related to funcƟ onal 
groups within the lignin molecules.

The diff erence in the penetraƟ on depth of coaƟ ngs was found between unmodifi ed sam-
ples of ash (limited to the fi rst row of cells) and maple wood (1 to 2 rows of cells under-
neath the surface). In the case of TMW samples, the deeper penetraƟ on (from 2 to 6 rows 
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of cells) was found for samples of II treatment for both types of coaƟ ngs. The diff erence 
in penetraƟ on depth of diff erent types of coaƟ ng was not observed for TMW samples. For 
samples of II treatment, deeper penetraƟ on was observed in maple samples compared to 
ash samples, which can be related to higher quanƟ ty and easier accessibility of vessels in 
the maple samples. 

The measurements of adhesion strength using a pull-off  test resulted in cohesive failure of 
TMW. These results confi rm the fi nding of previous research that pull-off  test results are 
infl uenced by the reduced strength of TMW as a substrate rather than being solely deter-
mined by the interface bonding (Altgen and Militz 2017). In addiƟ on, it was stated that 
cohesive failure in elements of wood-coaƟ ng system can be expected when heat treated 
ash samples were fi nished with waterborne coaƟ ng (Herrera et al. 2015).

The cross-cut tests revealed that the adhesion strength between coaƟ ng and wood surface 
was aff ected by TMT process (Fig.1), for both types of coaƟ ng. Higher penetraƟ on depth 
of coaƟ ng into wood samples modifi ed by II regime did not lead to increase in adhesion 
strength (measured by cross-cut test).

Figure 1:   Adhesion strength between coaƟ ng on surface of untreated and TMW samples of ash 
and maple wood measured by cross-cut tests.
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The use of thermally modifi ed wood today is geƫ  ng more and more frequent in diff erent 
uses: internal furniture because of the darker colour or internal use in wet condiƟ ons and 
external use because of its higher durability and dimensional stability. It is also geƫ  ng 
easier and easier to fi nd this product on the market. Even if thermally modifi ed wood 
is not a new product, the eff orts of researchers unƟ l now have been focused mainly on 
treatment processes, chemical analysis, durability assessment, dimensional stability assess-
ment or mechanical assessment. The machining of modifi ed wood is something not very 
explored yet. Some informaƟ on about handling, machining and gluing of this material can 
be found on Finnish ThermoWood AssociaƟ on (2003). The quality aŌ er machining has also 
been assessed as described in Sandak et al. (2017). The cuƫ  ng forces as well as the specifi c 
cuƫ  ng coeffi  cients are however not invesƟ gated. In this paper, a new method based on 
the machining of a wood disk was used. The general approach was described in Goli and 
Sandak (2016). This study focuses on the force signal acquisiƟ on and the development of 
a data analysis system able to calculate accurate cuƫ  ng forces and specifi c cuƫ  ng coef-
fi cients for various grain orientaƟ ons. The process was tested over diff erent wood species 
and wood-based products. Among them, we considered machining of unmodifi ed and 
thermally modifi ed poplar. The disks were fi xed on a tri-axial dynamometric plaƞ orm for 
the measurement of cuƫ  ng forces. The same disks (one for thermally modifi ed wood and 
one for unmodifi ed wood) (Fig. 1) were machined with diff erent cuƫ  ng depths (0.3, 0.7 
and 1.1 mm) and the forces were measured on two axes in order to calculate the specifi c 
cuƫ  ng coeffi  cients when machining this product with diff erent grain orientaƟ ons.
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a)      b)

Figure 1:  Massive (a) and thermally modifi ed poplar samples (b) aŌ er machining.
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Thermally modifi ed Ɵ mber (TMT) has been long recognized as an effi  cient and eco-friendly 
alternaƟ ve to tropical species and wood treated by other techniques. Nevertheless, the 
range of feasible applicaƟ ons for TMT is limited by undesired side eff ects, such as reduc-
Ɵ on of mechanical properƟ es including the fracture properƟ es such as energy release rate 
(Majano-Majano et al. 2012). For examinaƟ on of the fracture properƟ es of wood in shear 
mode II, there has been developed a unique procedure based on so-called equivalent crack 
length to obtain fracture energies from global mechanical response (Wang and Qiao 2004, 
de Moura et al. 2006). The procedure is implemented in end-notched tests with three-point 
bending set-up. Such tests provide R-curves and may also be used to derive cohesive zone 
models for fi nite element analyses of fracture problems (Arrese et al. 2010). Therefore, 
this paper aims to evaluate the fracture properƟ es TM beech wood in mode II by coupling 
three-point bending test and opƟ cal technique based on digital image correlaƟ on (DIC) 
and implemenƟ ng the experimental data into the numerical model for later assessment. 

As depicted in Fig. 1 right, the forces and defl ecƟ ons of the non-treated wood samples 
are greater than the thermally modifi ed specimens. AddiƟ onally, the image data from the 
3-D DIC provided addiƟ onal data such as displacement and strains helping in the analysis 
of the crack development. Fig. 1 leŌ  shows distribuƟ on of the shear strain (εxy) at maximal 
force (at eff ecƟ ve strength). We see the highest shear strain is allocated at the crack Ɵ p. 
The crack development is not possible to see by naked eye, but using DIC, we may obtain 
the opening by lisƟ ng horizontal displacements below and above the crack. The single-
factor Analysis of Variance (ANOVA) on a level of α = 0.05 showed that all three groups 
(reference, modifi ed at 180 °C and 200 °C)  diff er signifi cantly in terms of maximal strain 
energy release rate. Further, a numerical model of crack propagaƟ on was built based on 
the experimental data of cohesive law obtained using results from standard tesƟ ng and 



University of Belgrade – Faculty of Forestry

77

DIC. The numerical model uses special adhesive fi nite elements that enable to defi ne bi-
linear behaviour of crack propagaƟ on.

Figure 1:  Shear strain at crack Ɵ p obtained using DIC (leŌ ) and force vs. defl ecƟ on diagrams for all 
three tested groups.
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Aim of the STSM
The aim of this study is to show the principal advantages brought by the use of thermally 
modifi ed wood in the fi eld of construcƟ on and to develop mathemaƟ cal models able to 
predict the long-Ɵ me mechanical behaviour of this type of material.

Material and Methods
Mechano sorpƟ ve creep tests have been performed on unmodifi ed and thermally modi-
fi ed wood in 3-points bending (Fig. 1). The specimens were cut by spliƫ  ng in order to get 
a straight grain and sized to 15×5×160 mm³ (RxT×L). This geometrical confi guraƟ on, with 
a small thickness, was chosen to speed up moisture diff usion in the sample. Then the 
specimens were loaded at 10% of rupture load (Saifouni et al. 2016). ElasƟ c modulus and 
bending strength were esƟ mated from literature data.

 Figure 1:  Experimental setup.

The tests were performed in a climaƟ c chamber, where relaƟ ve humidity (RH) can be var-
ied between 35% and 80%. In our case, three RH levels were used (45%, 55% and 75%). 
The iniƟ al RH was 55%. AŌ er 19 hours of creep it was set to 75%. This RH level was kept 
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constant for 5 h, then brought back to 55%. Again aŌ er 19 h, a second RH cycle was ap-
plied, with a drying period at 45% RH during 5 h, and the chamber brought back to 55% 
RH. Finally the load was removed and RH kept at 55%.  

Results
Fig. 2 shows the results of a complete test with variaƟ ons under load and recovery aŌ er 
unloading. It was performed on unmodifi ed (PT10) and thermally modifi ed (PM8 – 24h at 
200°C – ThermoVacuum system) Poplar wood (Populus Alba L.). Although no clear conclu-
sion can be drawn due to the lack of repeƟ Ɵ on, the results suggest a sƟ ff ening eff ect of 
the thermal modifi caƟ on. A more detailed analysis of the results is under way. 

Figure 2:   MechanosorpƟ ve behaviour of thermally modifi ed (PM8) and unmodifi ed poplar wood 
(PT10).
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It is known that the condiƟ ons in which the subfossil wood was deposited have a major 
infl uence on its properƟ es. For this reason, analysis of subfossil wood from central Serbia 
will contribute to the enƟ re community which is engaged in the research of this material. 
A beƩ er knowledge of the properƟ es of this material will aff ect the improvement of its 
preservaƟ on and processing technology, as well as its beƩ er uƟ lizaƟ on. Previous studies 
conducted on this material have shown that its properƟ es are diff erent from the recent 
oak. Although the density of the subfossil oak is not signifi cantly lower than the density 
of the recent oak, its mechanical properƟ es are lower by about 10% to 40% (Veizović et 
al. 2018), while dimensional changes are almost twofold. SEM analysis and FTIR spectros-
copy techniques were used in order to indicate the chemical and anatomical changes that 
have taken place in the subfossil wood. This could reveal the cause of the change in all 
properƟ es of the material. Images made using SEM showed the changed structure of the 
subfossil oak wood (Fig. 1). The collapse of subfossil wood cell wall is clearly visible. The 
cell collapse can be one of the explanaƟ ons for increased dimensional changes of subfossil 
wood. Some cell walls are completely degraded, which is probably a consequence of bioƟ c 
factors (fungi or bacteria). It can also be seen that lignin in the middle lamella is highly 
degraded. Some cell walls in subfossil oak wood were detached from the middle lamella 
(ML). The obtained spectra of the subfossil oak were compared with the spectra of recent 
oak. There was no big diff erence in lignin raƟ o which was for recent oak 0.92 and for sub-
fossil 0.95. The hemicellulose raƟ o of recent oak was 1.82, compared to 0.59 for subfossil 
wood. This signifi cant diff erence shows that there was clear loss of hemicelluloses during 
aging of wood. Similar results were also shown by Hudson-McAulay (2016). In Figure 2, it 
can be visually determined that the size of the hemicellulose Ɵ p for recent oak is higher 
compared to the subfossil oak which matches the data about hemicellulose raƟ o. This sug-
gests that the absorpƟ on of infrared light due to the C = O binding of hemicellulose to the 
subfossil oak wood is lower, which could also mean their smaller proporƟ on, comparable 
to lignin and cellulose. All these anatomical and chemical changes coincide with changes 
in mechanical and physical properƟ es of this material.
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Figure 1:  SEM images of Recent and Subfossil oak (Group 2 – high density and high dynamic MOE., 
Group 3 – high density and low dynamic MOE). Recent oak images (Novak 2018)
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Figure 2:  Recent oak (Belec 2017) and Subfossil oak FTIR spectra
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Wood modifi caƟ on kineƟ c modelling is of major interest to assess diff erent technologies 
to modify solid and engineered wood products to improve given properƟ es as well as en-
vironmental impacts. The present research extends the work of (Goli et al. 2014; Marcon 
et al. 2018). These works provided a model of the degradaƟ on kineƟ cs when thermally 
modifying wood in a convenƟ onal venƟ lated oven. In the present study, 2 diff erent wood 
modifi caƟ on processes, applied to poplar wood (Populus Alba L.) from the same tree, were 
assessed through mass variaƟ on kineƟ cs: venƟ lated open air oven and saturated steam 
in autoclave. Mass variaƟ on was chosen as physical descriptor to assess the wood’s fi nal 
quality because it is already proven by (Candelier et al. 2016) that the mass loss is a good 
descriptor of thermal modifi caƟ on.

Experiments and Results
The measured dry mass variaƟ on in venƟ lated oven and autoclave are ploƩ ed in Fig. 1(a). 
Those kineƟ cs are modelled using the Ɵ me-temperature superposiƟ on method exposed 
in (Goli et al. 2014; Marcon et al. 2018) taking into account a temperature eff ect on the 
pre-exponenƟ al factor to enhance the predicƟ ve ability of the model (not considered in 
kineƟ c models up to now). 

Figure 1:  (a) Experimental mass variaƟ ons at oven dry state aŌ er exposiƟ on to venƟ lated oven and 
saturated steam in autoclave treatments; (b) Master curves idenƟ fi ed on the experimental mass 
variaƟ on measured aŌ er Ɵ me shiŌ ing to the reference temperature Tref = 150 °C for the venƟ lated 
oven and saturated steam heat treatment condiƟ ons. 

Thus, master curves at the same reference temperature of 150 °C are idenƟ fi ed for both 
kinds of treatment (open-air at dry state and saturated steam) and represented in Fig. 1(b).
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Conclusions
The main results concerning the study 
and  Fig. 1-2 are summarized as:

 – Saturated steam condiƟ ons 
are exhibiƟ ng rather faster 
modifi caƟ on than venƟ lated open-
air condiƟ ons.

 – The maximum mass variaƟ on 
that can be expected for poplar 
solid wood under saturated steam 
condiƟ ons is only about 35% 
compared to the maximum mass 
loss in open air oven reaching 
76%. This is the consequence of 
the presence of oxygen in the 
oven and not under saturated 
steam; oxidaƟ on reacƟ on cannot 
occur under saturated steam 
environment.

 – Both heat treatments mass 
variaƟ ons can be accurately 
modelled using Ɵ me-temperature 
equivalency and Arrhenius’ law as 
described in (Goli et al. 2014) and 
later improved in (Marcon et al. 
2018).

Fig. 2: Mass variation kinetics models prediction 
confronted to the corresponding experimental data.

A generalised kineƟ c model, taking into account in its formalism physically based elements 
such as the treatment temperature (Marcon et al. 2018), the calorifi c media heat capacity, 
the humidity (Zeniya et al. 2019) and the oxygen concentraƟ on (Goli et al. 2014), is the 
fi nal goal and outcome of this ongoing research work.
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The aim of the study was to evaluate selected physical and mechanical properƟ es of mulƟ -
layer plywood samples made as combinaƟ ons of densifi ed and non-densifi ed veneers with-
in the same plywood structure. Defect free samples of rotary-cut veneers made of birch 
(Betula verrucosa Ehrh.) and black alder (Alnus gluƟ nosa L.) were used. To densify the 
veneers, a constant hot-pressing schedule was applied under laboratory condiƟ ons, such 
as a temperature of 180°C under a constant pressure of 2MPa for 3 min Ɵ me span. The 
plywood samples made of 5 veneer layers were manufactured using a commercial urea-
formaldehyde (UF) resin under laboratory condiƟ ons. A constant hot-pressing schedule was 
applied while the glue spreading rate varied as a funcƟ on of the plywood type as shown 
in Table 1. The adhesive raƟ os were reduced to almost 50% of the recommended glue 
spreading rate used under industrial condiƟ ons. Two plywood panels were manufactured 
for each one of the plywood types. 

