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Abstract 

Advanced adhesive applications for timber construction elements 

Findings of this doctoral thesis contribute to a better understanding of diverse adhesive 

applications in the field of wood material science. It combines four studies that assessed 

adhesive interactions with timber elements from various methodological perspectives. 

The first study evaluated the fracture properties of adhesive bondline in European beech 

(Fagus sylvatica L). Fracture energy and energy release rate were evaluated under mode 

I by adopting single edge notched-three-point bending test regime. Bondline fracture 

characteristics of two adhesives exposed to room temperature and to two elevated 

temperatures were examined with respect to two wood grain orientations. Fracture 

properties were found to be significantly different among adhesive systems; in addition, 

elevated temperatures resulted in reduced fracture properties. Regardless of sufficient 

bondline properties of the studied adhesives, adhesive type and conditions of bonded 

products exposed to cleavage should be carefully selected. The second study assessed the 

fracture properties in shear level of selected adhesives for bonded beech wood in mode 

II. Experimental results obtained from three-point bend end-notched flexure test and 

compliance-based beam theory were implemented for bilinear cohesive models used for 

finite element modelling, through which the effect of friction and wood grain orientation 

were analysed. The model was a good fit with the experimental values and demonstrated 

feasibility of the experimental setup for estimating fracture properties of adhesive 

bondline for numerical models. The third study exploited the use of flexible thick adhesive 

bondline as an energy dissipating member for timber connection. Monotonic and reverse 

cyclic double lap-shear testing was performed on two target thicknesses and three 

adhesives with different mechanical characteristics. Shear strength, elastic stiffness, and 

strength degradation capacity were found to be higher compared to the selected standard 

mechanical fasteners used in timber construction. Overall the study showed that with 

greater bondline thickness and desired adhesive type such joints can be utilised in the 

seismic design of timber buildings. The last study focused on the impacts of phenol 

formaldehyde resin impregnated wood on the dynamic mechanical properties of timber 

elements. Beside higher bending strength and bending modulus of elasticity for modified 

Scots pine (Pinus sylvestris L.) and European beech, impact bending strength and fatigue 

strength were greatly reduced while cyclic modulus of elasticity remained constant with 

constant creep level at stationary phase. Such findings show the importance of 
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applications when modified wood is exposed to dynamic loadings, as its lifespan is 

reduced. 

 

Key words: adhesive bondline, fracture properties, flexible adhesives, fatigue strength, 

adherents mechanical properties     
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Povzetek 

 

Napredne uporabe lepil za konstrukcijske elemente iz lesa 

Spoznanja te doktorske disertacije prispevajo k boljšem razumevanju različnih načinov 

uporabe lepil na področju znanosti o biomaterialih. Doktorsko disertacijo sestavljajo 

štiri eksperimentalno usmerjene študije, ki proučujejo interakcije lesa in lepila z 

metodološko različnimi pristopi. V prvi študiji smo ocenili lomne lastnosti lepilnih spojev 

na lepljeni evropski bukovini (Fagus sylvatica L). Energijo loma in hitrost sproščanja 

energije smo z uporabo metode enojne zareze in tritočkovnim upogibom proučevali v 

načinu I. Lomne lastnosti na lepilnih spojih treh lepil, ki smo jih izpostavili sobni in dvema 

povišanima temperaturama, smo analizirali tudi v odvisnosti od usmeritve lesnih vlaken, 

v dveh različnih smereh. Ugotovili smo, da se lomne lastnosti med različnimi lepilnimi 

sistemi bistveno razlikujejo, povišana temperatura pa je lomne lastnosti drastično 

poslabšala . Standardizirani strižni testi lepilnih spojev so pokazali, da so vsa testirana 

lepila ustrezala zahtevam za njihovo kvalifikacijo. Ker pa pri takšnih testih pogosto 

prihaja do porušitev v lesu, kar je tudi zaželeno, nam takšni testi velikokrat zakrijejo 

podrobnejše prepoznavanje razlik med lepilnimi sistemi. Ravno to raznolikost pa smo 

lahko potrdili s karakterizacijo lomnih lastnosti lepilnih spojev, kjer z gotovostjo lahko 

prikažemo, kako se lepilni sistemi medsebojno razlikujejo. V drugi študiji smo ocenili 

lomne lastnosti izbranih lepil v strižni ravnini v načinu II, prav tako na lepljeni evropski 

bukovini. S pomočjo eksperimentalnih rezultatov, pridobljenih s tritočkovnim upogibnim 

testom nosilca s končno-čelno zarezo in teorijo nosilcev, smo ovrednotili lomne 

karakteristike in izdelali bilinearni kohezijski model, ki smo ga uporabili za numerično 

