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Abstract 
Acetylation of wood is a modification technique that chemically alters the wood substance and 
enhances several properties of wood. The basic principle is to impregnate wood with acetic anhydride 
to react and replace OH-groups with acetyl groups in the wood cell wall. In this way, the 
hygroscopicity of the modified wood is significantly reduced resulting in increased dimensional 
stability and durability compared with unmodified wood. 
 
The objective of this work was to study finger-jointing of acetylated Scots pine (Pinus sylvestris L.) 
using a conventional melamine urea formaldehyde (MUF) adhesive. Two different types of acetylated 
pine specimens were investigated, acetylated pine sapwood (APS) and acetylated juvenile pine (AJP), 
the latter originating from young forest thinning trees (ca 20-30 years). The goal was to evaluate the 
bending strength, i.e. modulus of rupture (MOR), of such finger-jointed samples, in particular when 
the acetylated wood was combined with unmodified wood, in this case, Norway spruce (Picea Abies 
L. Karst) (US). The finger-jointing were performed at Moelven Töreboda by applying their existing 
industrial procedures. In total, five different of finger jointed sample groups were prepared combining 
the different specimens: APS-APS, AJP-AJP, US-US, APS-US, and AJP-US. Standardized procedures 
were used to determine the MOR of the finger-jointed samples, both unexposed at the factory 
condition state and after a water-soaking-drying cycle. In addition, the experiments also included 
determination of the moisture content (MC), density, and modulus of elasticity (MOE) (in bending 
along the grain) of the individual specimens.  
 
At the unexposed state, the APS-APS samples showed the highest MOR of 63,1 MPa, while those of 
the AJP-AJP showed the lowest value of 42,4 MPa. The corresponding values for the US-US, AJP-US 
and APS-US samples was 56,7, 47,5 and 46,9 MPa, respectively. In contrast to a typical wood failure 
for the US-US samples, a low amount of wood failure was observed in all cases involving the 
acetylated wood, indicating a low adhesive anchoring in the wood substrate at the finger-joint, 
although a surprisingly high strength was obtained for the APS-APS samples. A significantly lower 
MC content of 4,9 % and a remarkably low value of 1,7 %, was found for the APS and AJP, 
respectively, compared with 9,2% for the US. The significantly lower MC combined with an assumed 
increased hydrophobicity of the acetylated wood possible causes a less effective MUF-wood bonding, 
or adhesion, compared with that of the unmodified wood. Possible, so-called over penetration of the 
MUF resin in the acetylated wood could also be an explanation for the poor wood-adhesive anchoring. 
The MOE of the individual APS, AJP and US specimens was 12,6, 8,3 and 11,4 GPa, respectively, 
indicating a significantly lower mechanical performance of AJP, and hence also of finger-joints of 
AJP, despite its very low MC, possible due to a higher microfibril angle in the cell walls in juvenile 
wood compared with mature wood. No clear correlation was found between the MOR and density of 
the acetylated samples. 
 
For the samples exposed to a water-soak-drying cycle, the highest MOR, and lowest reduction of 14 % 
compared with the unexposed state, was obtained for the US-US samples, whereas all samples 
involving the acetylated wood showed a distinctly higher reduction. The MOR of the AJP-AJP and 
AJP-US samples were reduced with 47 % and 50 %, respectively, while the MOR of the APS-APS 
and APS-US samples were reduced with 43 % and 23 %, respectively. It should be emphasized, 
however, that after the standard drying-time, which was the same for all samples, the acetylated 
samples, compared with the untreated ones, did not dry out to the same level as for the dry unexposed 
state, i.e. the acetylated samples had a high MC of ca 30-40% in these MOR tests. This high MC level 
could be the main reason for the dramatic strength losses. Furthermore, a less efficient wood-MUF 
adhesion as well as the drying under acidic conditions may also be possible causes for the reduced 
bending strength of the finger-jointed samples with acetylated wood. 
 
Keywords: Acetylated wood, Scots pine, juvenile wood, finger-jointing, mechanical properties 
modulus of rupture.  
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Sammanfattning 
Acetylering av trä är en modifieringsteknik som kemisk förändrar träsubstansen och förbättrar vissa 
egenskaper hos trä. Tekniken innebär att man impregnerar trä med ättiksyraanhydrid för att reagera 
och ersätta OH-grupper med acetylgrupper i träets cellväggar. Denna process minskar avsevärt träets 
hygroskopicitet vilket leder till en ökad beständighet och dimensionsstabilitet jämfört med omodifierat 
trä. 
 
Syftet med detta arbete var att studera fingerskarvning av acetylerad furu (Pinus sylvestris L.) med ett 
konventionellt melamin urea formaldehyd (MUF)-lim. Två olika typer av acetylerade furuprover 
undersöktes, acetylerad furusplint (APS) och acetylerad juvenil furu (AJP), den senare härrörande från 
unga gallringsträd (ca 20-30 år). Målet var att utvärdera böjhållfastheten (MOR) hos sådant 
fingerskarvat virke, i synnerhet när det acetylerade träet kombinerades med omodifierat trä, i detta fall, 
gran (Picea Abies L. Karst) (US). Fingerskarvningen utfördes hos Moelven Töreboda genom att 
tillämpa deras befintliga industriella metoder. Totalt framställdes fem olika fingerskarvade 
provgrupper som kombinerade de olika träproverna : APS-APS, AJP-AJP, US-US, APS-US och AJP-
US. Standardiserade metoder användes för att bestämma MOR hos det fingerskarvade virket, både 
oexponerade vid fabrikstillstånd och efter en uppfuktning-uttorkning-cykel. Dessutom inkluderade 
experimenten även bestämning av fuktkvot, densitet och elasticitetsmodul (MOE) (böjning i 
fiberriktningen) för de enskilda träproverna. 
 
I det oexponerade tillståndet hade provgruppen APS-APS den högsta böjhållfastheten, på 63,1 MPa, 
medan provgruppen AJP-AJP visade det lägsta värdet på 42,4 MPa. Motsvarande värden för US-US, 
AJP-US och APS-US var 57,6, 47,8 respektive 46,9 MPa. I kontrast till ett typiskt träbrott för US-US-
proverna, observerades bara ett fåtal träbrott för prover som involverade det acetylerade träet, vilket 
indikerar en låg adhesiv förankring i träsubstratet, även om en överraskande hög böjhållfasthet erhölls 
för APS-APS-proverna. En signifikant lägre fuktkvot på 4,9% och ett anmärkningsvärt lågt värde på 
1,7% uppmättes för APS respektive AJP jämfört med 9,2% för US. Den signifikant lägre fuktkvoten 
kombinerad med en ökad hydrofobicitet hos det acetylerade träet kan möjligen orsaka en mindre 
effektiv lim-trä adhesion i limfogen och försämrad förankring av MUF-limmet i träsubstratet jämfört 
med limfogarna i det omodifierade träet. Möjligen kan också så kallad överpenetration av MUF-
limmet i det acetylerade träet vara en orsak till den försämrade lim-trä-förankringen. MOE för de 
individuella APS-, AJP- och US-proverna var 12,6, 8,3 respektive 11,4 GPa, vilket indikerar 
signifikant sämre mekaniska egenskaper hos AJP, och därmed också av fingerskarvat AJP trots sin 
mycket låga fuktkvot, möjligen på grund av en högre mikrofibrill-vinkel i cellväggarna i juvenilt trä 
jämfört med moget trä. Ingen klar korrelation hittades mellan MOR och densiteten för de acetylerade 
proverna. 
 
Efter uppfuktning-uttorkning-cykeln erhölls den högsta MOR och lägsta reduktion på 16% jämfört 
med det oexponerade tillståndet för US-US-proverna, medan alla prover som involverade acetylerat 
trä uppvisade en betydligt högre reduktion. MOR för AJP-AJP och AJP-US-proverna reducerades med 
47% respektive 50%, medan MOR för APS-APS och APS-US-proverna reducerades med 43% 
respektive 23%. Det bör emellertid understrykas att efter standard-torkningstiden, som var densamma 
för alla prover, torkade de acetylerade proverna, jämfört med US, inte till samma nivå som för det 
mycket torra oexponerade tillståndet, det vill säga acetylerade prover hade en mycket hög fuktkvot på 
ca 30-40% i dessa MOR-tester. Denna höga fukt-nivå kan vara den främsta orsaken till de dramatiska 
reduktionerna i böjstyrka. Vidare kan en mindre effektiv trä-MUF-vidhäftning samt värmebehandling 
under sura förhållanden också vara huvudorsaker till den reducerade böjstyrkan hos de fingerskarvade 
proverna med acetylerat trä. 
 
 
Nyckelord: Acetylerat trä, furu, juvenilt trä, ungved, fingerskarvning, mekaniska egenskaper, 
böjhållfasthet.  



4 
 

  



5 
 

Preface 
This work is the final part of my education at KTH in Stockholm, where I’ve studied Civil 
Engineering and Urban Management for five years. For the past two years I’ve studied the Masters 
Programme Civil and Architectural Engineering, where the final part is this 30 hp degree project in the 
Division of Building Materials. The thesis project has been a part of the BioInnovation project 
“IPOS”, and its Subproject 4 “Bärande utomhusträ” (2017-02712). 
  
I would like to thank my supervisors, Magnus Wålinder and Roberto Crocetti, for inspiring me and 
introducing me to the benefits of using wood in structural applications. I would also like to thank 
Niklas Lindh, production manager at Moelven Töreboda, and the rest of the workers there for helping 
me and making my experiments possible at site. Also, I would like to thank Pia Larsson Brelid at 
RISE Research Institute of Sweden for providing me with the acetylated wood. 
 
Lastly, I would like to express my gratitude to my friends, family and girlfriend who’ve supported me 
during my years at KTH. 
 
 
 
 
Stockholm, June 2018 
 
Christian Wincrantz  



6 
 

  



7 
 

Abbreviations 
 
AJP Acetylated juvenile pine 
APS Acetylated pine sapwood  
ASE Anti-swelling efficiency 
EWP Engineered wood product 
FSP  Fibre saturation point  
GHG Greenhouse gas 
Glulam Glue laminated timber 
MC  Moisture content 
MOE Modulus of elasticity 
MOR Modulus of rupture 
RH Relative humidity 
US Unmodified spruce 
WPG Weight percentage gain  
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1. Introduction 
 
1.1. General context of the thesis 
In a global perspective, the building industry is dominated by two materials - concrete and steel. They 
are great materials for load bearing purposes, but they demand high processing energy and emit large 
amounts of greenhouse gases (GHG) during their production. For example, the manufacturing of 
cement accounted in 2015 for approximately 8% of the global CO2 emissions (Olivier et al. 2016). 
Meanwhile, the world's population is larger than ever and increasing for each day, and by 2050, 75 % 
of the population will live in cities, to compare with today’s number of 50 % (Green, 2013). When 
urbanizing at this rate, the building industry must satisfy not only the rapidly growing housing needs, 
but also make sure to reduce the GHG emissions to benefit the environment and the planet.  
 
Hence, the building industry is facing a great challenge which must be solved rapidly, and an increase 
proportion of wood-based building materials could be the solution. One major difference between 
wood, concrete and steel is that wood is renewable. Furthermore, as shown in Figure 1, wood has the 
ability to store carbon. In fact, when a tree produces 1 m3 of wood, this corresponds to that ca 1 tonne 
of CO2 has been absorbed from the atmosphere by the photosynthesis of the tree. In other words, wood 
is the only major building material that enables both a reduction of CO2 emissions and at the same 
time storing the corresponding carbon in buildings (Green, 2013).  
 

 
 

Figure 1 - The environmental impact of timber compared with concrete and steel (Ferguson et al., 1996). 