Prior to any process step and test, both veneers with and without pre-treatment and 
the produced plywood structures were kept under constant room condiƟ ons at 20±2°C 
and 65±5% relaƟ ve humidity for a week. The bending modulus of rupture (MOR) and the 
modulus of elasƟ city (MOE) have been determined according to EN 310 standard. The re-
ported results represent the average of ten samples for each plywood type. In the case of 
black alder, the bending strength and the modulus of elasƟ city have been enhanced once 
the process of densifi caƟ on was applied to veneer before plywood producƟ on and also 
for the combined plywood structures made of both densifi ed and non-densifi ed veneers. 
It appeared that the selected glue consumpƟ on values provided relevant results in terms 
of mechanical properƟ es. Such fi ndings are in accordance with the specialty literature 
for plywood made of densifi ed veneers (Bekhta et al. 2009, Chen et al. 2015, Arruda and 
Del Menezzi 2016). In the case of birch, only a small decrease was noƟ ced for the same 
mechanical properƟ es (Fig. 1 a, b). Such plywood structures resulted in improved physical 
and mechanical properƟ es of the fi nal product when using decreased glue consumpƟ on. 
A posiƟ ve environmental impact based on low emissions of toxic compounds as part of 
the low cost of the value-added fi nished product is expected.
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Table 1:  The pressing parameters for plywood manufacturing

Type of 
plywood Veneer type Code Density 

[kg/m3]

Glue 
spreading 

[g/m2]

Pressure 
[MPa]

Temperature

[°C]

Pressing 
Ɵ me

[s]

Control non-
densifi ed

black alder
birch

AN

BN

628.2 
(20.8)

727.8 
(18.0)

80

1.8 130 270+60Control 
densifi ed

black alder
birch

AD

BD

590.4 
(10.7)

737.2 
(15.9)

60

CombinaƟ ons 
± 

densifi caƟ on

black alder
birch

±A

±B

630.7 
(8.3)

724.8 
(19.7)

70

Values in parenthesis are standard deviaƟ ons

a) b)
Figure 1:  Results of bending strength (MOR) (a) and modulus of elasƟ city (MOE) (b) as a funcƟ on 
of plywood type and species.
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In this study, the effi  ciency of modifi ed wood with epoxidized plant oils against fungi and 
insects was invesƟ gated. Unsaturated double bonds in linseed and soybean oils were ep-
oxidized with hydrogen peroxide. Samples of Scots pine sapwood (Pinus sylvestris L.) were 
treated with epoxidized plant oils by means of empty cell process. Two diff erent reten-
Ɵ on levels: 80-140 kg/m3 (A) and 170-270 kg/m3 (B) were targeted. In order to improve 
the plant oils performance against fungi and insects, secondary impregnaƟ on with boric 
acid and oil-boric acid emulsions were employed. Modifi ed wood samples (15×25×50 mm 
(R×T×L)) were tested against brown rot (Coniophora puteana BAM Ebw15) and white rot 
fungi (Trametes versicolor CTB 863A) according to EN 113 (1996) standard. Prior to decay, 
half of the samples were leached in water according to EN 84 (1980). Samples were sub-
jected to fungal aƩ ack for 16 weeks in a climate room (22 ±2 °C and 70±5% RH). 
The insects test was carried out according to EN 47 (2005) standard for determining the ef-
fi ciency of epoxidized and non-epoxidized oils against larvae of Hylotrupes bajulus. Sample 
with dimensions of 15 × 25 × 50 mm along the grain were condiƟ oned at 20±2 °C and 65 
± 5% RH prior to the test.  Three openings, approximately 3 mm deep, were drilled in a 
diagonal paƩ ern on the upper longitudinal face of each test sample. A newly hatched larva 
of H. bajulus was carefully inserted head fi rst in each opening. AŌ er exposure to the larvae, 
the test specimens were placed on a fi lter paper dish in jars and stored in a controlled 
chamber at 20 ± 2 °C and 65 ± 5% RH for 4 weeks. AŌ er the exposure, each sample was 
examined by X-rays to check for dead larvae or presence of frass, which is a sign of an 
iniƟ al larval acƟ vity. The state of larvae (dead, living, not recovered) was recorded for all 
test samples.

Decay test results against C.puteana and T.versicolor revealed that the modifi ed wood 
samples with epoxidized oils improved fungi resistance when compared with untreated 
samples, but boric acid treatments signifi cantly decreased weight losses (Table 1). 

According to the insects test results, modifi ed wood samples with epoxidized oils showed 
resistance against larvae of Hylotrupes bajulus.
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Table 1:  Decay test results 

Treatment
Coniophora puteana Trametes versicolor

Leached [%] Unleached [%] Leached [%] Unleached [%]

3% BA+ ELO
A 2,19 (0,81)* 1,94 (0,31) 1,81 (0,61) 2,76 (0,40)
B 2,50 (0,27) 2,99 (0,34) 2,54 (0,32) 3,84 (0,48)

3% BA + LO
A 3,02 (0,22) 2,23 (0,24) 2,71 (0,37) 2,87 (0,31)
B 2,14 (0,39) 0,64 (0,34) 3,08 (0,83) 1,42 (0,29)

ELO/ 3% BA emuls.
A 2,99 (0,34) 2,16 (0,32) 3,23 (0,43) 2,94 (0,80)
B 4,19 (0,72) 4,03 (0,62) 3,09 (0,57) 4,80 (1,28)

ELO
A 12,32 (0,54) 6,45 (0,06) 13,95 (1,98) 8,91 (1,53)
B 7,64 (0,37) 8,19 (0,24) 10,17 (0,79) 10,40 (1,99)

LO
A 4,95 (1,52) 3,00 (0,33) 9,56 (1,86) 3,75 (0,21)
B 2,90 (0,33) 3,30 (0,79) 5,33 (1,88) 2,67 (0,17)

3% BA - 2,77 (0,23) 1,86 (0,32) 4,71 (1,87) 1,79 (0,64)

3% BA+ ESO

A 2,71 (0,60) 2,81 (0,32) 3,76 (0,34) 3,16 (0,31)

B 3,91 (0,69) 4,00 (1,82) 4,10 (0,58) 7,28 (3,20)

3% BA + SO
A 2,39 (0,50) 2,22 (0,28) 2,56 (0,45) 2,79 (0,36)
B 3,42 (1,04) 2,93 (0,56) 3,60 (0,61) 2,57 (0,28)

ESO/ 3% BA emuls.
A 3,65 (1,06) 3,22 (0,49) 3,23 (0,88) 3,71 (0,91)
B 3,23 (0,43) 7,64 (1,31) 2,84 (0,57) 7,79 (0,85)

ESO
A 6,02 (0,75) 10,80 (1,25) 9,68 (1,17) 10,27 (1,83)
B 7,18 (0,21) 9,04 (0,66) 11,62 (1,17) 9,53 (0,37)

SO
A 3,81 (0,06) 3,47 (0,39) 10,48 (2,04) 4,58 (0,89)
B 3,69 (0,70) 3,25 (0,39) 9,96 (0,96) 3,64 (0,48)

Control - - 61,47 (6,62) - 23,35 (6,53)
ELO - Epoxidized linseed oil; ESO - Epoxidized soybean oil; LO - Linseed oil; SO - Soybean oil; and 
BA - Boric acid; A - retenƟ on level 80-140 kg/m3; B -  retenƟ on level 170-270 kg/m3

* Numbers in parenthesis are standard deviaƟ ons.
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PercepƟ on is defi ned as a recogniƟ on and interpretaƟ on of sensory informaƟ on. PercepƟ on 
also includes how we respond to the informaƟ on and how we interact with the surround-
ing environment. Knowledge about human sensory percepƟ on of materials is playing an 
increasingly important role in the selecƟ on and combinaƟ on of materials within manufac-
tured products (Zuo et al. 2016). One of the main recent advances in wood technology is 
the development of modifi ed wood. New products off er enhanced durability and improved 
performance in unique ways. Wood modifi caƟ on includes several treatments that change 
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material properƟ es on diff erent levels (Hill 2006). They include acƟ ve modifi caƟ ons, that 
change chemical nature of materials (e.g., chemical, thermal, enzymaƟ c), or passive, that 
do not alter materials chemistry (e.g., impregnaƟ on, surface treatments). Consequently, 
various properƟ es of wood are changed to diff erent extents. 
A previous study demonstrated that not only physical characterisƟ cs of materials are im-
portant in materials experience, but also sensory properƟ es of materials and the meanings 
and emoƟ ons triggered by them (Karana et al. 2015). Customers formulate a percepƟ on 
of the product partly based on its sensory properƟ es (e.g., colour, texture, sound, smell, 
taste) when experiencing the product for the fi rst Ɵ me. Sijtsema et al. (2016) highlighted 
the importance of obtaining insight into percepƟ ons of laypeople about new technologies. 
In some cases (e.g., geneƟ c modifi caƟ on), new technologies are not generally accepted 
and might even be rejected by consumers, even if professionals see many benefi ts in 
them. Similarly, “modifi ed wood” might impair the impression due to specifi c background 
knowledge (e.g., containing “chemistry” and/or manipulated/no more natural). Material 
percepƟ on shall be invesƟ gated in certain contests and applicaƟ ons. Modifi ed wood used 
for food contact materials  should be safe for human health and do not transfer organo-
lepƟ c characterisƟ cs of food (European Comission, 2004). Therefore, the selecƟ on of ma-
terials with parƟ cular sensory properƟ es and placing them in certain usage contest might 
enhance the product’s overall image and the market’s percepƟ on of its value (Zuo et al. 
2001). The project “PercepƟ on of modifi ed wood” is a joint project of seven partners with 
the overall goal to invesƟ gate recepƟ on of modifi ed wood in order to improve its visibility 
and acceptance. Within this research, we aim to invesƟ gate preferences in using modifi ed 
wood from psychological, physiological and cultural perspecƟ ves. Infl uences of modifi ca-
Ɵ on processes on human health and wellbeing will be invesƟ gated with preference tests 
by using both virtual and real samples. Special focus will be directed towards implement-
ing alternaƟ ve assessment methods (e.g., wearable sensors that can capture physiological 
responses) while assessing respondents. 
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Heat treatment improves dimensional stabilizaƟ on and decay resistance of wood, but re-
duces mechanical properƟ es due to the higher temperatures from 180 °C to 260 °C (Hill 
2006). Vacuum-heat treatment is carried out in a chamber in which oxygen is reduced 
by the applicaƟ on of vacuum. Termovuoto, a new process, has been introduced to wood 
modifi caƟ on using vacuum (Ferrari et al. 2013).  In recent years, the producƟ on of heat 
treated wood has increased with several methods such as Thermowood, Platowood or 
ReƟ fi ed wood. Heat treated wood can emit various volaƟ le compounds (VOCs) depending 
on the wood species and treatment condiƟ ons. Releasing volaƟ le organic compounds from 
wood can present a health concern (Hofmann et al. 2013). However, there are a relaƟ vely 
small number of studies dealing with the volaƟ le organic compounds emiƩ ed from heat 
treated wood.  

In the present study, Scots pine (Pinus sylvestris L.) sapwood and heartwood samples were 
exposed to heat and vacuum-heat treatment at 180 °C and 200 °C for 2 hours. The fi eld 
and laboratory emission cell (FLEC) and gas chromatography–mass spectrometry (GC-MS) 
system were used subsequently in detecƟ on of VOCs. Based on the obtained results, the 
increase in heat treatment temperature increased the total volaƟ le organic compound 
(TVOC) emiƩ ed from the wood samples. The analysed samples resulted in 35 volaƟ le or-
ganic compounds. The VOCs, pentanal, hexanal, α-pinene, β-pinene, camphen and limo-
nene were found in higher quanƟ Ɵ es compared to other compounds. Some compounds 
such as benzene, trichlorethylen, furfural, ethylbenzene, myrcen, and octanal were emit-
ted in very low quanƟ Ɵ es from sapwood and heartwood aŌ er heat treatment. Pfenol and 
1,4-dichlorobenzen were not detected in the samples before or aŌ er heat treatment. 

The eff ect of vacuum-heat treatment was evident parƟ cularly in the heartwood samples. 
Vacuum-heat treated samples released higher TVOC from heartwood samples compared 
to heat treated samples. α-pinene was the major compound in higher quanƟ ty released 
from the heartwood samples by vacuum-treatment.   
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From recently, oak (Quercus petraea and Quercus robur) has been the most widely used 
wood species in European parquet producƟ on as a face layer. It is possible to use other 
wood species for this purpose which are primarily used as fi rewood due to their smaller 
dimensions or lower yield (large raƟ o of wood defects), but sƟ ll provide the necessary 
technical parameters for parquet producƟ on. The smaller log diameter is not a big problem 
in the fi eld of parquet producƟ on because of the small dimensions of the parquet friezes. 
Furthermore, wood defects can be easily removed in producƟ on. The following wood spe-
cies are suitable for parquet producƟ on: hornbeam (Carpinus betulus), turkey oak (Quercus 
cerris) (Todaro 20121), and black locust (Robinia pseudoacacia). By invesƟ gaƟ ng diff erent 
producƟ on technologies for oak face layers, it was found that 80% to 85% of the costs are 
raw material costs (Orłowski and Walichnowski 2013). This result shows the importance 
of raw material selecƟ on.

Due to its extraordinary hardness, decoraƟ ve appearance and small available dimensions, 
black locust wood is expected to be an excellent material for strip parquet fl ooring. The 
steaming of the black locust face layers was done in an industrial scale steaming chamber 
at atmospheric pressure and at two diff erent temperatures. Temperatures were: 85 °C 
(light steamed) and 95 °C (dark steamed), with the same duraƟ on of 48 hours. Four dif-
ferent face layers were invesƟ gated: oak (O), natural (unsteamed) black locust (N), light 
steamed black locust (L), and dark steamed black locust (D). The core and boƩ om layer 
was made of spruce. Flooring was installed in a heavy-wear student dormitory stair landing 
(Fig. 1.). Through normal use in a busy student dormitory stair landing, the fl ooring ele-
ments have changed colour rapidly but have not suff ered signifi cant changes in structure 
and performance. 