modeliranje. S pomočjo slednjega smo opravili analizo vpliva trenja in vpliva usmeritev 

lesnih vlaken na rezultate. Rezultati modela so se ujemali z eksperimentalnimi in potrdili 

primernost eksperimentalne študije za ovrednotenje lomnih lastnosti lepilnih spojev in 

izdelavo numeričnih modelov. V tretji študiji smo proučevali uporabo fleksibilnega 

debelega lepilnega spoja kot disipativnega veznega sredstva pri lesenih spojih. S tremi 

izbranimi lepili z različnimi mehanskimi lastnostmi, vsakega smo nanesli v dveh različnih 

debelinah, smo izvedli monotone in povratno ciklične strižne preizkuse na vzorcih z 

dvojnim strižnim spojem s prelopom. Ugotovili smo, da so strižna trdnost, elastična togost 

in zmogljivost ohranjanja trdnosti pri cikličnem obremenjevanju, večje v primerjavi z 

izbranimi standardnimi mehanskimi vijačnimi elementi, ki se uporabljajo pri leseni 

gradnji. S študijo smo pokazali, da se lepilni spoji z večjo debelino in ustrezno vrsto lepila 

lahko uporabijo pri sezmičnem projektiranju lesenih stavb. Poudarek zadnje študije je bil 

na proučevanju vpliva fenol formaldehidne smole z majhno molekulsko maso, s katero 

smo impregnirali celične stene lesa, na spremembe dinamičnih mehanskih lastnosti lesa. 
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Kljub večji statičnih trdnosti pri modificiranem rdečem boru (Pinus sylvestirs L.) in 

evropski bukvi sta bili udarna upogibna trdnost in odpornost na utrujanje močno 

zmanjšani, medtem ko sta ciklični elastični modul, kot tudi stopnja lezenja v stacionarni 

fazi, ostala nespremenjena. Tovrstne ugotovitve kažejo na pomembnost zavedanja načina 

uporabe modificiranega lesa, saj izpostavljenost dinamičnim obremenitvam zmanjšano 

njegovo življenjsko dobo. 

 

Ključne besede: : lepilni spoj, lomne karakteristike, fleksibilna lepila, odpornost na 

utujanje, mehanske lastnosti lepljencev   
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1. Introduction 

Chapter 1 

Introduction 

The structure of wood enables the tree to live long, and grow taller and larger in 

mass than any other organism on earth. This very same material is responsible for the 

new engineering trends in modern society and is used in constructing multistorey and tall 

rise timber buildings. Wood as a construction material has many beneficial 

characteristics; among the most important are good strength to weight ratio, high thermal 

resistivity, and insulation, while its relatively low weight is desired in seismic actions. 

Besides the sustainable, environmental, and carbon-negative footprint of wood, in 

combination with improved processing technologies and building methods, there are 

favorable reasons for making timber an alternative to concrete and steel when used as 

construction material [1].Initially the drive to use timber elements more efficiently led to 

applications of natural casein glue for glulam production and soy glue for the production 

of interior plywood in the early 19th century. After 1930 natural adhesives were quickly 

replaced with synthetic ones because of their resistance to water, ease of use, and 

economic advantages. A strong petroleum infrastructure and advances in polymer science 

made it possible for the widespread use of synthetic adhesives [2]. Replacing solid wood 

with engineered timber products (ETP) resulted in a growing interest in bonding various 

wooden elements, driving the demand for better performance and expanding the range of 

applications. Among these are products like glue laminated timber – glulam (GLT), 

laminated veneer lumber (LVL), cross laminated timber (CLT), and others. ETP show 

higher mechanical performance, can be manufactured in various dimensions from smaller 

tree diameters of lower timber quality, and have fewer variations in properties than solid 

timber [1,3,4]. 

 

According to Hunt et al. [5], more than 65 % of wooden products are bonded, 

which is a strong indicator of how essential it is to understand the adhesive properties in 

relationship to wood and wood-based products in timber structures under different 

conditions, and to comprehensively address its demands. Adhesive bonding is a technique 

for material joining where an adhesive bond forms betwe›en two surfaces – adherends 

[6]. The adhesive that forms an adhesive joint must transfer loads between bonded 

members and correspond to the level of stress concentration a bond can withstand [7]. A 

well-known adhesive bondline model introduced by Marra [8] emphasises the importance 

of how the weakest link is responsible for bondline failure. A better understanding of 

adhesive failure leads to progressive improvements in developing better performing 

adhesives [5]. For a long-term timber adherent joining, the relationship between 

adhesives and timber is indispensable. Adhesive bondline properties are affected by 