 
Wood is one of our oldest construction materials, but until 1994 regulations in the Swedish building 
code prohibited wooden buildings over two floors due to the risk of fire (Brandskyddsföreningen, 
2018). Due to new function-based fire regulations, accompanied with improved construction 
techniques and new so called engineered wood products (EWP), it is now possible to build larger and 
taller timber buildings. An increased interest can also be found for timber bridges designed with EWPs 
thanks to improved mechanical properties of the material. However, there are still problems related to 
wood used in constructions that need to be solved. Not least in areas exposed to unfavourable 
conditions such as high moisture levels. Since wood is a hygroscopic and anisotropic material, its 
dimensions and form may change due to the influence of water sorption. Furthermore, wood as a 
biological material can be sensible for decay, i.e. attacked by microorganisms, and degrade with time. 
Therefore, to utilise wood in load bearing structures in harsh out-door uses, the durability of wood 
needs to be enhanced. A way to enhance the durability properties of wood is by wood modification. 
The focus of this thesis work is on so-called acetylation, a well-known chemical modification method 
of wood. Furthermore, it is suggested that the most efficient use of acetylated wood in load-bearing 
structures for outdoor use, can be found in certain parts of the structure, for example parts of a glulam 
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beam being more exposed to moisture and also for connectors. In this case, so-called finger-jointing 
may be applied, i.e. combining the acetylated wood with unmodified wood in such critical parts of the 
structure. 
 
1.2. Aim and objective  
The objective of this work was to investigate finger-jointing of acetylated Scots pine, with the aim of 
using acetylated Scots pine to a greater extend in load-bearing exterior applications in the future. 
 
This work is of experimental nature, mainly in the form of industrial scale finger-jointing tests at 
Moelven Töreboda, in this case involving acetylated Scots pine, both so-called juvenile wood (or 
younger trees, ca 20-30 years, from forest thinnings) and sapwood, and a conventional melamine urea 
formaldehyde (MUF) adhesive/resin. To study the performance of such finger-jointed samples, their 
bending strength, i.e. the modulus of rupture (MOR), was determined using industrial procedures, both 
at an unexposed state as well as after being exposed to water-soaking-drying cycle. 
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2. Background and literature review 
 
2.1. Forest and wood resources in the world  
Wood is a renewable and fossil free material. It takes about 25-80 years for wood to be regrown, while 
the raw material for concrete and steel is replaced over geological time. By substituting portions of 
concrete and steel with wood from sustainably managed forests, the building industry could reduce 
approximately up to one third of the global carbon emissions (Oliver, et al., 2014). Since concrete and 
steel are the dominated materials in larger load carrying constructions, there is a great environmental 
potential with increased use of timber in this area of applications. However, in the long-term it is 
crucial to ensure that the timber origin from sustainable forests. Today, about a third of our planet’s 
land area is covered by forests, but only a small portion of the forests are used for construction. 
Furthermore, not all forests are healthy due to human activity. Looking at Figure 2, the forest area in 
tropical nations beneath the equator is decreasing. This deforestation is mainly caused by conversion, 
often uncontrolled, of forests into agricultural land for commercial farming (Ramage et al., 2017). The 
reduction of the rainforests has been pointed out as one of the most serious environmental problems 
due to the fact that it aggravates the greenhouse effect. Hence, it is vital in an environmental and 
sustainable point of view to use timber derived from healthy growing forests. Not just due to 
deforestation, but also to reduce the amount of emissions from i.e. transport and such during the life 
cycle of the timber. In this study, Scots pine grown in Sweden will be used. 

 

 
Figure 2 - Annual change in forest area between 1990 and 2015 (FAO, 2015) 

 
2.2. Forest and wood resources in Sweden 
In Sweden, where 70 % of the total land area is covered by forests, the growth of the wood stock can 
be seen as equal to the harvest, and so has been throughout the 20th century (Svenskt trä, 2018). As 
Figure 3 shows, Sweden has a great potential for an increased sustainable use of timber in 
constructions.  
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Figure 4 - Cross-section of a tree trunk showing the sapwood and the 
heartwood (Holmberg & Sandberg, 1997)  

 
Figure 3 - The development of the Swedish timber stock the past 100 years (Svenskt trä, 2018) 

 
The forest in Sweden is dominated by the softwoods Norway spruce (42 %) and Scots pine (39 %). 
The most common hardwood is birch (12 %). Today, spruce is the most used species in glulam in 
Sweden, due to its beneficial properties (Svenskt trä, 2016). However, it has the disadvantage that it is 
difficult to impregnate, thus making it inappropriate for outdoor constructions. For this purpose, pine 
and birch are preferable since they are easier to impregnate (Swedish wood, 2018). In addition, 
hardwoods are in general denser and have superior mechanical properties than softwoods, making 
them more suitable for load bearing constructions. 
 
In Sweden, spruce is the most common species in timber structures. Spruce is also the most used 
material in glulam, while pine is mostly used for carpentry, interior panels and mouldings. However, 
pine is used in glulam if there is a need for increased outdoor durability by treatment with 
preservatives. 
 
Scots pine and Norway spruce have a similar structure. Clearly two parts are distinguished in the tree 
trunk of pine, namely the heartwood which is the inner part, and the sapwood, the outer part. The 
heartwood, which is the non water-conducting part of the wood, is gradually formed with increasing 
age, and is not found in the young tree, see Figure 4. 
 
    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The heartwood of pine is more resistant to discolouring fungal attack, and also more water resistant, 
than the sapwood and is therefore more used in for example outdoor-facing windows while the 
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sapwood is commonly used in interior applications. However, through impregnation of pine sapwood 
by preservatives its resistance against microorganism attack can be greatly increased, obtaining better 
durability performance than pine heartwood and heartwood and sapwood of spruce. The sapwood of 
pine is easy to dry, machine and impregnate (Holmberg and Sandberg 1997). When impregnating 
spruce and the pine heartwood, the impregnation fluid generally only penetrates a few millimetres into 
the wood. Hence, pine is the most common wood specie to impregnated in 
Sweden, resulting in a high durability since it can be impregnated all the 
way to the heartwood (Swedish Wood, 2018). 
 
The inner part, i.e. the first 10-20 annual rings near the pith in a tree is 
called juvenile wood, see Figure 5. In the juvenile wood, the annual 
rings are broad and dominated by earlywood, with only thin latewood 
bands. This results in a lower density of the juvenile wood compared 
with the mature wood further out in the stem, giving the juvenile wood 
completely different properties than mature wood (TräGuiden, 2018)  
Furthermore, the juvenile wood is characterized by a larger microfibril 
angle in the S2-layer of the cell wall and also a lower cellulose content 
than of mature wood, resulting in lower mechanical performance 
compared to mature wood (Tomczak, 2014). Results from previous 
reports have also shown that the longitudinal shrinkage of juvenile core in 
trees are much greater than of the mature wood and that sometimes this 
longitudinal shrinkage can be 10 or more times bigger than of mature 
wood (Kretschmann and Cramer 2014). However, due to its large 

amount of earlywood which generally is more porous and got thinner 
cell walls than latewood, it is easier to impregnate juvenile wood than it 
is to impregnate mature wood (Earlywooddesigns, 2012).  
 
2.3. Wood in the construction industry 
The building industry is responsible for 19 percent of the total CO2 emissions in Sweden 
(Byggindustrin, 2017). Since concrete and steel are the dominated materials used in construction, the 
amount of emissions can be heavily reduced by replacing these materials with wood. Measured over 
its lifetime, from the harvest of the material to the recycling and disposal, wood produces less carbon 
and requires less energy than concrete (Think Wood, 2018). Furthermore, wood has a high strength-to-
weight ratio comparable with steel, making it a competitive construction material with a low 
environmental impact. In Sweden, wood has a long tradition to be used for wood-frame constructions, 
typically in single family buildings. It has been used both as a structural and finishing material due to 
its flexibility and ease of use. However, due to regulations in the Swedish building codes, wood has 
only been permitted in smaller, low-rise residential buildings. As a consequence of this prohibition, 
the skill and competence in the construction industry to use timber in load-bearing structures for high-
rise and larger buildings have more or less been non-existent after more than 100 years of prohibition 
(Nord, 2013).  
 
2.4. Engineered wood products (EWP) 
So-called engineered wood products (EWP) allow engineers, architects and developers to build a wide 
range of products to be used in i.e. high-rise buildings and bridges. EWP improve many of the natural 
properties of wood by for example gluing together smaller lamellas into larger beams and panels. 
Thus, many of the disadvantages of natural wood are overcome, and the new products become more 
durable and dimensionally stable with higher mechanical properties and less variability. There are 
many different EWP on the market, such as cross-laminated timber (CLT), nailed laminated timber 
(NLT) and glued laminated timber (glulam). The common denominator for these EWP is that wood 
laminations are finger-jointed end to end, stacked and then glued together into larger pieces. The result 
gives a competitive product that is stable, strong and durable. In this report, focus will be on glulam 
and its potential as a structural member in outdoor constructions. 

Figure 5- The structure of 
juvenile wood and mature 
wood (Kretschmann and 
Cramer 2014). 
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2.5. Glulam 
Glued laminated timber, also known as glulam, is an EWP commonly used for structural purposes 
such as columns and beams, see example in Figure 6. It is used in both commercial and residential 
applications, but also in other structural elements such as bridges and marina docks. In Sweden, the 
laminations are mainly of spruce, with a thickness of approximately 45 mm. They are stacked together 
so that the direction of the laminations grains run parallel with the length of the member. In this way, 
glulam becomes one of the strongest construction materials in relation to its weight, outweighing both 
concrete and steel (Swedish Wood, 2017). Furthermore, due to the finger-jointing and gluing of the 
laminations, large dimensions in practically any shapes can be produced, and today glulam beams not 
seldom spans over 30 meters thanks to its lightweight. In fact, the dimensions are limited only by 
practical circumstances such as transport facilities, manufacturer’s premises and machinery equipment 
(Svenskt trä, 2016). With glulam, it is possible for manufacturers to harness even small pieces of wood 
from the tree trunks that otherwise would have been wasted (Think Wood, 2018).  
 
Structural elements of glulam are industrially manufactured under controlled conditions, and compiles 
with the Swedish Standard SS-EN 14080, see schematic in Figure 7. The manufacturing of glulam is a 
resource efficient process, where the raw material usually is from domestic and sustainably grown 
forests. Further, glulam is easily customized but requires high accuracy regarding milling of finger 
joints and application of adhesives. 
 
 

 
 

Figure 6 – A glued laminated timber (glulam) (Bois, 2015) 

 
As a first step in the production of glulam timber, the lumber are visually graded to estimate its 
stiffness and strength. Since each wood component differs from each other regarding knots, twisted 
grains and other naturally occurring defects, these can be controlled and removed. In this way, less 
variability and increased mechanical properties are achieved in glulam timber. For construction 
timber, the classification of the strength is determined by the weakest section in a single board. Hence, 
the difference between different boards can be significant due to knots and slope of the grain. Through 
the effect of lamination in glulam members, the risk of these naturally occurring defects to end up in 
the same section is very small. Due to this reduced dispersion, glulam has a higher average strength 
than the corresponding elements of construction timber, see Figure 8 (Svenskt trä, 2016). 
 
Glulam can be both homogeneous, consisting of jointed lumber with the same grade, and combined, 
which consists of lumber of different grades, commonly with stronger lumber placed as outer lamellae 
in the glulam member. Glulam is strength graded as GLXXh and GLXXc, where h and c stands for 
homogeneous and combined glulam, respectively. The number XX stands for the characteristic 
bending strength, expressed in N/mm2 (Svenskt trä, 2016). 
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Figure 7 – A schematic picture of the production of glulam (Glulam, 2018) 

 
 

 
Figure 8 - Glulam has higher average strength and less spread compared with construction timber (Svenskt trä, 2016) 

 
2.6. Finger-joints  
To achieve larger dimensions with improved mechanical properties, lumber can be jointed together 
with finger joints. So-called end-grain gluing of the wood is not sufficient enough to achieve 
satisfactory bonding between the lumber components. In fact, the glued surface needs to be 
approximately 10 times bigger than the cross section of the wood in order for the joint to be as strong 
as the wood itself. By finger-jointing, the surface gets bigger and the gluing area is increased. Hence, 
sufficiently strong gluing joints can be achieved. The geometry and appearance of the finger joint 
varies depending on the applications area or the supplier’s tools and equipment, see Figure 9. There 
are a number of standard lengths of the finger joints which in turn affects the distance between each 
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finger, but commonly it is a large joint area and a small cross sectional reduction that is to desirable 
(Rydholm, 2000). 
 