Based on this experiment, the eff ect of steaming on abrasion resistance of fl ooring top 
layers was not found to be signifi cant. Oiling signifi cantly increased the abrasion resistance 
of the steamed specimens, but the diff erences in abrasion resistance are more likely due 
to diff erences in density and annual ring orientaƟ on (radial, tangenƟ al) than to surface 
treatment. This makes the evaluaƟ on of abrasion tests diffi  cult, but this shortcoming could 
be compensated by a diff erent experimental design, which includes density as one of the 
variables and a larger sample size. In general, the measured diff erences between samples, 
although someƟ mes staƟ sƟ cally signifi cant, were small from a pracƟ cal point of view. This 
is especially true when comparing the abrasion properƟ es of black locust with those of 
oak, as with one method oak aƩ ained superior raƟ ngs, while with the other black locust 
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performed beƩ er. AŌ er the service period, tests were conducted to show how indoor 
service aff ects Brinnel-Mörath hardness (HBM). As seen in (Fig. 2), a signifi cant decrease 
in surface hardness can be observed.

Figure 1:  The appearance of the fl oor aŌ er installaƟ on.

Regarding dimensional changes and deformaƟ on, tests yielded similar results for oak and 
natural black locust, whereas light steamed black locust performed even beƩ er, and dark 
steamed black locust proved to be inferior to all other observed materials. Both the in-
service and the laboratory tests indicated that wood density, grain orientaƟ on and element 
structure (three-layered-plywood) appeared to aff ect the performance of the fl oor to a 
much higher degree than the diff erent structure and treatments of the materials used. 
Black locust wood proved to be suitable for indoor fl ooring applicaƟ ons.

Figure 2:   Brinell-Mörath hardness values before and aŌ er indoor service. (Legend: Oil - surfaces 
coated with transparent oil, O - oak, N -natural (unsteamed) black locust, L- light steamed 
black locust, D - dark steamed black locust).
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Nothofagus pumilio is the most important naƟ ve Ɵ mber species from the southern Pata-
gonia region of ArgenƟ na and Chile (Marơ nez Pastur et al. 2000). Since 1990, foresters 
are managing forests of N. pumilio to increase their economic value. To increase growth 
potenƟ al in the forests one of the strategies is to sustain even-aged forests, which can 
lead to beƩ er growing condiƟ ons (Marơ nez Pastur et al. 2009). However, fast-growing 
condiƟ ons aff ect the physical/mechanical properƟ es of wood, someƟ mes negaƟ vely. N. 
pumilio (lenga) and N. antarcƟ ca (ñire) both belong to a group of trees collecƟ vely referred 
to as southern beech. These species typically have an intense red color that is aƩ racƟ ve 
for use in furniture. To expand the range of applicaƟ ons beyond furniture, methods to 
improve the physical/mechanical properƟ es of southern beech have been invesƟ gated. 
One such method is a densifi caƟ on process that uses a combinaƟ on of heat and pressure. 
This technique has been successfully applied to other fast-growing tree species, increas-
ing their mechanical properƟ es (Kutnar et al. 2008; Kutnar et al. 2015). Schwarzkopf et 
al. (2017) used a similar process to design 3-layer composites from lenga and ñire wood. 
They evaluated mechanical properƟ es and showed that densifi caƟ on increased modulus 
of elasƟ city (MOE), modulus of rupture (MOR), and modulus of hardness (MOH). Based on 
these results, this study will further invesƟ gate and opƟ mize the use of densifi caƟ on with 
lenga and ñire for in-depth understanding of modifi caƟ on in wood structure. The objecƟ ve 
of this study is to apply densifi caƟ on treatments to lenga and ñire assessing key mechanical 
properƟ es correlated with annual growth ring width. 

The  approach taken in this study is to apply two densifi caƟ on treatments developed in 
previous studies and assess: MOH, set-recovery (SR) aŌ er submerging and drying cycles and 
dynamic mechanical properƟ es. These results will then be analyzed with respect to annual 
growth ring width to assess the eff ect that the forest management regime had on them. 

Samples of lenga and ñire originaƟ ng from Tierra del Fuego, ArgenƟ na were provided by 
foresters in that region. A total of ninety-six specimens were manufactured with dimen-
sions of 46 mm x 5 mm x 300 mm (width x thickness x length). Before densifi caƟ on, speci-
mens were condiƟ oned at 20°C and 65% relaƟ ve humidity (RH), weighed, and measured 
at three locaƟ ons for the width and thickness. SecƟ ons for ring width measurement were 
cut and measured. The remaining parts of the specimens were densifi ed with a hot-press 
using two temperatures (160 °C and 170 °C). Thin steel plates (2 mm) were used as 
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hard stops to achieve a target thickness. Immediately aŌ er the densifi caƟ on process was 
completed, measurements were taken to assess the densifi caƟ on. AddiƟ onally, aŌ er one 
week of condiƟ oning, specimens were measured for the last Ɵ me to assess the spring-back 
eff ect. Due to the low thickness of densifi ed specimens, standardized hardness tesƟ ng is 
not ideal and MOH will be measured. To achieve this, specimens for MOH will be prepared 
from four square parts of each board and glued together into 4-layer composites. A Janka 
imprint ball will then be used to assess MOH. Two specimens from each board were cut 
for dynamic mechanical analysis with two orientaƟ ons. Specimens for set recovery test will 
be used to assess the set-recovery over Ɵ me exposed to water.  

Average annual ring width for ñire and lenga was 2.315 mm and 1.135 mm respecƟ vely. 
On average, specimens from ñire had iniƟ al density of 646 kg/m3 and specimens from 
lenga 548 kg/m3. AŌ er the densifi caƟ on a density raƟ o of 1.85 for ñire and 2.12 for lenga 
was calculated. In general both wood species exhibited higher spring back for densifi caƟ on 
process using 160 °C as compared to 170 °C.  
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High temperature heat treatment is an eff ecƟ ve technique which improves wood proper-
Ɵ es such as biological stability, dimensional stability and heat insulaƟ on. It also turns the 
natural color of wood into a dark brown color (Hakkou et al. 2006). Heat treated wood is 
especially used for decoraƟ ve purposes in construcƟ on materials. However, color of heat 
treated wood is not stabile, as the surface color turns gray or white in outdoor condiƟ ons 
if leŌ  unprotected (Kandem et al. 2002). To overcome this problem, an environmentally 
friendly and transparent coaƟ ng needs to be applied to protect the heat treated wood sur-
face against outdoor condiƟ ons without altering its appearance and texture. Acrylic-based 
coaƟ ngs containing natural anƟ oxidant (bark extract), UV absorber and lignin stabilizer 
have been found to be very eff ecƟ ve in protecƟ ng heat treated wood in outdoor condiƟ ons 
(Saha et al. 2011, Kocaefe and Saha 2012). 

In this study, the durability of two wood species (oriental beech and Scots pine) treated 
with heat treatment are compared under accelerated weathering condiƟ ons (672 h). Both 
the color change data and macroscopic evaluaƟ on indicate improvement in protecƟ ve 
characterisƟ c of waterborne acrylic coaƟ ng when bark extracts are used in place of com-
mercially available UV stabilizer (Fig.1). The arƟ fi cial weathering test was used to compare 
the durability of acrylic coaƟ ngs containing bark extract (test) and without any bark extract 
(control) in outdoor condiƟ ons. Four diff erent tree bark species (black pine, calabrian pine, 
alder and oak) were used for the test group. The UV absorbability and physical proper-
Ɵ es (viscosity, solid content and pH) of waterborne acrylic test and control coaƟ ngs were 
invesƟ gated. The adhesion strength and dry fi lm thickness of the control and test coaƟ ngs 
were determined on the heat treated and untreated wood surfaces. The results showed 
that although acrylic coaƟ ng with bark extracts were more effi  cient compared to acrylic 
coaƟ ng without any bark extract in color stabilizaƟ on of heat treated wood, it failed to 
protect untreated wood eff ecƟ vely aŌ er 672 h of accelerated aging. Furthermore, UV-VIS 
spectroscopy analysis showed that the UV absorpƟ on eff ect of acrylic coaƟ ngs containing 
bark extracts was higher than the control coaƟ ng. Compared to untreated wood surfaces, 
coaƟ ng adhesion strength and dry fi lm thickness values on heat treated surfaces were 
found to be quite high. This degradaƟ on was not due to the coaƟ ng adhesion loss or coat-
ing degradaƟ on during accelerated aging; rather, it was due to the signifi cant color change 
of acrylic coaƟ ng with bark extract.
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Figure 1: Macroscopic evulaƟ on of waterborne acrylic coaƟ ng systems applied to beech and pine 
wood before and aŌ er arƟ fi cal weathering test (A: black pine; B: calabrian pine; D: alder; M: oak; 
K: control).
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Wood aging techniques have been used for a long Ɵ me in the history of furniture and 
fl ooring making (Rodel 1999) and are sƟ ll popular nowadays (Weigl et al. 2009, Miklecic 
et al. 2012). Modifi caƟ on methods help to achieve a unique colour of wood, comparable 
with anƟ que Ɵ mber (Matsuo et al. 2011) or exclusive species (Weigl et al. 2012). The aim 
of this work is to determine the impact of tradiƟ onal wood aging techniques such as: sur-
face structuraƟ on, ammonia fuming and potassium permanganate dye on the wood colour, 
gloss, resistance to scratches (scratch width with the accuracy of 0, 01 μm) and abrasion 
(mass loss with the accuracy of 0,001 g). The species chosen for this study are the ones 
most frequently subjected to wood aging treatment: oak (Quercus Sp. L.) and Scots pine 
(Pinus silvestris L.) - wood with high and medium durability.   

Figure 1:  Impact of treatment methods on the change in oak wood properƟ es. 

In case of oak wood (Fig.1), the most signifi cant changes in the tested parameters took 
place as a result of potassium permanganate treatment in measurement of abrasion (de-
crease by 91%). Ammonia dyeing also caused signifi cant changes in abrasion (decrease by 
54%), as well as brushing (increase from 50% to 58%). In addiƟ on, treatment with ammonia 
improved the resistance to scratches (increase from 44% to 61%). The smallest changes in 
the tested surface parameters were caused by brushing, in case of the colour parameters 
(change from 4% to 9%). All the modifi caƟ on methods increased the resistance of wood 
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surface to scratches, while brushing had no signifi cant infl uence on colour or abrasion 
changes. 

In measurement of abrasion, pine wood (Fig.2) was most signifi cantly aff ected by dyeing 
with potassium permanganate (decrease by 140%). The smallest change for the b* colour 
parameter (no change) was observed for brushing treatment of samples. In case of pine 
wood, contrary to oak, ammonia fuming did not aff ect the L* parameter values. The infl u-
ence of modifi caƟ ons for oak and pine wood is similar in case of resistance to scratches 
(the smallest impact of potassium permanganate), but for oak wood this infl uence was 
much higher. Diff erences between wood species were observed in the colour parameters 
(for oak, the smallest infl uence was observed for the a* parameter, while for pine in case 
of L* and b* parameters). Dyeing with a soluƟ on of potassium permanganate resulted in 
total  change of wood colour (ΔE=37 for oak, ΔE=49,5 for pine), as well as with ammonia 
fuming in case of oak (ΔE=27,8). Ammonia fuming caused darkening of pine wood colour 
signifi cantly (ΔE=4,1).

Figure 2:  Impact of treatment methods on the change in pine wood properƟ es. 
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The colour change aŌ er UV radiaƟ on is mainly caused by solar radiaƟ on and refers to both 
natural and thermally modifi ed wood. Ayadi at al. (2003) showed that the characterisƟ cs 
of both materials are quite diff erent. The surface of thermally modifi ed wood changes its 
colour more rapidly than in the case of natural wood. Despite the diff erent characterisƟ cs 
of materials, the mechanism of colour changes is related to lignin reacƟ ons, in both cases. 
The literature shows few methods of wood protecƟ on against UV light and, correspond-
ing with this process, the colour changes. One of them involves the stabilizaƟ on of lignin. 
Norrstrom (1969) presented that lignin contributes 80–95%, carbohydrates 5–20%, and 
extracƟ ves about 2% to the total UV absorpƟ on coeffi  cient of wood. Another way to re-
duce photodegradaƟ on of wood is to reduce the penetraƟ on of UV radiaƟ on through the 
use of fi lters and absorbers of radiaƟ on. Usually, fi lters and absorbers form a transparent 
coaƟ ng (Hill 2006). Furthermore, it is also possible to coat the surface of the wood with 
nanoparƟ cles and silicones (Donath 2007, Kaboorania 2016). 

The aim of the study was to determine the eff ecƟ veness of selected wood protectants 
against photodegradaƟ on. 