1 
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›several factors deriving from adhesive and wood properties as well as bonding processes 

[9,10]. Kamke and Lee [7] described bondline as forming a conglomeration of resin 

(adhesive) and wood by creating an interphase region. In general, adhesives often have 

to meet certain requirements, show structural integrity at different levels and conditions, 

and follow European Standards such as EN 301, EN 15425 [11] or other. Hunt et al. [5] 

stated that in an ideal bondline that exceeds quality standards the failure initiates in the 

wood far from the bondline, which means that the adhesive strength is greater than the 

strength of the wood. Lap-shear tests for structural adhesives following EN 302-1 are the 

methods most used to assess adhesive bondline strength. When bondline strength exceeds 

wood shear stress, this often leads to wood failure, and fewer properties and distinction 

between adhesives can be determined. Veigel et al. [12] emphasised how fracture energy 

testing offers a more diverse degree of information than standardised lap-shear testing 

when comparing two different adhesive systems. Fracture energy, specifically strain 

energy release rate (G), can be studied in three fundamental modes: mode I (tension), 

mode II (in-plane shear), and mode III (out-of-plane shear) as well as mixed modes [13]. 

Delamination phenomena can be described from the perspective of fracture propagation 

of adhesive bondline, where the fracture initiates under exceeding stress, and results in 

crack growth and formation of newly developed surfaces. In case of bondline, such a 

reaction takes place near material discontinuity, i.e. lumens, cell wall layers, air bubbles, 

agglomerates of adhesives, poor wetting of surface, and different material properties of 

wood-adhesives [14]. Similar actions take place under the delamination processes at any 

timber elements. Studies on adhesive bondline fracture are important for describing 

fracture material phenomena, especially by determining how different factors, from 

conditions to adhesive types and other, affect bonding properties [15]. 

 

Joints or connections in timber structures represent important building components, 

which by joining together structural elements provide stiffness, strength, ductility, and 

energy dissipation to the timber structure [16]. The purpose of bonding is to join elements, 

which also makes adhesive bonds a connection. Adhesive connections are desired and 

beneficial since they distribute stress more uniformly along the connection/bonded 

surface and reduce localised high stresses [17]. This is an advantage over typical 

mechanical fasteners that may cause undesired damage in the wood fibrous structure, 

introduce local stress concentrations, and change the structure such that water can enter 

the wood structure [4]. On the beneficial side, adhesive joints prevent crack propagation 

and can result in a longer fatigue life [18]. Recently, flexible connections have become a 

field of study in retrofitting heritage timber joints, strengthening timber-glass beams, and 

timber-glass walls [19–21]. Applications of flexible adhesive have shown comparable 

flexural stiffness between wooden laminated beams connected by elastomeric adhesives 

and standard, mechanical inclined screw connections [22] while better ductility of 

elastomeric adhesives for higher ultimate tensile loads were obtained compared with non-

flexible brittle epoxy adhesives [23]. Using flexible polyurethane (PUR) adhesive layers 

in the design of glulam beams was shown to be beneficial with improved bending 

performance [24]. More recent innovations demonstrated alternative timber building 
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concept “Timber structures 3.0”, with a novel application of structural timber bonding 

without the use of mechanical fasteners [25]. Enhancing energy dissipation under seismic 

events, using a flexible bondline as a dissipating connecting element, has great potential 

for improvement of timber structures. 

In the case of timber bonding applications, the bondline is essential for stress distribution 

but adhesive resins can be used in other fields. For example, they have been intensively 

studied as chemicals for wood modification. Thermal, chemical, or mechanical treatments 

to modify wood can improve its service life, dimensional stability, and mechanical 

properties [26,27]. A well-established wood modification process is chemical 

modification with thermosetting resins by using low molecular weight monomers and 

oligomers for wood impregnation. After the wood has been impregnated, it is cured, and 

a cross-linked polymer matrix is formed within the cell walls, which reduces penetration 

of water. Typical representatives for the in-situ polymerised adhesives are formulated 

based on formaldehyde co-monomers. They tend to be more reactive and usually are 

components with lower molecular weight that can penetrate the wood structure. 

Penetration of adhesive impacts bonding properties [7], but when adhesives are used as a 

reactant for wood modification, penetration is often a measure of a successful process. 