 

 
 

Figure 9 - The geometry of a typical finger joint (NZwood, 2018) 

 
Andre (2006) has shown that glulam beams usually fail in the tension side in finger joints positions 
when tested in bending. This requires great accuracy in the execution of finger joints. Ozcifci and 
Yapici (2007) found that a higher bending strength was achieved with an increasing finger length due 
to the larger bonding area of these joints. They also suggested that the durability of the finger joint 
firstly depends on the wood and its quality, secondly the type, application and compatibility of the 
adhesive with the wood, and lastly, the type of finger joint. The process of finger jointing starts with 
docking out knots and other defects. Then a finger joint machine squares the ends of the boards before 
cutting the finger joints in the end grain. This is followed by application of the adhesive on the fingers 
under a certain pressure and temperature to make sure that the boards are jointed together. Finally, the 
jointed board is planed to get a smooth finish (NZwood, 2018). The Swedish Standard SS-EN 385 sets 
requirements for finger joints in construction timber and states that within the finger joint, there must 
be no knot, crack or strong disturbance in the fibre. Further, if there is a knot in the jointed board, the 
distance between that knot and the finger joint shall be at least l + 3d, where l is the finger length and d 
is the diameter of the knot, measured perpendicular to the longitudinal direction of the board, see 
Figure 10. 
 

 
Figure 1 - The minimum distance from the finger joint to the knot 

 
2.7. Adhesion science and technology 
The bonding quality plays a key role in the developing of new improved EWPs as it may lead to 
enhanced strength and durability of the wood. The bonding process of wood cannot be described as 
only on step. Instead, the adhesion of wood is a dynamic process involving several steps such as flow, 
penetration, wetting etc. and where each step has its own influence on the bonding quality.  
 
As a first step, the adhesive wet the surface of the wood by flowing over it and into pits and cracks. In 
this way, an adhesive bond is formed through mechanical interlocking of the substrate surface and the 
adhesive (Frihart et al. 2017). The uneven surface of the wood is excellent for mechanical bonding 



19 
 

since the glue can penetrate into cavities, harden and hence mechanically anchor itself to the cell 
walls. In addition to the mechanical interlocking, interaction also occurs through chemical bonds and 
reactions between the wood and the adhesive. The movable molecules in the adhesive creates 
chemical attraction between itself and the wooden material, making it possible to achieve adhesion 
between two wood components. These chemical interactions are often made of hydrogen bonds which 
are created when the wood is reacting with the adhesive. On the woods surface there are commonly 
active hydrogen and hydroxyl groups to which the glue may react and create strong and durable bonds. 
Physical adsorption through the materials is also a phenomenon in which adhesion is achieved. It 
occurs when the polar molecules on the surface of the wood attract the polar adhesive molecules, 
creating van der Waals- and strong polar forces (Rydholm, 2000). 
 
2.8. Modified wood 
Wood has proven to be a competitive building material for many years. It is lightweight, natural and 
often even stronger than steel relative to its weight. However, it has its weak points. Wood is a 
hygroscopic material that may change its dimensions due to the influence of water, thus leading to 
changes in its mechanical properties. The higher the moisture content, the higher is the risk of 
microbial attack, causing wood decay. Since the dimensions may change due to varying moisture and 
relative humidity (RH) levels, unstable joints, cracking, buckling or other distortions may occur. The 
fact that wood absorbs and releases water makes it unsuitable for outdoor applications since the 
dimensional instability and changes in mechanical properties are direct consequences of this. To solve 
this problem, wood modification can be applied. By chemical modification, the properties are 
permanently changed due to changes of the chemical composition of the wood which overcomes its 
disadvantages and at the same time reduces the need of maintenance and the use of imported tropical 
wood species. 
 
There are several modification techniques that can be used to improve the durability of wood. Thermal 
modification (heat treatment) and chemical modification by furfurylation and acetylation, are the 
dominant methods. All these methods aim to control the water in the wood, but by different principles, 
see Figure 11. Thermal modification reduces the amount of OH-groups in the wood cell wall, thus 
reducing its ability to absorb water since the water is reacting with these hydroxyl groups. However, 
the strength of heat treated wood is reduced. It also becomes more brittle, and should not be used in 
load-bearing structures (Svenskt trä, 2018). Furfurylation is a modification technique that aims to 
prevent water from reaching the OH-groups. In this case, the wood is impregnated with a mixture 
based on furfuryl alcohol. With the addition of heat, so-called in-situ polymerization of the furfuryl 
alcohol occurs in the cell walls which greatly improve the dimensional stability and durability of the 
wood (Building Centre, 2016). Acetylation is a chemical modification method that prevents the water 
by occupying the hydroxyl groups, and it will be described in more detail in the next section.   
 

 
 

Figure 11 - Function of different modification methods. Left: Furfurylation. Middle: Acetylation. Right: Thermal modification. 
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2.9. Acetylated wood 
 
Background on acetylation of wood 
Over the years, many different acetylation methods have been studied and performed on different 
wood species. The first study of acetylation of wood was performed in 1928 in Germany, and since 
then many other studies have been performed on different species and with different methods. For 
example, the acetylation of wood can be achieved with the anhydride either in liquid or vapour phase. 
Furthermore, catalysts may be used to increase the reaction rate between the anhydride and the free 
hydroxyls (Hill, 2010). In the early 1980s a new technology developed, using a limited and controlled 
amount of acetic anhydride and only a small amount of acetic acid. Further, no catalyst was used in the 
process and a temperature of 120° - 130° for the reaction with solid wood was used. For solid wood, a 
vacuum was applied prior to the introducing of anhydride followed by a pressure to achieve proper 
impregnation. Finally, by the means of vacuum and oven-drying, the by-product acetic acid, unreacted 
anhydride and other traces of chemicals were removed from the specimens. Usually, the acetylation 
takes place in a stainless steel reactor, where the acetic anhydride is impregnated into the wood under 
vacuum. The duration of the impregnation process, reaction temperature and level of pressure are 
depending on the species, end-use of the product and such (Rowell, 2006). 
 
Acetylated wood has for long been studied and tested, but it is not until recent years it is been 
successfully commercialized. Accys Technology is a company that has been successful in its 
commercialization of acetylated timber in load bearing structures, named Accoya Wood. In this case, 
the softwood radiata pine acetylate the and the manufacture site is based in Netherlands, Europe, 
where the acetylation process takes place as well. The end-use product is mainly for decking and 
cladding, but Accoya wood has also been used as structural timber such as in the Sneek bridge (Figure 
12). Many benefits are proven through research and experiments on Accoya, such as extraordinary 
durability and dimensional stability, and as stated in the product sheet the product last 50 and 25 years 
above ground and in ground, respectively. However, no tests have yet been performed on acetylated 
birch (Hill, 2010). 
 

 
 

Figure 12 - The Sneek bridge made of Accoya® wood 

 
Acetylation modifies the wood chemically by increasing the number of acetyl molecules while 
reducing the amount of hydroxyl groups in the plant cell wall. These hydroxyl groups absorb and 
release water due to changes in surrounding climate conditions which is the reason why the wood 
swells and shrinks. Therefore, by blocking these OH groups with acetyl groups, the acetylation 
process greatly improves the durability of the wood as well as the dimensional stability and service 
life, making it ideal for outdoor applications (Accys Technologies, 2018). In the commercially 
available methods for acetylation, acetic anhydride is reacted with wood and resulting in an 
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esterification of the free OH-groups in the cellulose, hemicellulose and lignin in the cell wall (Figure 
13). The main by-product in this process is acetic acid, which must be removed due to i.e. odour and is 
often sold to other industries as raw material. However, it is difficult to completely remove all acetic 
acid residues in acetylated solid wood.  

 

 
Figure 13 - The reaction of the acetic anhydride with the wood (Accys Technologies, 2018) 

 
In all wood species, acetyl groups naturally exist in the cells. Through acetylation, the naturally 
occurring acetyl groups of the wood are increased from 1-3 % to 20 % (Hill, 2013). Hence, nothing 
new is added into the wood through the acetylation process. Instead, the chemical structure is 
permanently altered into a product with dramatically improved properties that matches or even 
exceeds that of tropical hardwoods. Thus, acetylated wood is both totally free from toxins and releases 
none to the environment (Diamond Wood China, 2018).  
 
Properties of acetylated wood 
Acetylated timber has shown good results and great potential of being a strong, durable and 
competitive product for exterior applications. The reason for its enhanced durability is, as mentioned, 
due to the fact that the acetic anhydride replaces the free hydroxyls in the wood cell polymers, thus 
preventing the wood to swell and shrink in the presence of moisture. However, the properties of the 
chemically modified wood is highly dependent on the extent of acetic anhydride reacting with the 
wood, often reported as acetyl weight percentage gain (WPG). This is calculated as shown below, in 
Equation 1 
 

WPG (%) = [(Wmod – Wunmod) / Wunmod] x 100   (1) 
 
Where, Wmod is the weight of the modified wood and Wunmod is the weight of the unmodified wood 
before the acetylation, both oven dry (Hill, 2010). 
 
By measuring the oven dried weight prior to and after the acetylation process, the WPG can prove that 
the acetic anhydride reacted with the wood, creating chemical bonds with the wood cell wall polymers 
and not with the naturally occurring water molecules in the wood. The acetic anhydride may react with 
the free water in the wood and form acetic acid as by-product. Therefore, the moisture content (MC) 
of the specimens prior to the acetylation is important to ensure an even and rapid reaction with the cell 
wall polymers throughout the wood. Furthermore, it is not feasible to use completely dry wood since it 
may affect the reagents ability to penetrate the wood. Hence, a compromised moisture content is 
necessary, with an optimal MC of 2-5 % according to Rowell (1983). The penetration and reaction rate 
is not solely dependent on the moisture content of the wood specimens. The rate of reaction is as well 
influenced by the type of wood, its structure and not least its density and permeability. For industrial 
production with large dimensions, there’s a big difference of permeability in the heartwood and 
sapwood, where the reactivity of heartwood is lower compared to the sapwood. Hence, only sapwood 
is currently produced for commercial purposes (Hill, 2010). Furthermore, Larsson and Simonson 
(1994) showed that a higher WPG was achieved for spruce specimens with broad annual rings 
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compared to specimens with narrow annual rings, and that it could be explained by a higher amount of 
earlywood which is easier to acetylate.  
 
After acetylation, the wood is permanently swollen due to the penetration of the acetic anhydride. The 
acetyl groups swell the wood by occupying space through chemical bonds in the cell wall. In fact, due 
to the acetylation the wood cell volume is almost swollen to its original green volume, and hence little 
swelling can occur when water penetrates into the acetylated wood. However, a limited amount of 
water can still get absorbed into the cell wall through capillary action, and since the water molecules 
are smaller than the acetyl groups, little swelling can occur even in the modified wood (Rowell, 2006). 
Since the acetyl groups are less hygroscopic than the hydroxyl groups, the acetic anhydride greatly 
improves the dimensional stability of the wood. The enhanced dimensional stability is a result of the 
bulking action of the acetyl groups in the wood cell wall, and is normally calculated as the anti-shrink 
efficiency (ASE), see Equation 2 below. 
 