The study was performed on heat-treated poplar wood (Populus nigra). The following pro-
tecƟ ng agents were used for the wood treatment: UV fi lter (Tinuvin® 5050), and lignin 
stabilizer (Lignostab) as a reference protectants, and a model preservaƟ ve based on meth-
yltrimethoxysilane (MTMOS) or [3-(2-aminoethylamino)propyl]trimethoxysilane (AATMOS) 
and two types of nanocellulose (cellulose nanocrystal-CNC and cellulose nanofi bril-CNF) 
(Table 1). The protected wood samples were submiƩ ed to an accelerated aging procedure 
simulaƟ ng the natural weather condiƟ ons according to the following condiƟ ons: relaƟ ve 
humidity of air  65%; temperature of wood surface 65oC; irradiance 550 W/m2, Ɵ me expo-
sure of 20, 50 and 100 hours. The colour change was examined with the use of DataColor 
600® system CIELab.
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Table 1. CharacterisƟ cs of photostability agents within samples (type and its retenƟ on) and colour 
changes of treated wood (aŌ er impregnaƟ on and aŌ er 50 hours of UV radiaƟ on)

Sample 
ID

Silane

AceƟ c 
acid

Ingredient
ΔE aŌ er 

impregnaƟ on 
[-]

ΔE aŌ er 50 
hours of 

aging 

[-]

ID AbsorpƟ on 
[g/m2] ID AbsorpƟ on 

[g/m2]

A AATMOS 9,25 - - - 4,4 9,5
B AATMOS 8,90 - CNC 0,97 5,3 8,1
C AATMOS 10,30 - CNF 0,92 2,5 10,1
D AATMOS 9,75 + - - 3,5 9,4
E AATMOS 9,50 + CNC 1,06 4,1 9,2
F AATMOS 8,95 + CNF 1,03 3,3 9,0
G MTMOS 9,90 - - - 3,8 11,5
H MTMOS 10,45 - CNC 1,02 2,3 11,2
I MTMOS 10,40 - CNF 0,92 1,4 10,9
J MTMOS 9,70 + - - 3,3 11,6
K MTMOS 10,65 + CNC 0,97 2,0 14,3
L MTMOS 11,25 + CNF 0,88 1,3 13,5

M Tinuvin® 
5050 - - Tinuvin® 

5050 7,2 6,9 12,4

N Lignostab - - Lignostab 7,1 7,3 10,8

ImpregnaƟ on of wood with MTMOS did not result in visible changes of the wood color. 
This preservaƟ ves proved to be ineff ecƟ ve in protecƟ ng wood color against UV radiaƟ on 
as evidenced by the ΔE value (exceeding 11). Wood protecƟ ng products containing a UV 
fi lter or lignin stabilizer resulted in a clear color change immediately aŌ er impregnaƟ on (ΔE 
approx. 7). Its protecƟ ve properƟ es occurred to be insuffi  cient aŌ er long-term exposure to 
UV radiaƟ on (ΔE exceeded 10). The coaƟ ng with AATMOS demonstrated the best results 
in the protecƟ on of wood color against UV radiaƟ on (ΔE was lower than 9).
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In the last years, there has been growing interest from researchers and industries to gen-
erate diversifi ed, innovaƟ ve and renewable products using on site bio-resources such as 
wood and tree residues (Todaro et al. 2017). In this respect, chestnut (Castanea saƟ va 
Mill.) wood has been chosen and used as a source of plant material. Chestnut wood was 
thermally treated (TMT) and compared to naƟ ve wood by invesƟ gaƟ on of four  main as-
pects: 1) changes of the physical and mechanical wood properƟ es; 2) improvement of 
the extracƟ ve yield through the combinaƟ on of thermal modifi caƟ on process and highly 
effi  cient extracƟ on techniques; 3) evaluaƟ on of the anƟ oxidant acƟ vity of extracƟ ves; 4) 
potenƟ al applicaƟ on of TMT extracƟ ves as protecƟ ve means against weathering of black 
poplar and Norway spruce wood.

Chestnut wood was thermally modifi ed at 180 °C for 3 hours and the eff ects of TMT treat-
ment were evaluated by characterizaƟ on of wood properƟ es such as the mass loss, colour 
change and Modulus of ElasƟ city (MOE). For the preparaƟ on of extracƟ ves, chestnut wood 
was subjected to solid-liquid extracƟ on by using three extracƟ on techniques, namely mac-
eraƟ on (ME), ultrasound assisted extracƟ on (UAE) and accelerated solvent extracƟ on (ASE). 
Then, the extracƟ on yield, the content of secondary metabolites (polyphenols, fl avonoids 
and tannins) and the anƟ oxidant acƟ vity of extracƟ ves were determined. In parƟ cular, the 
radical scavenging acƟ vity by 2,2-diphenyl-1-picrylhydrazyl  (DPPH), the reducing power 
(FRAP) and the inhibiƟ on of lipid peroxidaƟ on (BCB) were evaluated. AddiƟ onally, chemical 
characterizaƟ on by Gas Chromatography-Mass Spectrometry (GC-MS) was also performed 
on obtained extracƟ ves. Finally, the possible effi  cacy of extracƟ ves in their radical-scaveng-
ing role was tested on UV-irradiated poplar and Norway spruce wood surfaces. For this 
purpose, the extracƟ ves from chestnut wood derived by ASE technique were used and 
the colour fastness and contact angle variaƟ on aŌ er arƟ fi cial weathering were measured. 
AddiƟ onally, a FT-IR analysis on the photo-degraded surfaces was executed (Fig. 1). The 
fi ndings acquired in this work provide some useful physical and mechanical informaƟ on 
for future research and applicaƟ on of the thermal vacuum modifi caƟ on on chestnut wood. 
The detailed knowledge about the extracƟ ves (Fig. 2) from chestnut wood can contribute 
to beƩ er understand the eff ect of temperature during thermal treatment on the chemical 
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composiƟ on and anƟ oxidant acƟ vity of the extracƟ ves. Chestnut wood could be applied 
as a potenƟ al source of bioacƟ ve compounds for nutraceuƟ cal or pharmaceuƟ cal applica-
Ɵ ons by selecƟ on of appropriate extracƟ on techniques or as starƟ ng material to use in 
the wood industry. 

Figure 1: Experimental design of wood extracƟ ves used on poplar and Norway spruce wood sur-
faces.

DPPH and FRAP expressed as mg of Trolox Equivalent per g of dry extract (mgTE/g); β-Carotene 
expressed as % of anƟ oxidant acƟ vity (%A.A.) at 1 mg/mL; total phenol content (TPC) expressed 
as mg of Gallic acid Equivalent per g of dry extract (mgGAE/g); total fl avonoid content (TFC) 
expressed as mg of QuerceƟ n Equivalent per g of dry extract (mgQE/g); total tannins content (TTC) 
expressed as mg of Tannic acid Equivalent per g of dry extract (mgTAE/g). 

Figure 2:  Behaviour of extracƟ ves derived from untreated and thermally treated chestnut wood. 
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When applying special addiƟ ves to parƟ cleboards (PBs) with the aim to increase their 
anƟ bacterial properƟ es, a change in their mechanical properƟ es may occur. 

 This paper gives informaƟ on about the preparaƟ on, density and selected mechanical prop-
erƟ es (internal bond strength according to EN 319 and bending strength according to EN 
310) of one layer PBs modifi ed with zinc oxide nanoparƟ cles (nano-ZnO). The absolute dry 
mass of PBs consisted of 10 parts of wooden parƟ cles (9.5 parts of coniferous and 0.5 part 
of hardwoods) and of 1 to 1.24 parts of melamine urea formaldehyde (MUF) glue contain-
ing hardener, paraffi  n and 0, 2, 6, 12 or 24% wt. of nano-ZnO. The PBs were hot pressed 
at t = 210 °C, ps max. = 5.33 MPa, and with the pressing factor of 14 s/mm of thickness. The 
anƟ -bacterial and anƟ -fungal resistance of prepared PBs were also determined (Reinprecht 
and Vidholdová 2018).

The density of the nano-ZnO-treated-PBs (629 - 653 kg.m-3) was very similar to the density 
of the control PB (644 kg m-3) (Fig. 1). 

Figure 1:  Density of parƟ cleboards treated with nano-ZnO.

Internal bond strength (IB): The increase of nano-ZnO addiƟ on in MUF gluecaused a con-
Ɵ nual decrease of the IB of PBs, from 0.49 MPa maximally to 0.30 MPa, i.e. about 38.7% 
(Fig. 2).
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Figure 2:  Internal bond strength of parƟ cleboards treated with nano-ZnO.

Bending strength (BS): The bending strength of nano-ZnO-treated-PBs decreased from 9.8 
MPa maximally to 7.8 MPa, i.e. about 20.4% (Fig. 3). Decrease of BS was a smaller as of 
the IB, and simultaneously it was not apparently aff ected by the amount of nano-ZnO in 
PBs (Fig. 3).  

Figure 3:  Bending strength of parƟ cleboards treated with nano-ZnO. 
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ParƟ cleboards (PBs) with improved anƟ microbial properƟ es are recommended for indoor 
occasionally moistened exposiƟ ons, e.g. for kitchens, bathrooms or hospitals. 

This paper  gives informaƟ on about the anƟ -bacterial and anƟ -fungal resistance of one 
layer PBs prepared by a tradiƟ onal pressing process (Iždinský and Reinprecht 2018) from 
wood parƟ cles, paraffi  n and melamine urea formaldehyde (MUF) glue modifi ed with zinc 
oxide nanoparƟ cles (nano-ZnO) in the amounts of 0, 2, 6, 12 and 24% wt. (weight of solid 
nano-ZnO per solid weight of catalysed MUF glue). 

Bacterial acƟ vity: The acƟ vity of bacteria on the top surfaces of the nano-ZnO-treated-PBs 
was measured using 1.0 McFarland scale of bacterial inoculum, when incubaƟ on lasted 
48 h at temperature of 37°C. The acƟ vity of the Gram-posiƟ ve bacterium Staphylococcus 
aureus has decreased maximally about 70% (i.e. from 0.40 up to 0.12 ×108 CFU/ml) and 
of the Gram-negaƟ ve bacterium Escherichia coli maximally about 50%(i.e. from 0.38 up to 
0.19 ×108 CFU/ml) (Fig. 1). 

Figure 1:  AcƟ vity of bacteria on the top surfaces of parƟ cleboards treated with nano-ZnO.

Growth of molds: The growth intensity of two microscopic fungi Penicillium brevicompac-
tum and Aspergillus niger (according to partly modifi ed EN 15457) on the top surfaces of 
the nano-ZnO-treated-PBs has decreased maximally about 49.8% and 62.6% on the fi nal 
21st day (Fig. 2).
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Figure 2:  Growth intensity of molds on the top surfaces of parƟ cleboards treated with nano-ZnO.

Decay: The nano-ZnO-treated-PBs had an apparently improved resistance against the 
brown-rot fungus Coniophora puteana (according to partly modifi ed ENV 12038), since 
their weight losses at a 6-week fungal aƩ ack exponenƟ ally decreased up to 85.7%, i.e. 
from 17.4% to 2.5% (Fig. 3). Similarly, Marzbani et al. (2015) determined for PBs bonded 
with nano-ZnO-modifi ed-urea formaldehyde glues  an exponenƟ al decrease of their weight 
losses at acƟ on of C. puteana, and also at acƟ on of the white-rot fungus Trametes versi-
color.  

Figure 3:  Weight losses of parƟ cleboards treated with nano-ZnO at acƟ on of C. puteana. 
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The state-of-art of wood-based composites research show, that in case of layered materi-
als – like plywood – the signifi cant factors, which determine the durability, the applicaƟ on 
ways, as well as the condiƟ ons of use, are the composite usage environment parameters 
(Frihart 2014, Gillespie and River 1976, Vasileiou et al. 2011). The aim of this study was 
to examine the infl uence of bonding line temperature in layered wood composites on the 
selected mechanical properƟ es of pine plywood produced with diff erent adhesives: phenol 
– formaldehyde (PF), melamine – urea – formaldehyde (MUF), urea – formaldehyde (UF), 
polyvinyl acetate (PVAC) and polyurethane (PUR). In the scope of research the examinaƟ ons 
of modulus of rupture during staƟ c bending (Fig. 1), modulus of elasƟ city (Fig. 2), as well 
as density profi le (Fig. 3) were conducted.
On the basis of the results it was noƟ ced that plywood, which was bonded with PUR and 
PF resin  showed the highest values of menƟ oned mechanical properƟ es. As the bonding 
line temperature ranged from 20˚C to 100˚C, the modulus of rupture decreased from 27% 
for UF, MUF, PF and PUR adhesives up to 37% for PVAC adhesive with respect to the iniƟ al 
strength value at 20˚C. In the same temperature range, the modulus of elasƟ city decreased 
from 21% for UF, MUF, PF and PUR adhesives up to 52% for PVAC adhesive.

Figure 1: Modulus of rupture of tested composites under variable temperature.
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Figure 2: Modulus of elasƟ city of tested composites under variable temperature.

Figure 3: Density profi les of tested composites.
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IntroducƟ on
Nowadays the populaƟ on is facing the eff ects of an excessive and reckless consumpƟ on of 
limited resources and energies. Global warming, the Great Pacifi c Garbage Patch, and air 
polluƟ on are criƟ cal warning indicators for the need to develop more sustainable alterna-
Ɵ ves to our current lifestyle. Using renewable resources to produce materials is a parƟ al 
soluƟ on to lower our impact on the environment. The specifi city of the fungi mechanisms 
of growth makes them aƩ racƟ ve as bioconversion agents (Dashtban et al. 2009) and po-
tenƟ al advanced materials (Haneef et al. 2017).  The present study invesƟ gates the prop-
erƟ es of lignocellulosic-substrate fungi-based materials. Fungi secrete enzymes that decay 
lignocellulosic materials to convert them into glucose, which will provide the energy for 
the fungi to grow. Fungi grow by creaƟ ng a net of hyphae (Fig. 1a) as they decompose or-
ganic substances. If stopped before the complete degradaƟ on of the substrate, these  intra 
lignocellulosic hyphae threads form an interesƟ ng composite structure (Fig. 1b).

 

a b

Figure 1:  Microscopical observaƟ on of a) Net of hyphae, b) Hyphae on a wood substrate.

Ma terials
Ganoderma Lucidum fungi was inoculated in four diff erent substrates (Table 1). Beech 
wood and hemp were milled at a parƟ cle size ranging between 5 and 15 mm. The compo-
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siƟ on and parƟ cle size of the substrate, and the amount of water, are crucial parameters 
for the growth of the fungi. 

Table 1:  DescripƟ on of the substrates

Specimen Substrate ComposiƟ on Water intake [%m]
1 100% Beech wood 70
2a 100% Beech wood 126
3b 50% Beech wood + 50% Beech dust 70
4 100% Hemp (shivs + fi bres) 68

a Infl uence of the water content (x2 vs specimen 1), bInfl uence of the parƟ cle size vs 
specimen 1

The resulƟ ng  lignocellulosic-substrate fungi-based materials are presented in Fig.2.

Figure 2:  Lignocellulosic-substrate fungi-based materials.