ASE (%) = [(Sunmod –Smod) / Sunmod] x 100       (2) 
 
After a 5-day soaking test Rowell (2006). found a dimensional stability (ASE) of 78 % of acetylated 
solid pine at a WPG of approximately 20 %, which is the level reached with Accoya. In other words, 
this means that acetylated wood at a WPG of 20 % will swell and shrink about four times less than 
untreated wood (Hill, 2010). 
 
The fibre saturation point (FSP) is the point in which all of the water in the wood cell cavity is 
removed, but still the cell walls are saturated. The FSP varies among different tree species, but 
normally range between 20-30 %. It is only below the FSP that the woods properties are altered due to 
changes in moisture in the cell-wall. In other words, when the MC is higher than the FSP, the wood is 
dimensionally stable. The FSP is reduced by acetylation, making the modified wood less prone to 
changes in both physical and mechanical properties. Rowell (2006) found that the FSP of acetylated 
pine with a WPG of 20 % was 10 %, to be compared with untreated pine with a FSP of 45 %.  
 
Furthermore, the equilibrium moisture content (EMC), which is the constant moisture content 
established by the wood in an environment at a specific temperature and RH, is highly reduced 
through acetylation. As the OH-groups are esterified with acetyl groups, the hygroscopicity is reduced, 
resulting in a reduced uptake of moisture of the wood. 
 
The mechanical properties of acetylated wood are believed to be influenced by several factors. Since 
the process of acetylation swells the wood, it results in fewer load-bearing fibres for a given volume 
and cross-sectional area in the modified wood compared to untreated. Further, the application of heat 
during the acetylation process may lead to degradation of the cell wall, and could together with the 
acetic conditions result in a strength reduction of the wood. However, the EMC and FSP is 
considerably less after acetylation, and since many of the mechanical properties are affected due to 
changes in moisture below the FSP, a reduction of the EMC should cause an increase in strength 
(Larsson and Simonson, 1994). Several studies have been performed on acetylated wood regarding its 
mechanical properties. Common to all, the mechanical properties (MOR, MOE) of acetylated wood 
are affected only to a limited extent. Also, it differs between species where some show decreases in 
some properties, and other increases (Hill, 2010).  
 
Gluing of acetylated wood 
In GLT, adhesives are applied on the surface of the wood, where the adhesion depends on several 
factors such as mechanical interlocking, penetration, wetting and surface energy. Since some of the 
wood properties are altered when modified, previously tested and preferred adhesives may no longer 
be appropriate. Furthermore, there are active hydrogen and hydroxyl groups on the surface of the 
wood to which the adhesive can react. Therefore, as the free hydroxyl is decreased due to acetylation, 
the surface energy is reduced as well which means that the glue may not bond with acetylated wood as 
properly as with untreated wood (Bongers et al. 2015). Due to the greatly altered properties, acetylated 
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wood may be regarded as a new material. Consequently, it needs to be treated as one. Acetylated wood 
contains acetic acid as a result from the modification, which may as well have an influence of the 
bonding quality. Furthermore, because of the hydrophobicity of the modified wood, the penetration of 
water soluble resins is diminished, resulting in poor adhesion and reduced internal bonds. As a direct 
consequence, the MOE, MOR and internal bond strength are reduced (Rowell et al. 1987). The 
permanent swelling of acetylated wood may also influence the joints ability to self clamp. Also, as the 
EMC of acetylated wood is greatly reduced, the absorption properties of the adhesive into the 
acetylated wood may be different. 
 
Different studies and various investigations of adhesives on acetylated wood show that adhesives 
relying on hydrogen bonding with the wood surface perform less, whereas polyurethane adhesives in 
general show great results (Hill, 2010). PRF has also shown potential, and (Jorissen et al., 2011). 
showed that both a PRF and PU bonding of acetylated Radiata Pine met the requirements for 
application in exterior use. However, it was found that the PU bonding was less critical and less 
sensitive for variations in both wood and bonding conditions compared to PRF bonding of the 
ACCOYA Wood. Furthermore, the PRF adhesive results in a dark brown colour of the bond-line 
(Zhou et al., 2017). which the customers may not want. According to Bongers et al. (2015), Dynea 
PRF (Aerodux 185 / hardener HRP 155) has been used for the Sneek bridge, but good results have 
been obtained with Purbond HB 181 as well. 
 
As mentioned earlier, melamine urea formaldehyde (MUF) resin is almost exclusively used by 
Moelven in finger-jointing of spruce lamellas in glulam members. It is bright coloured, waterproof and 
durable. However, Bongers et al. (2015) tested the bonding of Accoya wood (acetylated radiata pine) 
and found that laminates bonded with MUF resin showed poor results in the delamination tests. It also 
showed a higher variability in its performance compared with PUR bonded samples. In addition, 
Bongers (2018) stated that no MUF systems have shown to have water resistant bonds with Accoya 
wood. 
 
For structural applications, EWP such as glulam are commonly used due to its enhanced properties. 
They consist of smaller pieces of lumber finger jointed into larger members. These finger joints need 
to have great mechanical performance in order to be suitable for structural applications. Several 
studies have been performed on finger joints and how aspects such that the geometry, glue line and 
pressure time influence its strength. However, few studies have involved the properties of finger-
jointed acetylated timber. By chemical modification of wood through acetylation, its hygroscopicity is 
greatly reduced due to the fact that the hydroxyl groups in the wood are replaced with acetyl groups. 
Acetylation makes the wood more dimensionally stable, making it an excellent building material even 
for exterior applications. However, this modification technique is relatively expensive, why a solution 
would be to only use acetylated timber in parts of a structural member instead of the whole member.  
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3. Materials and methods 
In this work, the bending strength of finger-jointed samples of acetylated Scots pine (Pinus sylvestris 
L) using a conventional melamine urea formaldehyde (MUF) resin were studied. Finger-jointed 
samples of acetylated wood combined with unmodified wood were also studied to simulate a member 
with only parts of the member modified. The density, moisture content (MC), modulus of elasticity 
(MOE) of the wood material were also determined. The bending strength was evaluated by 
determining the modulus of rupture (MOR) of the finger-jointed samples. Lastly, a delamination test, 
i.e. a water-soaking-drying exposure, was performed to investigate the influence of moisture and 
temperature cycles on the strength properties of the finger-jointed samples. 
 
3.1. Wood materials 
The test material was prepared from acetylated juvenile pine (AJP) boards, i.e. in this case originating 
from young forest thinning trees (ca 20-30 years age), and acetylated pine sapwood (APS) boards. The 
acetylation of the juvenile pine was performed in Arnhem, Netherlands (Accsys Group), and the 
acetylation of the pine sapwood was performed at RISE in Borås, Sweden, in their pilot plant. In Table 
1, the mean WPG of the acetylated samples is presented. The AJP boards had lengths of 3 m and a 
cross-sectional dimension of 32 x 102 mm2. The APS boards had lengths of approximately 1,7 m with 
the cross-sectional dimension 25 x 130 mm2. When delivered to the factory in Töreboda, these boards 
were conditioned at 23 °C and 50 % RH for 10 days before the testing. Thereafter, the APS and AJP 
boards were cut and planed into 18 and 87 specimens respectively. From each of the AJP board, three 
test specimens were prepared, as shown in Figure 14. Due to shorter lengths of the APS boards, only 
one test specimen could be prepared from each board, see Figure 15. Untreated spruce (US) boards 
(T22) were also prepared into the same dimensions as the AJP and APS specimens. From each spruce 
board, four test specimens could be prepared. In total, the spruce boards were cut and planed into 27 
test specimens with the same dimensions as the APS, and 57 test specimens with the same dimensions 
as the AJP. 30 of these specimens were finger-jointed. In addition to the test specimens used for 
bending- and delamination tests, a small specimen close to the centre of each board was also prepared 
for density and moisture content measurements, as shown in Figures 14 and 15. 

 
Figure 14 - Sawing and marking of the acetylated juvenile pine boards and test specimens 

Each of the boards were carefully numbered and measured according to SS-EN 408. All of the 
specimens were marked at both ends. The test specimens were marked with letters and numbers, 
designating the wood species and the number of the board and test specimen respectively, as Figures 
14 & 15 show. The letter A denotes the AJP specimens, the first number represents which board it is 
and the last number indicates which specimen it is. The letter B stands for the APS specimens. C 
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stands for the US specimens with the same dimensions as the AJP specimens and D for the US 
specimens with the same dimensions as the APS specimens.  

 
Figur 15 - Preparation and marking of the APS specimens. The red cross shows that this part of the board was not used in 

the tests. 

3.2. Finger-jointing and adhesive 
The specimens were finger-jointed at Moelven Töreboda by the process governed by SS EN 385. All 
of the test specimens were finger-jointed in the same way, with a finger length of 29 mm, a tip gap of 
1 mm, a pitch of 6 mm and with a tip thickness of 2 mm (see Figures 9 and 16). The adhesive used 
were a conventional melamine urea formaldehyde (MUF) adhesive (MUF 1247/2526, produced by 
Akzo Nobel) used by Moelven Töreboda for both structural and non-structural applications. All 
finger-jointing were performed under the same gluing conditions. The MC of the US was recorded by 
the time of gluing to be 10,1 % (specimens denoted C) and 11,2 % (specimens denoted D). The MC of 
the AJP and APS was not known by the time of gluing, but was determined afterwards, see Table 2. 
 

 
 

Figure 16 - Finger joint of sample A10-3 - C15-2 

3.3. Test set-up and description of laboratory tests 
In this section, the test set-up is described as well as the methods used to determine the chosen 
properties of the different samples. 
 
Density 
The density, ∂ [kg/m3], was determined by Equation 3 
 

∂ = m/V     (3) 
 
where m is the mass and V the volume of the specimens measured at oven-dried state. 
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Moisture content 
The moisture content (MC) [%] of the specimens was determined by the oven-dry method shown in 
Equation 4 
 

𝑀𝑀C =  𝑚𝑚1−𝑚𝑚0
𝑚𝑚1

× 100     (4) 
 
where m1 is the mass of the specimen before drying and m0 is the mass of the oven-dry specimen. The 
MC was measured from the same specimen for the density measurement. 
 
The oven-dry weight of the specimens was determined after drying them for approximately 17 hours 
in a convection oven with a temperature of 103 °C. 
 
Modulus of rupture (MOR) 
To evaluate the bending strength of the finger-jointed samples (along the grain), their modulus of 
rupture (MOR) was measured using a 4-point bending test according to SS-EN 408, see Figure 17, at 
Moelven Töreboda. A minimum length of 900 mm was required of each individual specimen to ensure 
a sufficient long finger-jointed specimen. The finger-jointed samples with lengths of approximately 
1800 mm was cut prior to the bending test to a total length of 19 times the depth of the cross-section, 
as required by the SS-EN 408. See Figure 18.  
 
 

 
Figure 17 - Test set up for measuring the bending strength of finger joints ( SS-EN 408) 

 
 
 

 
Figure 18 - Sawing of finger-jointed APS, where the dotted lines represent where the boards are to be cut prior to the 

bending tests 

The AJP specimens had a depth of 25 mm which therefore required a length of the finger-jointed 
specimen of 475 mm. The APS specimens had depth of 34 mm which therefore required a length of of 
the finger-jointed specimen of 608 mm. The end part residuals of the boards that were not used for the 
bending- and delamination tests were used for measuring the MOE of the samples as described below. 
 
Figure 17 shows the set-up of the bending test, according to SS-EN 408. This standard requires that 
the finger-jointed specimens must have a length of 19 times the depth of the cross-section. Further, 
they must be symmetrically loaded at two points over a span of 18 times the depth of the test piece, 
with the finger joint in the centre of the board. 
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The bending strength was determined for the following set-ups of finger-jointed specimens:  
 

• 60 bending tests involving AJP, see Figure 19. 
- 30 AJP–AJP specimens with the dimensions 34x104x610 [mm3] 
- 30 AJP–US specimens with the dimensions 34x100x614 [mm3] 

 
 

 
 
 
 

 
 
 
 

 
 
Figure192 - Bending strength test set up of the acetylated juvenile pine (AJP) 

• 11 bending tests of involving APS, see Figure 20. 
- 5 APS–APS specimens with the dimensions 24x130x480 [mm3] 
- 6 APS–US specimens with the dimensions 24x125x480 [mm3] 

 
 
 
 

 
 
 

 

 
Figure 20 - Bending strength test set up of the acetylated pine sapwood (APS) 

• 8 bending tests involving US, see Figure 21. 
- 4 US–US specimens with the dimensions of 35x100x610 [mm3] (marked with the letter C)  
- 4 US–US specimens with the dimensions of 24x130x480 [mm3] (marked with the letter D) 

305 mm 305 mm 

240 mm 240 mm 
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Figure 21 - Bending strength test set up of the untreated Norway spruce (US) 

 
 
 
 

 
   
 
 
 
For all bending tests, a force, F, was applied symmetrically at two points so that the maximum load of 
each finger jointed test specimen was reached after 200 +/- 120 s, with a velocity of approximately 8 
mm/min depending on the test samples. At the time of rupture, the test was stopped and the bending 
strength was calculated by using Equation 5. 
 
 𝑓𝑓𝑚𝑚 = 3𝐹𝐹𝐹𝐹

𝑏𝑏𝑡𝑡2
     (5) 

 
Where fm is the bending strength in MPa and F is the maximum force applied in N. a is the distance 
from a support to the nearest loading position, b is the width of the cross section and t is the thickness 
of the cross section, all in mm. SS-EN 14358 was used to determine the mean bending strength, the 
characteristic bending strength and the standard deviation of the tests. 
 
Modulus of elasticity (MOE) 
The MOE was determined by performing a 3-point bending test (along the grain) on the different 
wood samples. One MOE-test was performed per board. By measuring the deflection of the test 
samples related to the applied load, the modulus of elasticity could be calculated, using Equation 6 
 

 𝑀𝑀𝑀𝑀𝑀𝑀 =  𝑃𝑃𝐿𝐿3

4𝑏𝑏𝑡𝑡3𝑤𝑤
     (6) 

 
where P is the applied load in Newton, L is the span between the two supports, b and t the width and 
thickness (depth) of the specimen, respectively, and w the deflection of the test specimen, all in mm.  
 
The test specimens used in this MOE-test were cut from the same board as for the test specimens used 
for measuring the bending strength. In this way, a mean value for all of the boards could be 
determined and adopted from the tested samples. The samples for measuring the MOE were cut into 
test pieces of 12x26x250 mm3 from the APS boards, 12x34x250 mm3 from the AJP boards and 
12x20x250 mm3 from the US boards. The test pieces were simply supported and loaded with a weight, 
G, equal to a force, P, acting on the test samples due to the momentum of the lever arm of the 
equipment. This was calibrated and calculated by using a scale prior to and after the weight was 
applied. The weight was placed at the end of the lever arm but the load acted on the middle of the test 
samples at a distance of L/2 from the supports, see Figure 22. As for the MOR-tests, the procedure of 
determining the MOE was according to the SS EN-408, requiring a span length, L, of 18 times the 
thickness of the test samples.  
 

240/305 mm 240/305 mm 



30 
 

 
Figure 22 – Schematic Figure of the 3 point bending test used to determine the MOE. 

 
A deflection gauge was positioned right beneath the centre of the sample, at a distance of L/2 from the 
supports, and measured the deflection of the samples with an accuracy of 0,01 mm. Before the load P 
was applied by placing the weight G on the lever arm, the samples were pre-loaded to a level at point 
B so that the lever arm was horizontal. This was ensured by placing a water pass on the lever arm. At 
this point, the deflection gauge was reset to zero followed by applying the load and measure the 
deflection, w, after 30 seconds (Figure 23). The weight, force and deflection were measured for each 
test sample. 
 
 
 

 
Water-soaking-drying exposure 
To determine the influence of changes in moisture, temperature and pressure on the test specimens, a 
delamination test, i.e. a water-soaking-drying exposure, was performed, acting like an accelerated 
weathering test. For these tests, a total of 43 test samples were used due to limited space of the ovens 
and limited amount of time, divided between the species as follows: 
 

• 13 samples of AJP – US 
• 14 samples of AJP – AJP  
• 5 samples of APS – US 
• 4 samples of APS – APS  
• 7 samples of US – US (4 of 24x130 mm (D) and 3 of 35x101 mm (C)) 

 
The test was performed by first letting the test specimens be exposed to a water-soaking step for 
approximately 8 hours in an autoclave, shown in Figure 27. Water was penetrated into the wood by 
means of a vacuum-pressure procedure, followed by a 17 hour long drying process where the water 
soaked wood was placed in an oven to dry in a temperature of 74 °C. Each of the test samples was re-
weighted prior to the delamination test and after the time in oven to ensure that the MC of the test 
samples were the same before and after the wetting and drying cycles. After the drying process, the 
MOR of the finger-jointed samples was determined through the same procedure as described earlier. 
  

F 

Figure 23 - Load case for the 3-point MOE-test 
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Figure 24 - The 4-point bending 
machine at Moelven Töreboda 

Figure 25 - The 4-point bending machine with 
a specimen in place 

3.4. Equipment 
 
MOR test 
Figure 24 and 25 show the 4-point bending test set up used to determine the MOR of the specimens. 
 
 
 
 
  

 
 
 
 
 
 
 
 
 
 
MOE test  
Figure 26 shows the 3-point bending test set up used to determine the MOE of the specimens. 
 

 

Figure 26 - The 3-point bending test with a specimen 

Water-soaking-drying exposure 
Figure 27 shows the two autoclaves used to water soak the specimens before the drying procedure.  
 

 
 

Figur 27 - The two water-soaking autoclaves at Moelven Töreboda 
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4. Results and discussion 
The determination and calculations are performed as described in SS-EN 408. Furthermore, SS-EN 
14358 has been used for the calculations of the mean values, standard deviations and characteristic 
values. The characteristic value was only calculated for those samples with more than 20 tests. The 
measured values are also compared with previous data reported in literature. 
 
4.1. Acetyl content, density and moisture content 
Table 1 presents the acetyl content of the wood samples due to acetylation, expressed as weight 
percent gain (WPG). 
 

Table 1. The weight percent gain (WPG) of the different samples. AJP = Acetylated juvenile pine, APS = Acetylated pine 
sapwood, US = Untreated spruce. 

WPG 
Specimens AJP APS US 
Mean value [%] 28,1 29,0 0,0 

 
Table 2 presents the density and moisture content (MC) of the wood samples (see Table 11 in the 
Appendix for the raw data). 
 

Table 2. The density and MC of the different samples AJP = Acetylated juvenile pine, APS = Acetylated pine sapwood, US = 
Untreated spruce. 

AJP 
 Density 

[kg/m3] 
MC 
[%] 

Mean value  521  1,7 
Std deviation 49 0,2 
Number of specimens 44 

APS 
 Density 

[kg/m3] 
MC 
[%] 

Mean value 596 4,9 
Std deviation 66 0,4 
Number of specimens 16 

US 
 Density 

[kg/m3] 
MC 
[%] 

Mean value 446 9,2 
Std deviation 46 0,3 
Number of specimens 24 

 
As Table 2 shows, the acetylated pine sapwood (APS) had the highest density of all specimens, with a 
mean density of 596 kg/m3, normally distributed. The APS specimens had a 14 % higher density than 
the acetylated juvenile pine (AJP) which had a density of 521 kg/m3. The AJP also had a higher 
density compared with the untreated spruce (US) which had a mean density of 446 kg/m3. The density 
of the pine wood prior the acetylation is not known. Unmodified pine has, according to Swedish Wood 
(2018), an average density of 470 kg/m3 at an MC of 12 %, which obviously is significantly lower 
than both the AJP and the APS samples in this study. It should be noted that the density of acetylated 
wood at oven dry state should be higher that before the acetylation due to the added weight of acetyl 
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groups, in this case adding ca 28-29 percent weight (WPG) to the wood, although the acetylation also 
causes swelling of the wood cell walls. Unmodified Norway spruce at the same MC has an average 
density of 440 kg/m3, which match the values for US obtained in this report. 
Furthermore, a mean MC of 4,9 % was observed for the APS which was higher than that of the AJP, 
which had a remarkably low MC of 1,7 %. The MC content is closely related to the WPG of the 
modified wood, and Rowell (2006) found that the equilibrium MC of acetylated wood is decreased as 
the WPG is increased. Furthermore, Larsson and Simonson (1994) found that a higher WPG level was 
found for Norway spruce specimens with broad annual rings compared with specimens with narrow 
annual rings, due to the higher amount of earlywood in the first. Since the AJP specimens consist of 
more earlywood than the APS specimens, they may have been easier to modify. Hence, a higher acetyl 
content may have been reached relatively to its weight, explaining the lower MC obtained by the AJP 
specimens compared with the APS specimens. However, the measured WPG level were almost the 
same for the juvenile and sapwood pine, which had a WPG of 28,1 % and 29,0 %, respectively (see 
Table 2). The fact that the mean WPG of the AJP specimens was slightly lower than of the APS 
specimens (mature wood) is in contrast with earlier findings, showing that a larger amount of juvenile 
wood led to higher WPG levels. Papadopoulos (2005) also observed that the WPG was lower for 
juvenile compared with mature wood, explained that the structure and chemical composition of the 
wood could be a part of the explanation. Through acetylation, the acetyl groups react with the 
accessible OH-groups upon the cellulose in the wood cell walls. For the juvenile wood samples in his 
work, the cellulose content was about 35% lower compared with those of mature wood.  
 
4.2. Modulus of rupture (MOR) 
The two point loads acting on the wood in the 4-point bending tests were assumed to be equally 
distributed over the test samples. Furthermore, the test samples were not sorted prior to the bending 
test (only to a limited extent by visually sorting out those with clear defects and knots in the finger 
joint zone).  
 
Untreated spruce (US) samples 
Table 3 present the MOR for the finger-jointed US-US samples, both for each board dimension and 
the average for both dimensions (C and D) (see Table 12 in the Appendix for the raw data). 
 

Table 3 - MOR for the finger-jointed US-US samples 

US–US 
 C 

35x100x610 mm3 
D 

24x130x480 mm3 

Mean value [MPa] 54,5 59,0 
Std deviation [MPa] 4,5 7,6 
Number of specimens 4 4 
 C and D 
Mean value [MPa] 56,7 
Std deviation [MPa] 6,3 
Number of specimens 8 

 
 
Acetylated juvenile pine (AJP) and acetylated pine sapwood (APS) samples 
Table 4 presents the MOR for the finger-jointed samples involving the acetylated wood (see Table 13 
in the Appendix for the raw data). 
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Table 4 - MOR for the finger-jointed samples involving the acetylated wood. The characteristic bending strength was only 
calculated for sample groups with more than n=20 tests. AJP = Acetylated juvenile pine, APS = Acetylated pine sapwood, US 

= Untreated spruce. 