Results and perspecƟ ves
The characterisƟ cs of the lignocellulosic-substrate fungi-based materials will be assessed. 
The physical and mechanical properƟ es (density, thermal conducƟ vity, moisture absorp-
Ɵ on, UV resistance, mechanical strength), the environmental and health impact, and the 
safety of use will be considered. Based on the results of the analysis, the most suitable 
applicaƟ ons (insulaƟ on, packaging, building, subsƟ tute for single use plasƟ c materials) will 
be defi ned for every formulaƟ on (substrate/fungi couple). 
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About 30 million tons of wood waste is generated each year in the countries of the Eu-
ropean Union. The large volume of wood waste has new business opportuniƟ es and new 
markets. In recent decades, new ecological and environmentally suitable materials made 
from wood or other organic substrates colonized by mycelium have been developed as 
novel bio-based materials. Mycelium boards are made by inoculaƟ ng an individual strain 
of fungi (hyphae) in a substrate of organic substances (Bayer et al. 2008, Holt et al. 2012). 
Hyphal network (mycelium) colonizes the substrate, and, like a self-assembling biological 
binder, glues the used substrate giving it strength and integrity. A bio-composite consisƟ ng 
of mycelium-plant material can be applied as a biodegradable alternaƟ ve for a wide range 
of industrial materials replacing non-renewable resource materials such as polystyrene, 
Styrofoam and poly-urethane foams (Aƫ  as et al. 2017).

Two sets of samples were made. The fi rst set was made as low density mycelium boards 
(MBs) consisƟ ng of mycelium of fungus Trametes versicolor. A second set was made as low 
density parƟ cleboards (PBs). Applied substrates consisted mostly of spruce wood parƟ cles 
obtained from PB factory. The porƟ on and size distribuƟ on of parƟ cles in substrates can 
be found in Table 1. Further, the MBs substrate contained wheat fl our in the amount of 4 
% wt. (weight of fl our per weight of wood parƟ cles), mycelium of Trametes versicolor on 
malt agar plates (170 cm2 for 100 g substrate) and demineralized water (30 ml for 100 g 
substrate). The special PBs with low density were prepared from the same parƟ cles with 
average moisture content 3.7 ± 0.17%, urea-formaldehyde glue, hardener - ammonium 
nitrate in amount of 7% wt (weight of solid hardener per solid weight of glue) and paraffi  n 
emulsion in amount of 22% wt (weight of solid paraffi  n emulsion per solid weight of glue).                                                              

Table 1:  Overview of wood substrate – the size and porƟ on distribuƟ on of wood parƟ cles

Spruce wood parƟ cles

 Size  [mm]

The porƟ on of parƟ cles fracƟ ons in substrate [%]

20 11.2 4 1.6 1.25 0.8 0.5 0.25 fi nesse

Low density MB 6.03 13.59 40.68 24.95 4.84 6.11 2.84 0.60 0.36
Low density PB 0.94 10.50 54.70 24.42 3.72 3.84 1.32 0.40 0.16

Note: Substrate weight = 100 g.

FabricaƟ on of the MBs - The substrate was sterilized by placing it in an autoclave at a 
temperature of 121 °C and pressure of 1.25 kPa for 60 minutes. AŌ er cooling, the sub-
strate was mixed with fl our, water and fungal mycelium. The substrate was then placed 
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into Petri dishes with a diameter 120 mm and the nominal thickness of 30 mm. The Petri 
dishes were closed and then placed in a climaƟ c chamber. The samples were allowed to 
grow in dark condiƟ ons, during 21 days, at a constant temperature of 30 ± 2 °C. AŌ er the 
growth period, the samples were placed inside the room and subsequently in an oven at 
60 ˚C and dried for 8 hours. 

FabricaƟ on of the PBs – The 1-layer PBs with the area size of 250 mm × 180 mm and the 
nominal thickness of 25.0 mm were prepared in laboratory condiƟ ons. ApplicaƟ on of a 
mixture of urea-formaldehyde glue, hardener and paraffi  n emulsion on wood chipped par-
Ɵ cles was performed in a laboratory rotary mixing device. Wood parƟ cles coated with glues 
were then loaded into a pre-pressing form and fi nally pressed in a laboratory press. Press-
ing process was performed according to the three stage pressing diagram at a maximum 
temperature of 210 °C, maximum specifi c pressure of 15 MPa, and pressing factor of 12 s. 

Me asuring compressive properƟ es of prepared board was done according the standard test 
ASTM C 165-07. Strength was defi ned as stress at 20% deformaƟ on.

The results are shown in Table 2. The sƟ ff ness increases exponenƟ ally with stress. The 
average compressive strength of MBs samples at 20% deformaƟ on is 23.95 kPa. Though 
the observed strength is comparaƟ vely low, it should be noted that MBs are fully bio-based 
and fully degradable whereas the other materials in table 2 are not.

Table 2:  Comparison of low density structural materials

Material Density [kg/m3] Compressive strength at 20% deformaƟ on [kPa] 
Low density MBs 103.0 (0.01) 23.95 (6.79)
Low density PBs 189.2 (3.68) 199.0 (73.98)
Expanded polystyrene 13.50 – 18.00 96.90 (Vnuk 2017)

Note: In parentheses is value of Standard deviaƟ on.
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In the process of eco-design/construcƟ on of buildings, bio-sourced and recyclable materials 
are experiencing considerable success. They include, amongst others, wood, bamboo and 
innovaƟ ve concrete in which aggregates of plant origins are used like coconut, sunfl ower 
or hemp shiv. The later is being used increasingly, thanks to its environmental benefi ts of 
posiƟ ve CO2 balance and easy life cycle management. In construcƟ on, it also off ers other 
advantages such as good thermal and acousƟ c insulaƟ on properƟ es. Its major drawback, 
however, is poor mechanical performance. In a previous study (Niyigena et al. 2016), pa-
rameters infl uencing mechanical properƟ es have been invesƟ gated, and it has been con-
cluded that the method used may signifi cantly impact the modulus results.  This, combined 
with the lack of a standard method, may be a barrier to the further development and use 
of hemp concrete. 
This study focuses on the variability of the modulus properƟ es and the methods of cal-
culaƟ ng them. For a stress–strain curve with 3 loading/reloading cycles, two main types 
of modulus, apparent and elasƟ c, were determined using diff erent calculaƟ on methods: 
fl oaƟ ng, tangenƟ al and cyclic. According to the literature, apparent modulus is calculated 
in the linear phase by applying Hooke’s law, while elasƟ c modulus corresponds to the 
reversible modulus in reloading/loading cycles. Within this study three formulaƟ ons were 
used (Table 1). “A” corresponds to the wall and fl ooring applicaƟ ons while formulaƟ ons 
“B” and “C” are for fl ooring and coaƟ ng applicaƟ ons, respecƟ vely. 45 cylindrical specimens 
11x22 cm2 were manufactured using one kind of hemp shiv and one kind of commercial 
hydraulic binder (binder C).  Compression test with cyclic loading has been conducted on 
5 samples per formulaƟ on at diff erent ages (60, 90  and 180 days).

Tab le 1: Tested formulaƟ ons for wall, coaƟ ng and fl ooring applicaƟ ons per 100-litre batch

FormulaƟ ons Shiv(kg) binder C (kg) Water (Litres) Water/binder 
raƟ o

Shiv/binder 
raƟ o

A (250kg/m3) 9.5 25 31 1.24 0.38

B (187.5kg/m3) 9.5 18.75 26 1.387 0.507

C (500kg/m3) 9.5 50 50 1 0.19

Their stress–strain curves at 180 days are presented in Fig. 1. The higher the binder con-
tent, the greater is the maximum compressive strength. In contrast, the strain level de-
creases when binder content increases. Using curves of formulaƟ on A, fl oaƟ ng and tan-
genƟ al methods were used to calculate both the apparent and elasƟ c modulus, while the 
cyclic method was used to calculate only the elasƟ c modulus.
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Fi gure 1:  Stress–strain curves for formulaƟ ons A, B and C at 180 days.

The results obtained at 60, 90 and 180 days are presented in Fig. 2. The apparent modu-
lus obtained by the fl oaƟ ng and tangenƟ al methods are diff erent, with higher values in 
the case of the fl oaƟ ng modulus. On the other hand, the elasƟ c modulus values are also 
diff erent. As the fl oaƟ ng modulus is calculated as the maximum at each loading stage of 
the curve, their values are rather high, whereas the cyclic ones are low. Their confi dence 
intervals (CI) are almost the same but with slight diff erences; in general, the higher the 
modulus values, the larger the CI is.

 

 

Figure 2:  Apparent and elasƟ c modulus by fl oaƟ ng, tangenƟ al and cyclic methods at 60, 90 and 
180 days.

The study highlights diff erences between methods used to calculate the various moduli. 
Thanks to its low dispersion and variaƟ on over Ɵ me, the fl oaƟ ng method seems to be 
beƩ er suited than tangenƟ al or cyclic methods. Its tendency to overesƟ mate the modulus 
values has been highlighted. In addiƟ on, it has been evidenced that the tangenƟ al method 
is a parƟ cular instance of the fl oaƟ ng method. It has also been demonstrated that the cyclic 
method tends to underesƟ mate modulus results with low values. 
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In recent decades, due to concerns about global warming and the environment, research-
ers have been studying diff erent renewable resources as an alternaƟ ve for replacing pet-
rochemical compounds in formulaƟ ons (e.g. phenolic resins). 

Agricultural waste causes a disposal problem due to the quanƟ ty that is generated and/
or its proper use. This lignocellulosic material can be converted, however, by liquefacƟ on 
technique, into polyol with high added value (Hassan 2008, Jo et al. 2015). In this sense, 
almond and walnut shells were liquefi ed using polyhydric alcohols such as polyethylene 
glycol (PEG) and glycerol (G) as solvent and sulphuric acid (SA) as catalyst. The mixture 
of solvents of PEG:G in  a weight raƟ o of 80:20 and 4.5 wt% of SA were charged inside of 
a glass reactor and sƟ rred under controlled temperature. AŌ erwards, when the reacƟ on 
reached 135 oC, 15 wt% of the feedstock was added and the process was kept for 1 h. The 
percentage of SA and feedstock were in respect to mixture of solvents.

The aim of this study was to evaluate the infl uence of two diff erent agricultural wastes on 
the liquefacƟ on yield. The properƟ es of the polyols such as hydroxyl and acid number and 
viscosity were invesƟ gated. In addiƟ on, molecular distribuƟ on and structural composiƟ on 
of obtained polyols were determined.

Preliminary results showed that the highest liquefacƟ on yield was obtained with almond 
shells (93.46%) which had less acid substances than liquefi ed walnut shells (36.72 and 
42.06 mg KOH.g-1, respecƟ vely). Both polyols showed hydroxyl number around 245 mg 
KOH.g-1 and similar funcƟ onal groups (Fig. 1). 
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Figure 1:  FTIR spectrum of the polyols (LAS- liquefi ed almond shells, LWS – liquefi ed walnut 
shells).
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The use of wood-based products in Europe is projected to increase threefold between 
2010 and 2050. The need for innovaƟ ve products from fewer resources to help reduce 
pressure on forests is aƩ racƟ ng the aƩ enƟ on of the scienƟ fi c community to provide a 
value-added use of wood-based products aŌ er their tradiƟ onal service life. In this sense, 
cascading of wood is an effi  cient use of these resources from the point of view of natural 
resource higher value uses that allow the reuse and recycling of products and raw materi-
als. There are tree defi niƟ ons of cascading processes: cascading-in-Ɵ me, cascading-in-value 
and cascading-in-funcƟ on, which is the most prominent defi niƟ on. Cascading in funcƟ on 
has been described as a process through which diff erent products can be produced simul-
taneously to maximize the value of the original biomass, resembling the funcƟ onality of a 
biorefi nery. Basque Forestry Inventory has reported as of 2017 a total wood existence of 
27 688 992 m3 of radiate pine and an average of 221.13 m3 ha-1 being radiate pine in the 
main forest plantaƟ on in the Basque Country (HAZI Fundazioa, 2017, AIEF, 2017) .

For this work, radiata pine (Pinus radiata D. Don) was harvested from the forest area of the 
Basque Country (Spain) aŌ er which it was debarked, sawed, stored and condiƟ oned before 
the heat-treatment at Torresar® Company in fulfi lment of the chain of custody according 
to the PEFC cerƟ fi caƟ on. Pine boards were thermally modifi ed according to industrial pro-
ducƟ on standards at 212 °C (Termogenik®, Spain) in a heat-treatment chamber with steam 
presence and under inert N2 atmosphere. AŌ erwards, the samples were aged naturally as 
reported previously (Herrera et al 2014). 

AŌ er weathering, samples were milled and fracƟ oned into cellulose and lignin through 
environmentally friendly methods (Robles et al. 2018). An organosolv treatment (65/35 
v/v, 90 min, 200 °C, 9% consistency and 0.05 M MgSO4 as catalyst) was used as fi rst treat-
ment, followed by a totally chlorine-free bleaching sequence consisƟ ng of two alkaline 
oxygen stages (EO), one peroxide stage (P) with secondary chelaƟ ng reacƟ on (POQ) and an 
alkaline peroxide stage under oxygen atmosphere (PO). Oxygen-alkaline stages were done 
with 1.5 wt% NaOH, and the reacƟ ons were performed during 60 min at 98 °C under a 6 
bar O2 atmosphere. Black liquors from the two oxygen-alkali stages were collected. The 
fi rst peroxy stage was done using 3M H2O2, with pH stabilized at ~11 with a mixture of 
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NaOH and Mg(OH)2 (3:1 wt%). The use of Mg(OH)2 as a parƟ al subsƟ tuent of NaOH was 
done as it has been reported its effi  ciency as alkaline agent for peroxide bleaching with a 
30 % subsƟ tuƟ on being the opƟ mal. The reacƟ on was performed during 120 min at 105 
°C with N,Nbis(carboxymethyl)glutamic acid (GLDA) as chelant. The second peroxy stage 
was performed at 105 °C during 150 min under 6 bar O2 atmosphere. In this stage the pH 
was stabilized at ~11 by using NaOH only and with no further addiƟ on of chelant. For all 
the reacƟ ons pulp consistency was kept at 9%. To evaluate the infl uence of hydrothermal 
modifi caƟ on of wood, a control was used in both before and aŌ er weathering fracƟ oning. 

Lignin was precipitated from black liquor of the organosolv treatment (L1) by adding 2 
volumes of water at pH 2. A second lignin (L2) was precipitated from the spent liquor of 
the alkaline extracƟ on by acidifying the liquor unƟ l pH~2. The effi  ciency of the fracƟ oning 
was calculated by comparing the total obtained lignin and cellulose yields with the lignin 
and cellulose content of the raw material as calculated by standard methods. 

Scanning electron microscopy (SEM) images were recorded before and aŌ er fracƟ oning. 
The obtained celluloses were characterized by the means of purity (cellulose Iα content), 
crystallinity (x-ray powder diff racƟ on) and structure (nuclear magneƟ c resonance). Lignin 
fracƟ ons were characterized by the means of purity (Klason lignin content), molecular 
weight average (Mw), polydispersity index (Mw Mn

-1), inorganic content (thermal degrada-
Ɵ on) and structure (nuclear magneƟ c resonance). 
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The properƟ es of wood as a material are primarily infl uenced by the chemistry of its 
cell wall components (cellulose, hemicelluloses and lignin). The modifi caƟ on technologies 
are based on this principle (Hon 2017), in which the main target is to replace accessible 
hydroxyl groups of cell wall components with other funcƟ onal groups with lesser affi  nity 
to water, and, if possible, to improve properƟ es. The subsƟ tuƟ on of these groups with 
long chain acid chlorides can provide a hydrophobic eff ect, as well as an improvement of 
some properƟ es (Prakash and Mahadevan 2008). In this study, samples of pinewood (Pinus 
radiata) were modifi ed with acid chlorides with 6, 12 and 18 carbons (C6, C12, C18) at a 
concentraƟ on of 1M. The procedure started with isolaƟ ng of the wood extracƟ ves (tolu-
ene: ethanol (2:1)), and successively, the wood samples (without extracƟ ves) were oven-
dried (103±2 oC) and kept under vacuum atmosphere to facilitate the product uptake. The 
reacƟ on was conducted in DMF for 3h at 100 oC (for C6) and at 80 oC (for C12 and C18) 
using pyridine (10%) as catalyst. Finally, dietylether and ethanol were used to remove any 
residual from samples. AŌ er the modifi caƟ on process, the density and moisture content 
(MC) of samples were compared to untreated wood, and weight percentage gain (WPG) 
and leaching rate of the applied products were measured (Table 1).  

Table 1:  Physical properƟ es and product uptake 

Sample Pine contol Pine-C6 Pine-C12 Pine-C18
MC [%] 7.31 6.99 6.51 7.23

Density [kg/m3] 440.42 436.95. 468.30 441.94
WPG [%] - 4.44 6.19 2.38

Leaching rate [%] - 50.10 39.60 39.00

The changes in the surface weƩ ability were measured by means of a sessile drop tech-
nique on the goniometer OCA20 (DataPhysics), at the state of equilibrium contact angle 
and recording the contour of the sessile drop in funcƟ on of Ɵ me (Fig.1, leŌ ). Finally, the 
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thermal resistance of samples before and aŌ er modifi caƟ on were performed by dynamic 
thermo-gravimetric measurements (TA instruments TGA Q5000 IR equipment), under O2 
atmosphere in the range of temperature from 30 to 600 oC at a constant heaƟ ng rate of 
20 oC/min (Fig. 1, right).

Figure 1:  Weƫ  ng contact angle (WCA) (leŌ ) and Thermo-gravimetric analysis (right) of pine and 
esterifi ed wood.

According to the preliminary results, the acidic by-products generated during the process 
did not degrade the modifi ed wood, obtaining physical values in the range of the con-
trol samples. In addiƟ on, the esterifi caƟ on process decreased the availability of hydroxyl 
groups, changing the hydrophilic character of pinewood. The thermal behaviour of the 
samples modifi ed with C6 and C18 suggest that these treatments could be explored as 
fi re retardant (Gérardin 2016).
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The concept of the paper belongs to the topic of integraƟ on, disseminaƟ on and exploita-
Ɵ on. 

Main features
Changing MC lead to expansion or shrinkage of Ɵ mber members and to generaƟ ng extra 
inside forces what are very diffi  cult to take into consideraƟ on if the structure itself is not 
very simple. Especially it applies to the structures standing in open space as long span 
Ɵ mber bridges, towers, tall Ɵ mber buildings etc. The treaƟ ng can`t guarantee the exact 
MC always. Because of that the iniƟ ally projected geometry start to change what can 
lead to breaking the nodes unƟ l collapse of structure. The correct geometry for Ɵ mber 
structures is the key to avoid such cases. By the example of two curved laminated Ɵ mber 
bridge deck of pre-stressed lamellae will be shown how such type of structure react to 
the outside loads. The purpose of this experiment was to design bridge deck models what 
are capable to use outdoors. To control their behaviour under the loads and to study their 
defl ecƟ ons and permanent deformaƟ ons, depending on the applied load the cyclic bending 
tests were carried on.

Bridge deck structure
The Nordic spruce was used to produce special shape of lamellae. The starƟ ng workpiece 
was always 32x90x900mm. Lamellae of the structure of exact specimen were equal. Lon-
gitudinally shape of them was the same, where the middle part of lamella was narrower 
than the ends. Cross-secƟ on was wedge-shaped and the angle of it depended of requested 
elevaƟ on angle of the whole structure. 

The lamellae were mounted to each other one by one in pre-stressed way on radial di-
recƟ on with help of screws so that every screw had to undergo at least three lamella. 
Depending on the thickness of lamellae the screws of diff erent length was used. By the 
result and because of shape of lamellae the Ɵ mber bridge deck was formed with two-
curved geometry.

Cyclic loading test for analysing defl ecƟ ons and permanent deformaƟ ons 
Cyclic loading tests were carried on to analyse defl ecƟ ons and permanent deformaƟ ons of 
bridge deck models/specimen (Fig. 1). Specimen were rested to the jig only by 4 corners.
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a)        b)          c) 

Figure 1: Pre-stressed laminated Ɵ mber bridge deck (Specimen 05): 
 a) before loading, b) max loading/defl ecƟ on, c) aŌ er loading

Six series of test specimen (3 in each) were mounted with diff erent evaluaƟ on angle. Test 
series from 01 to 05 were with increasing pre-ascent. To compare them with ordinary 
laminated slab the test series 06 was made too. All specimen were loaded three Ɵ mes. 
The fi rst specimen of each series was loaded with one addiƟ onal cycle, unƟ l maximum 
possible load was applied. Results of loading tests of diff erent specimen are shown in Fig. 
2 (Kullamaa et al. 2018).

Figure 2: Test results (mean) of loading tests. 

Results and Conclusions
Pre-stressed two-curved bridge deck acted under the load as spring. Permanent deforma-
Ɵ on was not remarkable comparing with maximum defl ecƟ on. Under the maximum load 
all test spec imen had a negaƟ ve Gauss curvature, but aŌ er releasing the load, it almost 
completely restored its original shape. It happened because of distribuƟ on of the redun-
dant load at fi rst tangenƟ ally, then radially and at least longitudinally along the lamellae 
to the supports. Specimen series 05 were loaded at 24,91 kN.
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The use of bio materials in sustainable construcƟ on aims to reduce the environmental im-
pact of buildings. However, wood materials suff er from several drawbacks like uncertainƟ es 
of Ɵ mber mechanical properƟ es, knots in the material and the appearance of cracks. Tim-
ber elements exhibit micro-cracks, which can propagate due to faƟ gue, overload or creep 
loading. Thus, crack iniƟ aƟ on is one of the most important factors involved in the collapse 
of Ɵ mber components in building structures. To predict the crack iniƟ aƟ on, many numerical 
methods have already been developed to characterize the mechanical fi elds in the crack Ɵ p 
vicinity (Dubois et al. 2005). In this work, an energy method based on invariant integrals is 
used to esƟ mate the fracture parameters such as energy release rate and stress intensity 
factors (Moutou Piƫ   et al. 2010). The analyƟ cal formulaƟ on of the T-integral to viscoelas-
Ɵ c materials is extended to A-integral in order to take into account the eff ect of thermal 
loading and the eff ect of moisture variaƟ on (Riahi et al. 2016). In fact, the study of the 
crack growth iniƟ aƟ on and crack propagaƟ on in Ɵ mber structures may consider the eff ect 
of temperature and the moisture content on the mechanical fi eld distribuƟ on in the crack 
Ɵ p vicinity. Moreover, in the context of wood Ɵ mber structures the calculaƟ on procedure 
must be performed in an orthotropic material. In this study, the A-integral is implemented 
in the fi nite element soŌ ware CASTEM. Thus, several parameters are involved in the nu-
merical model: geometry, material, loading and environmental parameters (temperature 
and moisture content). The fi rst step of this work was to quanƟ fy the eff ects of uncertain 
parameters on the crack growth of a Ɵ mber beam. The Morris method (Morris  1991) was 
used to idenƟ fy the most signifi cant uncertain parameters of the variability of the crack 
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growth. Fig. 1 shows the most important parameters on the energy release rate. In fact, 
this approach lead to a reducƟ on of the stochasƟ c dimension of the reliability analysis in 
the second step of this study. The most uncertain parameters were modelled as random 
variables and considered in the Kriging metamodel and the remaining parameters were 
fi xed to their respecƟ ve mean values.  

Figure 1:  Important parameters of the variability of the energy release rate in Ɵ mber beam.

The second step of this work was to fi nd the opƟ mal and the reliable design of a Ɵ mber 
beam for several crack sizes. The Reliability-Based Design OpƟ mizaƟ on (RBDO) is developed 
to balance cost and reliability, where it off ers a means to quanƟ fy uncertainty propagaƟ on 
and determine the most reliable design that meets the performance criteria (Aoues et al. 
2011). However, the RBDO implies the evaluaƟ on of probabilisƟ c constraints, leading to 
expensive computaƟ on cost due to the numerical fracture mechanical model. In this study, 
the Kriging metamodel is adopted in order to surrogate the performance funcƟ ons (the 
release energy rate). The RBDO approach combines updaƟ ng of Kriging approximaƟ on by 
using the technique of constraint boundary sampling to enhance the predicƟ on of the 
Kriging metamodel. The kriging based RBDO of a Ɵ mber beam considering several crack 
sizes was then performed, and AK-MCS method based on Monte-Carlo simulaƟ ons and 
Kriging metamodel were used to validate the opƟ mal reliable design of the Ɵ mber beam.  
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Wood material and Ɵ mber structures play an important role in the limitaƟ on of greenhouse 
eff ects (Pambou Nziengui et al. 2017). But in service, their modifi caƟ on and durability 
are aff ected by mechanical loadings and environmental condiƟ ons (Angellier et al. 2017). 
Hence, the damage of two European beam species of Pseudotsuga Mennziesii (Douglas 
fi r – DF) and Abies Alba mill (white fi r – WF) under mechanical (creep) and environmental 
(temperature, relaƟ ve humidity, moisture content-MC) loadings have been invesƟ gated. 
The beams have been loaded for 2 years but, in this work, only the eff ects during ten (10) 
days were exploited. The two beams (WF and DF) were loaded in 4-point bending tests 
(Fig. 1a) in outdoor condiƟ ons as shown in Fig. 1b. 

Figure 1:  Experimental setup of test; (a) type of specimen used; (b) TesƟ ng apparatus; (c) matched 
beams used for the following of MC; (d) merlin-non-destrucƟ ve moisture meter.



University of Belgrade – Faculty of Forestry

129

The evoluƟ ons of the defl ecƟ ons are conƟ nually following by LVDT sensors and the MC 
are following on two matched beams (Fig. 1c) with a moisture meter (Fig. 1d) during the 
creep test. The creep loading is applied thanks to a concrete beam and the defl exion is 
automaƟ cally recorded each 5 min by the LVDT sensors. The MC was obtained with a 
Merlin non-destrucƟ ve moisture meter (Fig. 1c and 1d).

A typical study has been done during 10 days as presented in Fig. 2. Especially the evo-
luƟ ons of the defl ecƟ ons of the beams DF6 and WF12 in the Ɵ me versus the moisture 
content MC taken from the matched beams during this period. For the two observed 
beams, Fig. 2 shows that there is a correlaƟ on between the variaƟ on of MC and the rela-
Ɵ ve defl ecƟ on of the beams studied.
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Figure 2:  EvoluƟ ons of defl ecƟ ons of the beams versus moisture content during the tesƟ ng period.

Lastly, the impact of climaƟ c parameters, coupled with fracture processes, on the defl ec-
Ɵ on will be analysed during this laps Ɵ me. For future work, an analyƟ cal model including 
mechanical and environmental parameters will be proposed.
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The behaviour of wood material under mechanical and environmental changes is very 
signifi cant. In this case, the modifi caƟ ons due to these impacts can also compromise the 
durability of Ɵ mber structures. The subject of this paper is to invesƟ gate the damage of 
green wood tropical Gabonese (Miliciaexcelsa- Iroko, Aucoumeaklaineana – Okoume, and 
Pterocarpussoyauxii- Padouk) and European tempered (Abies alba, Populusnigra) species, in 
order to improve their sustainability. The experimental setup is composed of an electronic 
tesƟ ng machine, camera (Fig. 1a), wooden specimen (Fig. 1b), with an Arcan steel system 
that consƟ tutes the Mixed-Mode Crack Growth or MMCG (Moutou Piƫ   et al. 2011). Only 
the results for tropical species are presented.

Figure 1:  Experimental setup (a); Hydro-thermally densifi ed pine wood (b); Displacement fi elds (c).

The displacement fi elds (Fig. 1c) and deformaƟ on were measured by the Digital Image 
CorrelaƟ on (DIC) technique. The advance of the crack Ɵ p at diff erent loading stages has 
been recorded. These results were obtained from the displacement and strain maps given 
by the camera (Fig. 1a). Hence, for the three species, the surface criƟ cal energy release 
rate was obtained by using the compliance method (Moutou Piƫ   et al. 2011). In 2D image, 
preliminary results showed detailed informaƟ on about the fracture toughness of these 
tropical woods in constant and variable environmental condiƟ ons. 
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Simultaneously, in order to track the three-dimensional crack growth process of these 
tropical species, the X-ray microtomography (XMT) method was performed (Mayo et al. 
2009). Fig. 2 shows the 3D image acquisiƟ on protocol by XMT. The tested specimen (Fig. 
2a) was cut according to the iniƟ ated crack path with a pre-cut of 22 mm (Fig. 2b). The 
wood sample to be scanned was t hen introduced into the microtomograph chamber (Fig. 
2c). AŌ er reconstrucƟ on, a 3D volume (Fig. 2d) was obtained from several 2D scans at 
7μm resoluƟ on.

Figure 2:  Wood specimens (a); ExtracƟ ng cracked specimen – Padouk (b); X-ray microtomograph 
(c); 3D volume of cracked specimen – Padouk (d).