AJP–AJP 
34x104x610 mm3 

Mean value [MPa] 42,4 
Std. Deviation [MPa] 6,2 
fm,k [MPa] 30,7 
Number of specimens 30 

AJP–US 
34x100x614 mm2 

Mean value [MPa] 47,5 
Std. Deviation [MPa] 5,6 
fm,k [MPa] 37,0 
Number of specimens 30,0 

APS – APS 
24x130x480 mm 

Mean value [MPa]  63,1 
Std. Deviation [MPa] 2,4 
Number of specimens 5,0 

APS – US 
24x125x480 mm 

Mean value [MPa] 46,9 
Std. Deviation [%] 4,6 
Number of specimens 6,0 

 
As can be seen in Table 4, the APS-APS sample show a MOR bending strength with a mean value of 
63,1 MPa. This value is the highest of all the test samples, including the untreated US-US sample 
which had a mean bending strength of 54,5 MPa (C) and 59,0 MPa (D). The relatively high bending 
strength of the APS-APS samples could be explained by several factors. The lower MC of the APS 
compared with US most likely corresponds to a higher bending strength of APS compared with US. 
Furthermore, the mean density of the APS sample (Table 2) is approximately 33% higher than that of 
the Norway spruce. Since the density is closely related to the strength of wood, this could explain the 
relatively high bending strength of the acetylated pine sapwood samples. But, this is necessarily not 
true. Usually, a higher density means a higher amount of wood substance leading to increased 
mechanical properties within a given volume. In this case, however, the higher density of APS 
compared with US is probably also due to the added acetyl content in the wood cells through the 
chemical modification. The acetyl groups do not contribute to the strength of the wood since they are 
forming side groups on the existing wood polymers (Larsson and Simonson 1994). This is supported 
by comparing the results of the AJP-AJP sample with the US-US sample. The AJP had a density of 
521 kg/m3, corresponding to a 17 % higher density than of the US, but still had a lower mean bending 
strength of 42,4 MPa. 
 
The bending strength of the APS-US sample was 46,9 MPa, i.e. 26% lower than the APS-APS sample. 
As there was no data on the strength properties of the original pine sapwood prior to the modification, 
it is not possible to compare with the US. Furthermore, the limit amount of APS specimens (only n=11 
test samples) is a factor that needs to be taken into account, since these few specimens may have 
belonged to a higher strength class than the US. For more accurate results, more replicates would be 
necessary. 
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Figur 29 - APS-APS specimen after the MOR test 
showing a low level or almost no wood failure. 

The AJP-AJP sample had the lowest mean bending strength of 42,4 MPa and a characteristic bending 
strength of 30,7 MPa. The higher microfibril angle and the lower relative cellulose content of juvenile 
wood compared with mature wood (sapwood) (Papadopoulos 2005), could be a reason for the lower 
MOR values. However, since there is no data of the mechanical properties of the juvenile pine samples 
prior to the modification, it is difficult to know how the acetylation process influenced the bending 
strength of the juvenile wood.  
 
The AJP-US sample had a 13% higher mean bending strength compared with the AJP-AJP samples. It 
had also a slightly higher MOR than the APS-US sample, which is interesting since the APS was 
expected to be stronger than the AJP. 
 
It is likely that these MOR results were also related to the ability of the MUF adhesive to penetrate and 
bond with the wood, but this was not furthered studied in more detail by performing e.g. 
morphological bond-line examinations. The MUF-adhesive has proven to be suitable when bonding 
unmodified spruce and pine, and is commercially used for that purpose. However, when bonding 
acetylated radiata pine, Bongers et al. (2015) found that a MUF resin was not suitable for this purpose 
and that it showed poor performance with a high variability in delamination tests. That result seems to 
match the results obtained in this work, although a direct comparison cannot be done, since both 
different wood and adhesive parameters were used, e.g. finger-jointing in this study vs. flat side gluing 
in Bongers et al. (2015) study. It is however clear the US-US sample had a higher percentage of wood 
failure compared with the samples involving the acetylated wood, which showed almost no or a 
significantly lower amount of wood failure (Figure 28 and 29). Possible, so-called over penetration of 
the MUF resin in the acetylated wood could cause a poor wood-adhesive anchoring (Frihart et al. 
2017). 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
  
    
 
 
A was observed that some APS-APS samples seemed to gel a bit and showed a milky appearance on 
the surface of the finger joints, see Figure 30, which possible could be due to the insufficient 
dissipation of water from the adhesive film during the curing process (Vick and Rowell 1990). 
Possible, the milky appearance could also be due to the presence of the by-product acetic acid in the 
modified wood. It is known that the acetylation process more or less influence the mechanical 
properties of wood. In addition to the factors already mentioned, the swelling of the wood through 
acetylation results in fewer load bearing fibres within a given cross sectional area, decreasing the 
strength properties of the wood. The process of acetylation also includes heat treatment under acidic 
conditions which may lead to a certain amount of degradation of the wood polymers, influencing the 
strength of the wood (Larsson Brelid, 1998). 

Figur 28 – US-US specimen after the MOR 
test showing a high level of wood failure. 
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Figure 30 - Bondline of the APS-APS sample B2 - B3 with a milky appearance 

In addition the MOR results for the different specimens were plotted against their density in order to 
see if any correlation exists, see Figures 31-35 including the coefficient of determination (R2). Table 5 
shows the aggregated values for each sample. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
  

Figure 31 – Relation between the density and MOR of the AJP 
– AJP sample group. n = number of tests. R2 = coefficient of 
determination  

Figure 32 – Relation between the density and MOR of the AJP 
– Spruce sample group. n = number of tests. R2 = coefficient 
of determination  

Figure 33 – Relation between the density and MOR of the APS 
– APS sample group. n = number of tests. R2 = coefficient of 
determination  

Figure 34 – Relation between the density and MOR of the APS 
– Spruce sample group. n = number of tests. R2 = coefficient 
of determination  
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Figure 35 – Relation between the density and MOR of the Spruce – Spruce sample group. n = number of tests. R2 = coefficient 
of determination 

 

Table 5 - Coefficient of determination (R2) of each test sample group. n = number of tests. AJP = Acetylated juvenile pine, APS 
= Acetylated pine sapwood, US = Untreated spruce 

Density and MOR relationship 
 R2 n 
AJP - AJP 0,0060 30 
AJP - US 0,1450 30 
APS - APS 0,1140 5 
APS - US 0,0002 6 
US - US 0,4170 8 

 
As can be seen in Table 5, the samples involving acetylated wood showed low R2, indicating a 
negligible correlation between the MOR and the density of the specimens. For the US, the value is, 
however, significantly higher, indicating a correlation the MOR and the density of the specimens. The 
results may be explained by the fact that a higher density of the US results in a larger amount of 
mechanically strong wood substance, leading to an increased bending strength. On the other hand, a 
higher density of the acetylated pine specimens is also due to a larger amount of acetyl groups which 
do not contribute to an enhancement of the strength. Hence, the variety in density between the 
acetylated specimens is probably due to different acetyl WPG levels in the wood. 
 
It should be noted that all of the tests in this work of finger-jointed samples involving the acetylated 
wood have been performed using unsorted, non-stress graded specimens, which are known to have 
lower strength values obtained compared with pre-sorted specimens. 
 
4.3. Modulus of elasticity (MOE) 
 
Untreated spruce (US) samples 
Table 6 presents the MOE of the untreated spruce (US) sample (see Table 14 in the Appendix for the 
raw data). 
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Table 6 – MOE of the untreated spruce (US) sample 

US 
12x20x240 mm3 

Mean value [GPa] 11,4 
Std deviation [GPa] 2,1 
Number of specimens 9 

 
As Table 6 shows, the US sample had a mean MOE value of 11,4 GPa. According to Swedish Wood 
(2018) unmodified spruce of strength class C24 has a MOE of around 11 GPa, which corresponds well 
with the result obtained in this study. The highest and lowest value was 14,4 GPa and 8,6 GPa, 
respectively.  
 
Acetylated juvenile pine (AJP) and acetylated pine sapwood (APS) samples 
Table 7 presents the MOE of the acetylated juvenile pine (AJP) and the acetylated pine sapwood 
(APS) samples (see Table 15 in the Appendix for the raw data). 
 

Table 7 – MOE of the acetylated juvenile pine (AJP) and acetylated pine sapwood (APS) samples. 

AJP 
12x34x240 mm3 

Mean value [GPa] 8,3 
Std deviation [GPa] 1,8 
Number of specimens 44 

APS 
12x26x240 mm3 

Mean value [GPa] 12,6 
Std deviation [GPa] 0,6 
Number of specimens 16 

 
As Table 7 shows that the obtained MOE of the acetylated juvenile pine (AJP) acetylated pine 
sapwood (APS) was 8,3 GPa and 12,6 GPa respectively. This corresponds to a 51% higher MOE value 
of the APS compared with the AJP. There were no data on the MOE of the acetylated specimens prior 
to acetylation, making it difficult to measure the influence of the modification on the MOE. However, 
Swedish wood (2018) states that unmodified structural timber of pine (equal to strength class C24) has 
a MOE of about 12 GPa which corresponds well with the result obtained in this study. Larsson and 
Simonson (1994) reported a 17% reduction of the MOE due to acetylation of Scandinavian pine and.  
 
The comparably low MOE of the AJP sample seems to be in agreement with other data reported in the 
literature indicating that the MOE of juvenile wood is significantly lower than mature wood. The 
lower stiffness of juvenile wood compared with mature wood may be due to the difference in the 
structure of the wood, i.e. a higher microfibril angle as well as lower density in the former. 
 
4.4. Water-soaking-drying exposure 
 
Untreated spruce (US) sample 
Table 8 presents the MOR results of the US-US sample which was previously exposed to the water-
soaking-drying cycle (see Table 16 in the Appendix for the raw data). 
  



40 
 

Table 8 – MOR of the US-US sample after the water-soaking-drying cycle 

US–US 
 C 

35x100x610 mm3 
D 

24x130x480 mm3 

Mean value [MPa] 44,5 51,8 
Std deviation [MPa] 1,3 13,3 
Number of specimens 3 4 
 C and D 
Mean value [MPa] 48,7 
Std deviation [MPa] 10,2 
Number of specimens 7 

 
As can be seen in Table 8, the US-US (combined C and D specimens) sample showed a reduction of 
the MOR of 14% after the exposure to the water-soaking-drying cycle compared with the unexposed 
state (Table 3). In other words, there seems to be a sufficient adhesion of the MUF resin in the US-US 
sample even after this quite severe water-soaking-drying cycle. Figure 36 shows a specimen after the 
MOR test indicating a certain amount of wood failure, although significantly lower than in the 
unexposed state (Figure 28).  
 

 
 

Figure 36 – US-US specimen after the MOR test, previously exposed to the water-soaking-drying cycle, showing some level of 
wood failure. 

Acetylated juvenile pine (AJP) and acetylated pine sapwood (APS) samples 
Table 9 presents the MOR results of the samples involving the acetylated wood which were previously 
exposed to the water-soaking-drying cycle (see Table 17 in the Appendix for the raw data). 
In contrast to the unexposed state, both the APS-APS and the APS-US samples in this case had a 
similar MOR of ca 36 MPa. This corresponds to a decrease by 43% and 23%, respectively, compared 
to the unexposed state (Table 4).  
 
The AJP-AJP and AJP-US samples also had a similar MOR of ca 22-24 MPa, i.e. significantly lower 
than for the samples involving the APS. This corresponds to a decrease in both cases of about 50%, 
respectively, compared to the unexposed state (Table 4). The effect of the water-soaking-drying 
exposure is evident since the MOR of all the samples was greatly reduced. In this case, it is obvious 
that the samples involving the acetylated wood showed a no or a low level of wood failure after the 
MOR tests, in contrast to the US-US samples, see Figure 37. As discussed for the MOR tests in the 
unexposed state, this low amount wood failure is probably caused by an insufficient adhesion between 
the adhesive and the wood, i.e. a low anchoring of the adhesive in the wood substrate due to over-
penetration or poor penetration of the adhesive.  
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Table 9 – MOR of the samples involving the acetylated wood previously exposed to the water-soaking-drying cycle. AJP = 
Acetylated juvenile pine, APS = Acetylated pine sapwood, US = Untreated spruce 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Furthermore, the samples combining the acetylated wood with the untreated spruce, due to their 
difference in swelling and shrinkage, could be expected to cause increased stresses in the finger joints 
due to the wetting and drying cycles, and therefore a more pronounced reduction of their MOR. A 
higher reduction in MOR was however, not observed in the AJP-US and APS-US samples compared 
with the ASP-ASP and AJP-AJP samples.  
 

 
 

Figure 37 –APS-APS specimen after the MOR test, previously exposed to the water-soaking-drying cycle, showing a low 
amount of wood failure 

AJP–AJP 
34x104x610 mm3 

Mean value [MPa] 22,4 
Std. Deviation [ MPa ] 2,8 

Number of specimens 14 
AJP–US 

34x100x614 mm3 
Mean value [MPa] 23,7 
Std. Deviation [ MPa ] 4,4 
Number of specimens 13 

APS–APS 
24x130x480 mm3 

Mean value [MPa] 35,8 
Std. Deviation [ MPa ] 7,2 
Number of specimens 4 

APS–US 
24x125x480 mm3 

 
Mean value [MPa] 35,9 
Std. Deviation [ MPa ] 3,6 
Number of specimens 5 
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Furthermore, and unexpectedly, after the water-soaking step, the acetylated specimens dried at a much 
lower rate than the unmodified spruce (Figure 38). Hence, due to that the same drying time was used 
for all samples, the samples involving the acetylated wood had a significantly higher MC during the 
MOR tests than the US-US samples, which reached the same MC level as before the water soaking. It 
is likely that this increased MC caused a decrease in MOR for the samples involving the acetylated 
wood. In Table 10, the average weight gain due to insufficient drying of the acetylated specimens is 
presented. After the water-soaking-drying cycle, the APS specimens had an increased weight of 23,6 
%, corresponding to a MC of 29,1 % in the MOR test, i.e. significantly higher than in the unexposed 
state. Similarly, the AJP specimens increased its mean weight with 40,5 %, corresponding to a mean 
MC of 43,4 % in the MOR test. 
 

     
 

Figure 38 – Cross-section of a APS specimen showing the insufficient drying after the water-soaking step 

Acetylated wood can be considered to be in a swollen state, i.e. the volume of the cell lumens are 
increased compared with unmodified wood. This could possible increase that capillary uptake of water 
in the water-soaking step compared with unmodified wood. Frihart et al. (2017) also found that when 
acetylated wood is soaked in water, it does not plasticize as much as unmodified wood does. 
 
Table 10 - The average weight gains and the new mean MC due to the water-soaking-drying exposure. The weight gain was 
calculated by measuring the weight of each specimen prior to and after the delamination test. N = number of specimens. 

Specimen Weight gain 
[%] 

MC mean 
[%] 

N 

Acetylated pine sapwood (APS) 23,6 29,1 6,0 
Acetylated juvenile pine (AJP) 40,5 43,4 17,0 

 
In addition, the heat treatment in the oven at 74 °C, could perhaps cause a certain amount of 
alternation of the acetylated wood, leading to strength losses.  
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5. Conclusions 
The finger-jointed acetylated pine sapwood (APS-APS) sample showed the highest MOR of 63,1 
MPa, while the finger-jointed acetylated juvenile pine (AJP-AJP) sample showed the lowest value of 
42,4 MPa. The corresponding values for the untreated spruce (US-US) sample was 56,7 MPa. The 
finger-jointed acetylated juvenile pine combined with untreated spruce (AJP-US) and acetylated pine 
sapwood combined with untreated spruce (APS-US) samples had MOR values of 47,8 and 46,9 MPa, 
respectively. In contrast to a typical wood failure for the US-US sample, a low amount of wood failure 
was observed for all samples involving the acetylated wood. 
 
A significantly lower MC content of 4,9 % and 1,7 %, were found for the APS and AJP, respectively, 
compared with 9,2% for the US. 
 
The MOE of the APS, AJP and US was 12,6, 8,3 and 11,4 GPa, respectively, indicating a significantly 
lower mechanical performance of AJP, despite its very low MC. No clear correlation was found 
between the MOR and density of the samples involving acetylated wood. 
 
For the samples exposed to a water-soak-drying cycle the highest MOR, and lowest reduction of 14 % 
compared with the unexposed state, was obtained for the US-US sample, whereas all samples 
involving the acetylated wood showed a distinctly higher reduction. The MOR of the AJP-AJP and 
AJP-US samples were reduced with 47 % and 50 %, respectively, while the MOR of the APS-APS 
and APS-US samples were reduced with 43 % and 23 %, respectively. It should be noted, however, 
that after the standard drying-time, which was the same for all samples, the acetylated samples, 
compared with the untreated ones, did not dry out to the same level as for the dry unexposed state, i.e. 
the acetylated samples had a high MC of ca 30-40% in these MOR tests. 
 

6. Future studies 
This study suggests that more investigations should be made on the gluability of acetylated Scots pine, 
since conventional adhesives are not developed for such acetylated wood. It should also be valuable to 
study in more detail the slower drying out behaviour of the acetylated wood compared with the 
untreated wood after water-soaking exposure. 
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Appendix 
This appendix presents the test results for all individual specimens in the study. 
 
Density and moisture content 
Table 11 shows measured and calculated values for each specimen regarding the weight, volume, 
density and moisture content. Calculations were done according to Equation 3 and 4.  
 
Table 11 - Individual results of all specimen’s weight, volume, density and moisture content. m1 = initial weight, m0 = oven 
dry weight, V = volume, MC = moisture content. AJP = acetylated juvenile pine, APS = acetylated pine sapwood, US = 
unmodified spruce. 

A- AJP m1 [g] m0 [g] V [cm3] Density [kg/m3] MC [%] 

A1 19,51 19,16 35,70 536,58 1,85 
A2 16,42 16,09 30,38 529,46 2,08 
A3 17,23 16,91 31,55 536,07 1,84 
A4 16,93 16,65 31,55 527,61 1,72 
A5 17,67 17,37 31,55 550,36 1,74 
A6 14,72 14,48 29,58 489,55 1,65 
A7 17,54 17,24 34,80 495,32 1,78 
A8 15,51 15,19 34,80 436,58 2,10 
A9 13,87 13,66 29,58 461,63 1,60 
A10 15,57 15,32 29,58 518,05 1,59 
A11 22,35 21,93 32,13 682,54 1,92 
A12 17,45 17,13 31,55 542,98 1,84 
A13 19,34 19,02 31,55 602,88 1,65 
A14 15,39 15,14 30,38 498,26 1,70 
A15 16,18 15,93 31,55 505,01 1,57 
A16 16,07 15,76 32,54 484,48 1,94 
A17 15,45 15,20 32,54 467,18 1,66 
A18 20,63 20,25 35,70 567,20 1,86 
A19 16,52 16,24 28,59 567,99 1,72 
A20 13,97 13,72 28,59 479,89 1,77 
A21 15,04 14,81 28,59 517,84 1,54 
A22 14,94 14,74 28,59 515,56 1,36 
A23 17,92 17,62 28,61 615,84 1,70 
A24 19,14 18,82 35,70 527,11 1,71 
A25 16,59 16,34 32,54 502,09 1,52 
A26 14,98 14,76 28,59 516,30 1,47 
A27 16,36 16,07 32,54 494,01 1,78 
A28 15,85 15,59 28,59 545,32 1,62 
A29 14,24 14,03 32,54 431,28 1,48 
A30 13,28 13,10 28,59 458,21 1,38 
A31 16,49 16,25 32,54 499,35 1,50 
A32 17,22 16,96 33,32 509,12 1,53 
A33 16,76 16,49 32,54 506,82 1,61 
A34 16,71 16,46 33,04 498,27 1,50 
A35 16,62 16,35 33,04 494,85 1,65 
A36 16,26 16,01 33,04 484,44 1,56 
A37 15,32 15,11 33,32 453,45 1,40 
A38 18,95 18,64 33,04 564,26 1,65 
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A39 18,13 17,83 33,32 535,17 1,68 
A40 15,09 14,87 26,61 558,70 1,53 
A41 14,14 13,95 28,59 487,79 1,40 
A42 16,61 16,36 28,59 572,15 1,55 
A43 15,84 15,60 28,59 545,57 1,56 
A44 20,31 19,98 32,54 614,14 1,61 
      
B - APS m1 [g] m0 [g] V [cm3] Density [kg/m3] MC [%] 

B1 18,45 17,60 26,5 665,24 4,81 
B2 14,42 13,79 24,8 556,92 4,62 
B3 16,51 15,80 24,8 638,29 4,51 
B4 19,21 18,36 26,5 694,03 4,59 
B5 14,00 13,41 24,8 541,65 4,41 
B6 14,16 13,49 24,8 545,05 4,92 
B7 16,44 15,72 24,8 635,10 4,61 
B8 17,10 16,35 27,1 603,13 4,60 
B9 14,27 13,60 24,8 549,63 4,89 
B10 14,88 14,16 24,8 572,12 5,08 
B11 20,92 19,90 28,7 692,70 5,11 
B12 11,73 11,16 23,5 474,57 5,10 
B13 14,95 14,19 28,7 493,98 5,38 
B14 18,08 17,14 28,0 612,76 5,47 
B15 18,84 17,83 27,7 644,38 5,71 
B16 18,15 17,37 28,2 616,22 4,50 
      
C/D - US m1 [g] m0 [g] V [cm3] Density [kg/m3] MC [%] 

C1 18,33 16,73 38,08 439,26 9,61 
C2 16,94 15,46 38,08 405,99 9,57 
C3 15,53 14,26 31,42 454,04 8,86 
C4 14,13 12,93 31,42 411,51 9,27 
C5 15,08 13,82 31,42 440,03 9,09 
C6 17,25 15,82 37,47 422,20 9,01 
C7 13,40 12,33 31,42 392,48 8,68 
C8 14,22 13,08 31,42 416,28 8,76 
C9 16,21 14,87 31,42 473,36 9,00 
C10 15,51 14,18 31,42 451,24 9,41 
C11 15,23 13,89 31,42 442,23 9,60 
C12 17,82 16,30 37,47 434,98 9,31 
C13 18,52 16,86 37,47 449,93 9,85 
C14 16,44 15,07 31,42 479,76 9,09 
C15 13,27 12,20 25,84 472,00 8,83 
C16 17,74 16,21 31,42 515,85 9,45 
C17 15,11 13,91 38,08 365,18 8,63 
       
D1 12,64 11,56 19,92 580,47 9,32 
D2 9,12 8,37 20,74 403,84 8,85 
D3 10,36 9,50 19,87 478,16 9,04 
D4 13,80 12,62 24,39 517,51 9,31 
D5 12,16 11,14 26,20 425,04 9,19 
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D6 11,40 10,42 24,70 421,98 9,33 
D7 11,38 10,46 24,77 422,20 8,81 
Modulus of rupture (MOR) 
In Table 12 and 13 all of the measured and calculated values regarding the MOR tests of the different 
sample groups are presented. Fmax stands for the maximum weight of the test samples at time of 
rupture and were logged at a display on the test equipment. The MOR was calculated by using 
Equation 5. 
 
Table 12 – MOR test results for the untreated spruce (US) specimens.  