Fig. 3 shows the images for the three species, of healthy and cracked samples which were 
taken under dry/green wood non-cracked (Fig. 3a-c), and dry/green wood cracked (Fig. 
3b-d) condiƟ ons, respecƟ vely. Coupled with the density of each species, the ability of the 
XMT to detect and track internal crack growth in tropical species under environmental 
changing condiƟ ons has been shown.

Figure 3:  3D cross secƟ onal images of cracked and non-cracked specimens vs. moisture content.
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Currently, there are many methods to improve the properƟ es of wood. The newer ones
are the thermal and thermo-mechanical treatments. It is an environmental friendly process 
due to the lack of chemicals used, only water vapor and high temperature are the factors 
for the reacƟ on (Hill 2006; Laine et al. 2016.)

The scope of research sought to determine whether it is possible to increase the technical 
and uƟ lity parameters of layered fl oor boards by THM treatment, as depicted by greater 
hardness (resistance to scratches, abrasion and indentaƟ ons), higher thermal conducƟ vity, 
higher resistance for contact with liquid water and increased temperature in combinaƟ on 
with high relaƟ ve humidity. AddiƟ onally, the aim of the study was to achieve higher wood 
fl ammability parameters than commonly available on the market. For selected variety  of 
thermally and thermo-mechanically modifi ed samples the following parameters were de-
termined:

 – fi re characterisƟ cs (including fl ammability test, determinaƟ on of combusƟ on heat 
parameters and heat release intensity) for control and modifi ed material, 

 – recommended preservaƟ ves that slow down the fl ammability process, and

 – range of thermal and thermo-mechanical impact on wood for the purpose of up-
grading its uƟ lity parameters.

Research material was industrially-prepared, 3-layer composite fl ooring. It consisted of 
several variants diff ering by:

 – material of the surface layer: beech/oak,

 – material of the core layer: pine/birch,

 – surface layer fi nishing:  varnish/oil, and

 – surface layer modifi caƟ on: unmodifi ed/thermomodifed/densifi ed/thermomodifi ed 
and then densifi ed.

Recommended density of oak and beech wood aŌ er densifi caƟ on is 900-1000 kg/m³, which 
is equivalent to increase in density at around 140%, corresponding to two-fold increase 
in hardness of wood. The tests showed an increase in hardness due to densifi caƟ on of 
beech wood at the level of 152% and oak wood at 201% in relaƟ on to natural wood. As 
a result of thermomodifi caƟ on, oak and beech wood show hardness reduced by around 
70% and 84%, respecƟ vely, in comparison to natural wood.  Secondary densifi caƟ on of 
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thermomodifi ed wood leads to re-increase in material hardness at a value equal or even 
greater than natural wood. 

Densifi caƟ on of beech and oak wood has a posiƟ ve eff ect on the thermal properƟ es of 
wood in the aspect of using it for underfl oor heaƟ ng. Densifi caƟ on makes wood conduct 
heat beƩ er. Beech and oak wood  show higher values of heat conducƟ on coeffi  cients by 
around 105% and 122%, respecƟ vely. AlternaƟ vely, thermomodifi caƟ on causes further in-
crease in heat reducƟ on coeffi  cient by around 135% and 118%, respecƟ vely. 

Comparison of termomodifi ed oak wood with natural wood within fi re characterisƟ cs (us-
ing cone calorimeter) found that in both the iniƟ al and advanced stages of the fi re, Ɵ me 
needed to igniƟ on, intensity of heat release, value of heat released and  rate of mass loss 
is higher. 
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Nanocellulose (NC) is one of the most promising bio-based material. Its main advantages 
are: reversibility, biodegradability, nontoxicity, outstanding mechanical properƟ es, high as-
pect raƟ o, low density and accessible intervenƟ on by chemicals (Moon et al. 2016). AƩ ain-
ing homogenous dispersion of NC is a key in maximizing eff ecƟ veness of NC. It mainly limits 
the processing with water or polar liquid medium in which the NC is dispersed without any 
surface funcƟ onalizaƟ on. Thus, NC funcƟ onalizaƟ on has gained a signifi cant aƩ enƟ on in 
materials community. For NC funcƟ onalizaƟ on, silane is a valuable opƟ on used to achieve 
diff erent requirements. For instance, the NC fi lms modifi ed with amino silanes showed 
improvement of adhesion, hydrophobicity, opƟ cal properƟ es and scratch resistance. Fur-
thermore, the NC fi lms modifi ed with methacryloxy silanes showed improvement of plasƟ c 
deformaƟ on and crack resistance. And the NC fi lms modifi ed with epoxy silanes showed 
improvement of elasƟ city (Pacaphol and Aht-Ong 2017). 
The aim of this study was to improve strength properƟ es of paper Ɵ ssue coated with NC 
modifi ed with alkoxysilanes. The idea for the future work is to implement this coaƟ ng on 
the surface of wooden historical objects as a part of its conservaƟ on process.
A paper Ɵ ssue as a model base material and two types of NC (cellulose nanocrystal-CNC 
and cellulose nanofi bril-CNF) were used in this study. NC was modifi ed with three types 
of alkoxysilanes: methyltrimethoxysilane (MTMOS), [3-(2-aminoethylamino) propyl] trime-
thoxysilane (AATMOS) and fl uorosilane (PROTECTOSIL S.C. CONCENTRATE ®). The silani-
zaƟ on reacƟ on was catalyzed by aceƟ c acid. Paper Ɵ ssue was treated through soaking 
method. Mechanical properƟ es (tensile strength and elongaƟ on) and moisture content of 
paper Ɵ ssues were determined.
The results of the tensile strength of coated paper Ɵ ssue are shown in Fig. 1a. b. Tissue 
coated with CNC exhibited higher tensile strength (4.17 N) in comparison to Ɵ ssue coated 
with CNF (3.84 N). Tissue coated with NC modifi ed by AATMOS had beƩ er strength prop-
erƟ es compare to Ɵ ssues coated with NC-MTMOS and NC-fl uorosilane. In addiƟ on, Ɵ ssue 
coated with NC modifi ed with fl uorosilane had lower tensile strength compared to Ɵ ssue 
coated with CNF. However, the use of NC and silanes reduced elongaƟ on of coated Ɵ ssues. 
The uncoated Ɵ ssue had the highest value of elongaƟ on in comparison to coated ones 
(2.74%). According to Fig.1c, Ɵ ssue coated with NC-AATMOS showed a signifi cant increase 
of moisture content. TheoreƟ cally, moisture content and strength properƟ es of paper Ɵ s-
sue have negaƟ ve correlaƟ on. In addiƟ on, Ɵ ssue coated with AATMOS showed best tensile 
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strength as well. The lowest moisture content was observed for Ɵ ssue coated with CNF-
MTMOS (1.33%). The moisture content of Ɵ ssues coated with CNC-MTMOS (1.46%) and 
CNF-MTMOS (1.33%) were similar. Modifi caƟ on of NC with fl uorosilane was not able to 
reduce moisture content of Ɵ ssue coated with these agents.

Figure 1:  ProperƟ es of Ɵ ssues coated with modifi ed nanocellulose: tensile strength and elongaƟ on 
(a and b) and moisture content (c). (M: MTMOS, A: AATMOS, F: fl uorosilane).

The results from this study indicates that strength properƟ es of paper Ɵ ssue coated with 
NC modifi ed with alkoxysilanes were improved. CNC was more eff ecƟ ve than CNF in im-
provement of tensile strength of paper Ɵ ssue. AATMOS was suggested to be used for 
improving tensile strength and MTMOS was suggested to be used for reducing moisture 
content of paper Ɵ ssue. The use  of NC and silanes reduced elongaƟ on of coated Ɵ ssues. 
Further experiments will be designed to improve elasƟ city of coaƟ ng made of nanocel-
lulose and silanes. 
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Solid wood and wood-based products are an acƟ ve part of our lives and play a signifi cant 
role in buildings and interior fi ƫ  ngs due to their structural, mechanical and environmental 
properƟ es. Nevertheless, they present some disadvantages such as the hygroscopicity and 
the vulnerability against biological (fungi, bacteria and insects) and non-biological (sun, 
wind, water and fi re) agents. For this reason, wood protecƟ on via modifi caƟ on has be-
come a major issue. Currently, phenolic resins have a main role in the chemical industry. 
They are commonly used in the producƟ on of wood-based panels as adhesives (Yang et 
al. 2009). However, the current environmental concerns regarding the depleƟ on of fos-
sil fuels have led to the introducƟ on of natural and environmentally friendly products in 
these types of resins. Lignin and tannins are two kinds of phenolic compounds, which are 
abundantly present in various vegetal biomass sources. Their uƟ lizaƟ on in phenolic resins 
has been extensively studied as a subsƟ tuent of phenol, either parƟ ally and/or totally 
(Jahanshaei et al. 2012, Zhang et al. 2013, Chupin et al. 2015). On the other hand, the 
study of nano-structure hybrid materials derived from natural substances have aƩ racted a 
great deal of aƩ enƟ on lately in several fi elds,  e.g. construcƟ on (Saad et al. 2018). Among 
these natural substances, the use of nanoclays and nanosilicates has proved the synergisƟ c 
eff ect concerning thermal and mechanical properƟ es. In this work, the synthesis of bio-
sourced phenolic hybrid resins was carried out, aiming to their applicaƟ on as coaƟ ngs for 
wood protecƟ on. In the formulaƟ on of the resins, lignin and tannins were used as natural 
phenol subsƟ tuents and two diff erent inorganic compounds, a nanoclay and a nanosilicate 
were employed.

The resins were elaborated using lignin previously modifi ed with glyoxal and two diff erent 
inorganic compounds, namely an organically modifi ed montmorillonite (nanoclay) and a 
polyoligomeric silsesquioxane (nanosilicate). AŌ er that, the modifi ed lignins were mixed 
with a tannin soluƟ on and a reƟ culaƟ ng agent. The diff erent formulaƟ ons are displayed 
in Table 1.
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Table1: ComposiƟ on of the diff erent formulaƟ ons of the resins syntheƟ zed

Resins
Components [w/w]

Lignin [%] Tannins [%] Inorganic phase [%]
R10

R10A
R10B

50
48.78
48.78

50
48.78
48.78

0
2.44 (nanoclay)

2.44 (nanosilicate)

The resins were applied on two diff erent wood species, mariƟ me pine and beech. Prior to 
coaƟ ng applicaƟ on, the wood surfaces were refreshed and the samples were condiƟ oned 
(25 ºC and 65% RH).  Moreover, the resins were characterized physico-chemically to eluci-
date diff erent properƟ es and the results are shown in Тable 2. 

Table 2:  Results of physicochemical analysis of the diff erent resins

Resins pH Density [g/cm3] Non volaƟ le content 
[w/w]a

R10 8.920±0.014 1.169±0.003 36.811±0.035
R10A 9.015±0.035 1.173±0.015 37.416±0.073
R10B 8.990±0.028 1.177±0.006 37.412±00028

aDetermined according to the EN ISO3251 standard

The resins were applied onto the wood surface and cured at 60 °C during several hours. 
AŌ er the curing process, diff erent analysis were performed to evaluate the coaƟ ng perfor-
mance concerning various properƟ es such as leaching, colour, fi re and impact resistance.
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Taking into consideraƟ on more and more stringent requirements concerning assurance 
of safety for human health and the environment, it is reasonable to conduct research 
on bioadhesives for the wood industry. Among the most promising biomaterial with wide vari-
ety of properƟ es and funcƟ onaliƟ es is nanoscale cellulose (Habibi et al. 2010, Isogai 2013). Due 
to high mechanical strength modulus and high tensile strength, nanocellulose can be uƟ lized 
as a reinforcing agent for development of new adhesives for wood-based panels (Hubbe 
et al. 2008, Veigel et al. 2012, Mahrdt et al. 2016, Amini et al. 2017). The combinaƟ on of 
the properƟ es of nanocellulose and silanes as modifi ers, leads to obtaining an ecological 
binder, characterized by the desired technological properƟ es.

The goal of the study was to develop a new type of biopolymer adhesives modifi ed with si-
lanes intended for use in wood-based materials technology, as well as  to opƟ mize the method 
of applicaƟ on of these adhesives into lignocellulosic material. The main focus is to create 
an adhesive binding mass with the desired physicochemical parameters which allow the use 
of the adhesive as a binding agent in the producƟ on of wood-based panels. The result of 
the project will be an adhesive that presents an ecological alternaƟ ve to currently used 
adhesive with amino resins, which are source of harmful formaldehyde emissions. A key 
factor when determining the technological usefulness of the adhesive, in respect to its 
use in panel manufacturing, is idenƟ fying the stability and rheological properƟ es of the 
adhesive. Moreover, interacƟ on of silane-modifi ed cellulose fi lms with water are also cru-
cial to evidence the chemical modifi caƟ on effi  ciency. In this work, the viscosity and fl ow 
curves were evaluated before and aŌ er 4 weeks of storage in the atmosphere of (23±2)°C 
and (50±5)% relaƟ ve humidity using Brookfi eld Rheometer LV DV2T EXTRA equipped with 
the SSA SC4-31 spindle, in an increasing shear rate mode. The contact angle tests were 
performed on thin cellulose fi lms formed on glass, which were obtained from an aqueous 
suspension of nanocellulose. The iniƟ al contact angle and the change of contact angle dur-
ing Ɵ me (30 s) were determined using opƟ cal tensiometer AƩ ension Theta.

The preliminary results demonstrated that resins modifi ed with nanocrystalline (NCC) cel-
lulose kept their rheological behaviour and the proper viscosity aŌ er 4-week storage. In 
addiƟ on, the percentage of viscosity retenƟ on of the nanocellulose-reinforced resins was 
lowered by around 1.5 Ɵ mes in comparison to the industrial used resins. Moreover, NCC 
might be used as a stabilizer in adhesive composiƟ ons during the long-term storage. The 
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study showed also improvement in the hydrophobicity of nanocellulose fi lms as a result 
of their modifi caƟ on with silanes. 
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Although extensively researched over the past few decades, thermal modifi caƟ on remains 
a highly empirical process in the wood industry due to uncontrolled variables, diff erent 
systems and equipment, various treatment schedules, etc. (Torniainen et al. 2016). On an 
industrial scale, one of the main diffi  culƟ es is to produce the product with constant and 
controlled quality (durability, dimensional stability, colour). Due to a lack of knowledge, 
operators in the industry oŌ en do not change modifi caƟ on schedules obtained from the 
equipment manufacturer. It is well known that decisive infl uences on wood properƟ es are 
peak temperature and Ɵ me, but the infl uence of heaƟ ng rate (Ɵ me to reach maximum 
temperature) is less researched. This heaƟ ng Ɵ me is considerably longer than the highest 
temperature period. Also, eff ecƟ ve heat power exchanged during the treatment process 
infl uences wood mass loss (Candelier et al. 2015); an important part of this energy is ex-
changed during heaƟ ng Ɵ me.

The aim of this work was to invesƟ gate the possibiliƟ es for shortening duraƟ on of ther-
mal modifi caƟ on under industrial condiƟ ons, in comparison to duraƟ on prescribed by the 
equipment manufacturer. In addiƟ on to the shortened Ɵ me which brings organizaƟ onal 
fl exibility and lowers energy consumpƟ on, the goal was to keep the high quality (lack of 
cracks and deformaƟ on) and a similar color as with previously used modifi caƟ on schedule.

Research was done on maple (Acer pseudoplatanus L.) Ɵ mber, 25 mm thick. Timber was 
previously convenƟ onally dried to a moisture content of 8%. Thermal modifi caƟ on was 
carried out in the industrial chamber in a steam atmosphere which was reached by us-
ing a spraying of water (high and low pressure). The fi rst test run was performed under 
regular schedule (“Slow”) that lasted for about 6 days, and the second one under a new 
schedule (“Fast”) in which the heaƟ ng phases (temperature rise from 105 °C to 200 °C) 
were shortened (Table 1). The phase of the maximum temperature (200 °C, 3h), as well as 
the cooling phases, remained unchanged. In this way, the total duraƟ on of the modifi caƟ on 
was reduced to about 4 days (2 days shorter).

Moisture content, colour (measured on planed surfaces), density, modulus of elasƟ city 
(MoE), bending strength and Brinell hardness were determined before and aŌ er thermal 
modifi caƟ ons.
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Table 1:  Phases of thermal modifi caƟ on (Slow and Fast Schedule)

Phase 1 2 3 4 5 6 7 8 9 10 11 12
Temperature at the 

end of phase[°C] 85 105 120 130 140 150 200 200 140 85 85 80

DuraƟ on [h]
Slow 19 8 8 9 9 9 50 3 11 11 5 1
Fast 19 8 6 4 4 4 20 3 11 11 5 1

The visual examinaƟ on aŌ er thermal modifi caƟ on did not reveal diff erences in quality 
between Ɵ mber from the slow and fast test run. Amount of cracks and deformaƟ ons in 
both test runs was low.

It was shown (Table 2) that heaƟ ng rate, i.e. the total duraƟ on of thermal modifi caƟ on, 
aff ected the moisture content and properƟ es of Ɵ mber aŌ er treatment. Higher tempera-
ture increasing rate (°C/h) resulted in lower oven-dry density. This can be explained by 
the fact that faster heaƟ ng possibly means a small presence of water in the wood at the 
moment when chemical transformaƟ on begins. Water catalyses the chain spliƫ  ng by acidic 
hydrolysis and thus promotes the degradaƟ on of wood polymers (Poncsák et al. 2006). 
As expected, aŌ er both treatments wood had reduced lightness (-L*) and became redder 
(+a*) and less yellow (+b*). However, no visual diff erence was found between colour of 
wood aŌ er two diff erent treatments. 

Table 2:  Moisture content, oven-dry density and colour parameters of untreated and thermally 
modifi ed maple wood

MC [%] ρ0 [kg/m3] L* a* b*

Untreated 7.6 (0.3) 587 (30) 74.5 (2.8) 5.0 (0.8) 14.5 (0.9)
Slow treatment 4.1 (0.4) 556 (31) 44.1 (2.2) 9.3 (0.3) 18.7 (1.7)
Fast treatment 5.8 (1.1) 534 (50) 41.0 (1.0) 10.8 (0.4) 22.4 (0.8)

Standard deviaƟ on in brackets

Brinell hardness of wood aŌ er fast treatment was lower as compared to hardness aŌ er 
slow treatment, while no clear conclusion of how the heaƟ ng rate infl uenced other me-
chanical properƟ es (MoE, bending strength) can be made.
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Thermal modifi caƟ on is commercially the most important wood modifi caƟ on process. Ther-
mally modifi ed wood has been accepted as well performing material by architects and the 
building sector. There are several thermal modifi caƟ on processes developed. All processes 
are based on the fact that wood is heated at elevated temperatures in the atmosphere with 
reduced oxygen concentraƟ on. In general, the quality of the modifi ed wood is the funcƟ on 
of modifi caƟ on temperature and the duraƟ on of modifi caƟ on. One of the most important 
measures of modifi caƟ on quality is mass loss. Mass loss is rather easy to determine in a 
laboratory, or directly aŌ er modifi caƟ on, but is not suitable as the quality control measure 
in case of users complaints or warranty issues. In order to increase the importance of wood 
modifi caƟ on on the market, independent, fast and reliable methods for quality control of 
thermally modifi ed wood have to be developed. The aim of the presented paper was to 
screen suitable methods and to select the most appropriate methods for quality control 
of modifi ed wood. The research was performed on Norway spruce wood, as one of the 
most frequently used species in a thermal modifi caƟ on.
Samples were made of dry, defect-free Norway spruce wood. Any signs of decay, blues 
staining or insect decay was not permiƩ ed. Samples were modifi ed according to three 
diff erent laboratory processes: unwrapped (1) and wrapped wood in aluminium foil in 
an laboratory oven at normal atmospheric condiƟ ons (2) and modifi ed according to the 
vacuum-based Silvapro® procedure (3), at four temperatures (200 °C, 210 °C, 220 °C and 
230 °C). Control specimens were leŌ  non-modifi ed. AŌ er modifi caƟ on, mass loss of the 
samples was determined gravimetrically, based on absolutely dry mass before and aŌ er 
modifi caƟ on. AŌ er three weeks of condiƟ oning, samples were cut to smaller specimens 
for further analysis, namely: colour measurements (CIEL*a*b*), envelope density (GeoPyc 
1365, MicromeriƟ cs), true density (AccuPyc II 1340, MicromeriƟ cs), compression strength 
(Zwick Z100), pH value of wood extract, contact angle (Theta opƟ cal tensiometer, Biolin 
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ScienƟ fi c), short-term water uptake (Krüss K100 MK2), long-term water uptake, adsorpƟ on 
above saturated salt soluƟ ons and dynamic vapour sorpƟ on (DVS Intrinsic, Surface Mea-
surement Systems). Results were calculated and correlated to the mass loss of the samples 
aŌ er the modifi caƟ on procedure (Table 1). 
Mass loss of the samples increases with increasing modifi caƟ on temperature. The highest 
mass loss was found at unwrapped samples modifi ed at the normal ambient atmosphere 
in the oven and the lowest one at samples wrapped in foil. Colour changes increased with 
modifi caƟ on temperature and respecƟ ve to mass loss. However, we believe that colour 
change is not the best indicator, as the colour of modifi ed wood changes during weather-
ing, this quality control measure is not applicable to weathered wood. A similar eff ect of 
weathering was found for contact angle and short-term water uptake. On the other hand, 
sorpƟ on properƟ es were found more reliable. Unfortunately, assessment of sorpƟ on prop-
erƟ es above saturated salt soluƟ ons was found rather Ɵ me-consuming. However, among 
all methods tested, the most indicaƟ ve method for determining the degree of modifi caƟ on 
has proven to be DVS (dynamic vapour sorpƟ on). Also there is no need to run the whole 
sorpƟ on and desorpƟ on cycle. CondiƟ oning to reach equilibrium moisture content in one 
target climate is suffi  cient. The method was tested on blind samples from industry and 
was validated as 95% accurate. This method is fast, cheap and easy to perform. DVS is 
becoming standard equipment in several material-science laboratories. Promising results 
were also obtained using thermogravimetry, where the mass loss in the temperature range 
from 130 to 300 °C corresponds well with the mass loss during previous thermal treatment 
(R2 = 0.99).
Table 1:  Pierson’s correlaƟ on factors between mass loss aŌ er thermal modifi caƟ on and respecƟ ve 
quality control measure. 

Method CorrelaƟ on Method CorrelaƟ on
Immersion 1 h [g] -0.8495 L* -0.8760
Immersion 24 h [g] -0.8510 a* -0.6817
Contact angle 1 s [°] 0.8228 b* -0.7741
Contact angle 5 s [°] 0.8261 ΔE 0.8753
Contact angle 60 s [°] 0.6958 pH 0.3136
Short-term water uptake [g/cm2] -0.1883 Compression strength E [GPa] -0.2763
RH = 100 % - 24 h [g] -0.8374 Envelope density [g/cm3] -0.4397
RH = 100 % - 1 w [g] -0.8667 True density He [g/cm3] 0.2574
RH = 100 % - 3 w [g] -0.8718 DVS Time - EMC [min] -0.6477
RH = 100 % - 4 w [g] -0.8712 DVS Time - EMC/2 [min] -0.8014
RH = 100 % - 5 w [g] -0.8723 DVS Time - 5 % EMC [min] 0.5368
RH = 100 % - 6 w [g] -0.8727 DVS Time - 10 % EMC [min] 0.8501
RH = 100 % - 7 w [g] -0.8697 DVS Time - 15 % EMC [min] 0.9636
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Thermal treatment of wood at high temperature (160 °C to 260 °C) is one of the modi-
fi caƟ on methods used to enhance the dimensional stability and bio-durability of Ɵ mber 
and wood-based composites (Bekhta and Niemz, 2003). However, the important negaƟ ve 
aspects of thermally treated wood are strength reducƟ on and sƟ ff ness alteraƟ on, which 
vary with the anatomical direcƟ on of the wood, and between wood species. Nevertheless, 
the use of thermally modifi ed Ɵ mber for structural purposes is of increasing interest, where 
the preservaƟ on of mechanical properƟ es of wood is preferable (Widman et al. 2012).

The main goal of the study was to use non-destrucƟ ve mechanical and physical test 
methods to invesƟ gate possible internal structural changes of fi r (Abies alba Mill.) full-size 
sawnwood (45 x 120 x 4000 mm) aŌ er vacuum industrial heat treatment (SilvaproTM, 
SI-Ljubljana), having varying treatment temperature between 170 °C and 230 °C. The ma-
chine stress grading by the fl exural vibraƟ on response of sawnwood before and aŌ er the 
heat treatment using Euler-Bernoulli theory (Roohnia and Tajdini, 2014) was analysed and 
compared with the weight loss of boards and their CIELab colour parameters.

Heat treatment by rising the temperature induced a signifi cant increase in the weight loss 
of wood and caused a drop in the wood mean density of 2.5% at a temperature of 170 
°C (ρ170 = 415 kg/m3) and up to 10.3% at the treatment temperature of 230 °C (ρ230 = 392 
kg/m3). Even aŌ er the lightest thermal modifi caƟ on (T = 170 °C), the equilibrium moisture 
content of the wood in the normal climate (20°C / 65% RH) dropped to 8.0% and stabilized 
between 6.9% and 7.6% in stronger thermally modifi ed wood. By increasing the intensity 
of the heat treatment, the colour lightness L* of wood was signifi cantly reduced, however 
changes in a* and b* colour parameters were insignifi cant (Table 1).

The modulus of elasƟ city in the test specimens increased iniƟ ally by the intensity of ther-
mal modifi caƟ on (≤ 190 °C), however at higher temperatures, parƟ cularly at 230 °C, it 
d ropped below the values of control samples (Table 2). This trend followed the mean 
strength class of sawn Ɵ mber and was present in all fi ve tested vibraƟ on modes. The 
theoreƟ cal linear decreasing slope of the fl exural moduli of elasƟ city with increasing vi-
braƟ on mode number was confi rmed only at control specimens. Major changes between 
the sequencing moduli with regard to vibraƟ onal mode (q), especially for higher modal 
numbers, occurred at higher heat treatment temperatures (≥ 210 °C).
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Table 1:  Mean wood density (ρ), weight loss (WTloss), equilibrium moisture content (EMC) and co-
lour parameters (L* - lightness, a*, b* - chromaƟ city on green-red and blue-yellow axis; (2nd rows 
present Coef. of variaƟ on (%)).

Heat treatment 
[°C] ρ [kg/m3] WTloss [%] EMC [%] L* a* b*

Control 425 12.4 74.9 6.1 25.1

6.4 4.1 2.8 10.5 5.7

170 415 2.5 8.0 57.8 13.0 31.5

6.7 36.6 12.7 6.2 9.2 4.8

190 415 3.1 7.5 47.6 11.7 24.8

7.3 26.8 11.9 7.1 6.5 10.9

210 397 5.9 6.9 44.2 11.6 23.5

6.5 24.9 8.1 6.0 5.8 4.9

230 392 10.3 7.6 37.6 10.3 18.8

6.7 15.9 13.9 4.4 8.5 9.9

Table 2:   Mean moduli of elasƟ city of heat treated structural Ɵ mber determined by fl ex-
ural vibraƟ on at individual vibraƟ on mode (1 ≤ n ≤ 5), the moduli variaƟ on (q) 
and the mean bending strength according to EN 338 (2nd rows present Coef. of 
variaƟ on (%)).

Heat 
treatment [°C]

E1
[GPa]

E2
[GPa]

E3
[GPa]

E4
[GPa]

E5
[GPa] q [% ]

Mean 
strength 

class
Control 12.74 13.01 12.38 11.83 11.45 149.5 31.6

12.18 12.56 12.85 12.66 12.43 21.1

170 13.58 13.48 12.96 12.47 12.06 131.4 34.1

9.55 11.12 10.65 10.17 10.32 17.6

190 13.59 13.73 12.96 12.50 12.12 178.8 34.9

12.47 10.55 10.34 10.20 10.12 20.3

210 12.94 12.81 12.12 11.71 11.40 231.5 29.4

14.48 10.81 11.66 11.81 11.42 20.9

230 11.58 12.45 11.69 11.21 10.92 270.4 26.8
23.39 17.81 18.86 18.16 18.27 36.6
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