US-US 
Specimen 1 Specimen 2 Fmax (kg) Time (s) MOR (MPa) 
C5-3 C1-3 1327 200 56,847 
C5-3 C12-2 1386 180 59,375 
C6-1 C2-2 1151 220 49,307 
C12-2 C15-3 1224 180 52,435 
D1-1 D2-2 900 100 50,937 
D1-2 D1-3 1224 120 69,274 
D1-2 D3-1 1035 120 58,577 
D4-3 D5-1 1008 120 57,049 
 
Table 13 – MOR test results for all specimens involving acetylated wood. AJP = acetylated juvenile pine, APS = acetylated 
pine sapwood, US = unmodified spruce 

AJP-AJP 
Specimen 1 Specimen 2 Fmax (kg) Time (s) MOR (MPa) 
A1-2 A4-2 1149 150 49,222 
A2-1 A23-1 999 150 42,796 
A2-2 A5-2 995 150 42,625 
A5-1 A8-3 1107 150 47,423 
A7-1 A38-2 796 110 34,100 
A8-1 A11-2 950 150 40,697 
A8-2 A11-3 910 150 38,983 
A8-3 A12-2 984 150 42,153 
A11-1 A1-2 1077 150 46,137 
A12-2 A15-2 900 150 38,555 
A12-3 A24-3 1045 150 44,767 
A14-2 A41-1 834 130 35,728 
A15-1 A18-1 1038 150 44,467 
A16-1 A19-1 1267 150 54,277 
A17-2 A19-2 1122 150 48,065 
A18-1 A21-1 770 100 32,986 
A18-3 A21-3 963 150 41,254 
A19-1 A22-1 1202 150 51,492 
A20-3 A32-3 839 150 35,942 
A21-1 A24-1 595 90 25,489 
A22-3 A32-2 1066 150 45,666 
A24-1 A27-1 1020 150 43,696 
A24-2 A39-2 1141 150 48,879 
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A24-3 A27-3 1170 150 50,121 
A25-1 A28-1 1122 150 48,065 
A26-2 A32-3 910 120 38,983 
A30-3 A33-3 897 120 38,426 
A33-2 A36-2 937 120 40,140 
A38-1 A41-1 854 150 36,584 
A39-2 A42-2 1041 150 44,595 

AJP-US 
Specimen 1 Specimen 2 Fmax (kg) Time (s) MOR (MPa) 
A6-3 C14-2 886 150 39,473 
A7-1 C12-1 1104 120 49,186 
A10-2 C14-2 1092 150 48,651 
A10-3 C15-2 1011 150 45,042 
A13-2 C7-3 1152 150 51,324 
A13-3 C17-2 772 150 34,394 
A16-2 C9-3 1152 150 51,324 
A16-3 C4-1 1156 150 51,503 
A17-1 C11-2 1168 150 52,037 
A19-2 C16-2 1310 170 58,364 
A19-3 C16-4 1152 150 51,324 
A20-1 C1-2 1096 150 48,829 
A22-2 C16-2 1055 120 47,003 
A25-2 C10-4 1127 150 50,210 
A25-3 C7-2 900 120 40,097 
A25-3 C10-3 1035 120 46,112 
A28-2 C14-1 1098 120 48,918 
A32-3 C8-1 1128 150 50,255 
A33-1 C16-3 1223 150 54,488 
A33-1 C13-2 1078 150 48,027 
A34-1 C3-2 934 120 41,612 
A34-1 C6-4 1096 150 48,829 
A35-3 C14-3 973 150 43,349 
A35-3 C11-2 1141 150 50,834 
A37-3 C10-1 719 100 32,033 
A38-3 C17-3 1043 150 46,468 
A40-2 C2-3 1014 150 45,176 
A43-2 C9-2 1080 150 48,117 
A43-3 C15-4 1159 150 51,636 
A44-3 C11-1 1120 150 49,899 

APS-APS  
Specimen 1 Specimen 2 Fmax (kg) Time (s) MOR (MPa) 
B4 B13 1058 100 59,878 
B6 B4 1167 120 66,047 
B7 B6 1143 120 64,689 
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B13 B14 1097 135 62,085 
B15 B16 1108 120 62,708 

APS-US 
Specimen 1 Specimen 2 Fmax (kg) Time (s) MOR (MPa) 
B3 D2-4 734 120 41,541 
B9 D3-2 804 120 45,503 
B10-1 D7-2 755 120 42,730 
B10-2 D3-3 886 120 50,144 
B11 D4-1 842 120 47,653 
B12 D4-1 952 120 53,879 
 
 
Modulus of elasticity (MOE) 
 
Tabell 14 – Measured deflection (w) and calculated MOE of the unmodified spruce (US) specimens. P = applied load, L = 
length between the two supports, b = width of specimen, t = thickness of specimen. 

US  
Specimens w [mm] P [N] L [mm] b [mm] t [mm] MOE [GPa] 

C1 0,23 44,664 200 20 12 11,24 
C2 0,19 44,664 200 20 12 13,60 
C3 0,21 44,664 200 20 12 12,31 
C4 0,30 44,664 200 20 12 8,62 
C5 0,18 44,664 200 20 12 14,36 
C6 0,30 44,664 200 20 12 8,62 
C7 0,20 44,664 200 20 12 12,92 
C8 0,24 44,664 200 20 12 10,77 
C9 0,26 44,664 200 20 12 9,94 
 
Tabell 15 – MOE of the acetylated juvenile pine (AJP) specimens and the acetylated pine sapwood (APS) specimens. P = 
applied load, L = length between the two supports, b = width of specimen, t = thickness of specimen. w = measured 
deflection of the specimens. 

AJP 
Specimens w [mm] P [N] L [mm] b [mm] t [mm] MOE [GPa] 

A1 0,16 44,665 200 34 12 9,503 
A2 0,29 44,665 200 34 12 5,243 
A3 0,21 44,665 200 34 12 7,240 
A4 0,15 44,665 200 34 12 10,136 
A5 0,17 44,665 200 34 12 8,944 
A6 0,16 44,665 200 34 12 9,503 
A7 0,15 44,665 200 34 12 10,136 
A8 0,19 44,665 200 34 12 8,002 
A9 0,16 44,665 200 34 12 9,503 
A10 0,20 44,665 200 34 12 7,602 
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A11 0,16 44,665 200 34 12 9,503 
A12 0,13 44,665 200 34 12 11,696 
A13 0,15 44,665 200 34 12 10,136 
A14 0,17 44,665 200 34 12 8,944 
A15 0,18 44,665 200 34 12 8,447 
A16 0,14 44,665 200 34 12 10,860 
A17 0,27 44,665 200 34 12 5,631 
A18 0,14 44,665 200 34 12 10,860 
A19 0,18 44,665 200 34 12 8,447 
A20 0,23 44,665 200 34 12 6,611 
A21 0,18 44,665 200 34 12 8,447 
A22 0,18 44,665 200 34 12 8,447 
A23 0,16 44,665 200 34 12 9,503 
A24 0,20 44,665 200 34 12 7,602 
A25 0,19 44,665 200 34 12 8,002 
A26 0,20 44,665 200 34 12 7,602 
A27 0,16 44,665 200 34 12 9,503 
A28 0,19 44,665 200 34 12 8,002 
A29 0,18 44,665 200 34 12 8,447 
A30 0,22 44,665 200 34 12 6,911 
A31 0,20 44,665 200 34 12 7,602 
A32 0,32 44,665 200 34 12 4,751 
A33 0,16 44,665 200 34 12 9,503 
A34 0,25 44,665 200 34 12 6,082 
A35 0,20 44,665 200 34 12 7,602 
A36 0,25 44,665 200 34 12 6,082 
A37 0,29 44,665 200 34 12 5,243 
A38 0,24 44,665 200 34 12 6,335 
A39 0,25 44,665 200 34 12 6,082 
A40 0,26 44,665 200 34 12 5,848 
A41 0,12 44,665 200 34 12 12,670 
A42 0,16 44,665 200 34 12 9,503 
A43 0,17 44,665 200 34 12 8,944 
A44 0,15 44,665 200 34 12 10,136 

APS 
Specimens w [mm] P [N] L [mm] b [mm] T [mm] MOE [GPa] 

B1 0,14 44,664 200 26 12 14,202 
B2 0,17 44,664 200 26 12 11,696 
B3 0,14 44,664 200 26 12 14,202 
B4 0,13 44,664 200 26 12 15,294 
B5 0,16 44,664 200 26 12 12,427 
B6 0,24 44,664 200 26 12 8,284 
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B7 0,16 44,664 200 26 12 12,427 
B8 0,17 44,664 200 26 12 11,696 
B9 0,17 44,664 200 26 12 11,696 
B10 0,19 44,664 200 26 12 10,464 
B11 0,13 44,664 200 26 12 15,294 
B12 0,20 44,664 200 26 12 9,941 
B13 0,23 44,664 200 26 12 8,645 
B14 0,13 44,664 200 26 12 15,294 
B15 0,13 44,664 200 26 12 15,294 
B16 0,14 44,664 200 26 12 14,202 
 
 
Water-soaking-drying exposure 
 
Table 16 – MOR of the US-US sample after the water-soaking-drying cyclet. m0 = weight prior to delamination test. m1 = 
weight after the delamination test (time in oven). Fmax is the maximum weight applied at time of rupture. 

US-US 
Specimen 1 Specimen 2 Fmax (kg) Time (s) MOR (MPa) m0 (g) m1 (g) 
C2-2 C5-2 1066 140 43,106 980 1020 
C1-3 C5-2 1124 140 45,451 1015 1040 
C6-1 C9-1 1115 140 45,088 975 1050 
D1-1 D3-3 1039 120 58,803 730 745 
D2-1 D3-1 717 70 40,579 630 635 
D2-3 D4-3 718 70 40,636 675 665 
D6-3 D7-1 1185 130 67,066 720 720 
 
Table 17 – MOR of the samples involving acetylated wood (AJP-AJP, AJP-US, APS-APS, APS-US) after the water-soaking-
drying test. m0 = weight prior to delamination test. m1 = weight after the delamination test (time in oven). Fmax is the 
maximum weight applied at time of rupture  

AJP-AJP 
Specimen 1 Specimen 2 Fmax (kg) Time (s) MOR (MPa) m0 (g) m1 (g) 
A27-2 A36-2 486 150 21,034 1155 1625 
A11-3 A39-1 482 150 20,861 1180 1625 
A11-2 A14-3 456 120 19,735 1150 1570 
A17-2 A15-1 602 170 26,054 1130 1605 
A7-2 A11-1 475 150 20,558 1175 1635 
A14-3 A17-3 466 150 20,168 1130 1660 
A27-2 A30-2 576 160 24,929 1085 1405 
A5-2 A9-1 579 160 25,059 1195 1695 
A9-1 A12-1 531 150 22,981 1160 1645 
A6-1 A9-2 486 150 21,034 1120 1595 
A36-3 A39-3 481 150 20,817 1135 1660 
A4-2 A8-1 633 180 27,396 1125 1545 
A22-1 A25-1 414 120 17,918 1125 1550 
A27-1 A30-3 585 170 25,318 1105 1630 
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AJP–US 
Specimen 1 Specimen 2 Fmax (kg) Time (s) MOR (MPa) m0 (g) m1 (g) 
A3-1 C9-1 649 160 28,088 1030 1215 
A6-2 C3-1 505 150 21,856 1005 1230 
A26-1 C11-3 520 150 22,505 1010 1215 
A22-3 C16-4 570 150 24,669 1050 1205 
A31-2 C3-3 753 180 32,589 1005 1160 
A13-3 C1-1 551 150 23,847 990 1240 
A40-3 C10-1 513 150 22,202 1085 1260 
A19-2 C9-3 657 170 28,435 1050 1240 
A37-1 C6-4 333 100 14,412 975 1250 
A44-3 C7-4 500 150 21,640 940 1165 
A10-1 C7-3 464 150 20,082 935 1160 
A31-1 C3-2 577 160 24,972 1005 1230 
A41-3 C11-1 527 150 22,808 985 1280 

APS-APS 
Specimen 1 Specimen 2 Fmax (kg) Time (s) MOR (MPa) m0 (g) m1 (g) 
B1 B2 469 120 27,605 970 1205 
B2 B3 556 150 32,726 955 1180 
B1 B16 751 170 44,204 1050 1315 
B14 B15 655 150 38,553 1150 1395 

APS-US 
Specimen 1 Specimen 2 Fmax (kg) Time (s) MOR (MPa) m0 (g) m1 (g) 
B12 D7-2 548 150 32,255 650 710 
B9 D7-3 633 180 37,258 740 800 
B5 D2-4 546 150 32,138 645 765 
B11 D3-2 685 180 40,319 840 935 
B5 D7-3 641 150 37,729 735 840 
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