This is typically expressed in weight percentage gain as a result of residual adhesive resin 

in the wooden structure [28]. However, Furuno et al. [29] discussed how alkaline 

components in phenolic resins might result in changes in the cell wall components, 

leading to decreased elastic properties. Formaldehyde-based resins are highly brittle in 

nature [15] and, therefore, special attention must be given when PF modified wood is 

used for structural elements.  Due to the rheological change between modified and natural 

timber, dynamic mechanical properties should not be neglected. High cyclic fatigue 

resembles millions of low-stress loading cycles, and it estimates the relationship between 

the stress and number of cycles to failure. The type of stress and duration cause initiation 

of micro-cracks that grow to macro-cracks, which further cause wood failure [13].  

This thesis will address several innovative adhesive applications and experimental 

methods in the field of adhesive use in structural timber elements. The following section 

will identify knowledge gaps needing to be addressed to support the use of adhesives in 

these applications. 

1.1 Problem and Purpose 

1.1.1 Fracture properties of adhesives 

Bonding properties of wood evaluated under shear tests are the most frequent loading 

mode in the service life of adhesives [30]. Sterley et al. [31] emphasised that using shear 

tests, which are a standardised test method for analysing adhesive bonds, identify the 

percentage of wood to adhesive failure, and only indicates if either the wood or the 

adhesive bondline is more likely to fail, but does not provide any information about the 

fracture. Adhesive joints are commonly loaded in different loading modes, i.e mode I - 
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tension, mode II – shear, and mode III – torsion, including their combination; among 

these mode I is of primary importance due to its lowest fracture energy to the onset of 

cracks [14]. Among many simulation models applicable to adhesives, cohesive zone 

modelling is a numerical technique for describing crack initiation and propagation with 

traction-separation law which can be represented by triangular, linear-parabolic, 

polynomial, exponential, trapezoidal, or the most widely used bilinear law, constructed 

by initial joint stiffness, ultimate load, and critical energy release rate [32]. Ease of 

implementation into various finite element platforms, simulating adhesively bonded 

joints in debonding and crack growth in complex geometries, has made cohesive zone 

modelling a commonly used approach. In mode I and II, the technique requires input 

parameters from experimental tests such as critical energy release rate, peak traction, and 

ultimate displacement [32]. Fracture properties of adhesive bondline can be 

studied through beam theories where double cantilever beam (DCB) test for mode I and 

end-notched flexure (ENF) test for mode II are the methods used most often [33,34]. 

Different testing methods and experimental setups for obtaining cohesive zone models 

were presented for Picea abies L. under mode I test using single-edge notched three-point 

bending method [35], Pinus pinaster under mode II with end-notched flexure method [36] 

as well as for timber bonded joints [37–40]. There are fewer studies that describe fracture 

phenomena on European beech, which is an important wood species since it is currently 

the most widely spread hardwood in Central Europe [41]. Beech wood also shows great 

potential to be used for structural elements, i.e. GLT due to its high mechanical 

performance, beneficial bonding, and availability [42]. For the European beech wood, 

Rhême et al. [43,44] studied mode I and mode II including cohesive law model for welded 

beech wood joints under impact of moisture content. Sebera et al. [45] confirmed good 

agreement on the cohesive zone models developed for natural and thermally modified 

beech wood under mode II while cohesive zone models under mode I testing regime were 

developed for natural beech wood by Gómez-Royuela et al. [46]. Fewer studies have so 

far dealt with models with adhesives for bonded beech wood while on the other hand, 

fracture properties such as fracture toughness (K) or energy release rate (G) were more 

often studied on beech wood and bonded beech wood composites. With compact tension 

test, authors studied the fracture properties of thermally modified wood [47], and use of 

fractal dimension of cracks for describing fracture failure modes [48]. A study by Watson 

et al. [49] evaluated fracture properties of glued beech wood with one-component 

polyurethane (1C-PUR), polyvinyl acetate (PVAc), and melamine-urea formaldehyde ( 

MUF) adhesives using compact tension test under mode I, and various climate 

conditions. A reduction in fracture toughness and wood failure was observed in samples 

with higher moisture content. Fracture toughness was also affected by adhesive type. 

Instead of end-notched flexure test or double cantilever beam test, mode I and II for 

bonded beech were also evaluated under the Arcan test using phenol resorcinol 

formaldehyde (PRF) and PUR adhesives [50]. In the study the authors reported no 

differences in energy release rate values between PRF and wood; however, a significant 

difference was found between PUR adhesive bond and wood. Clerc et al. [51] studied the 

effect of adhesive elastic properties on energy release rates under static and cyclic fatigue 
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testing under mode II and observed different G values for both adhesives and test regimes. 

According to River [14], loading in mode I is of high importance due to the tendency of 

wood joints to cleave and requires less energy for crack initiation [52]. There are many 

different test regimes and geometries for the application of mode I test, such as double 

cantilever beam, compact test, single edge-notched tension, asymmetric four-point 

bending regime, and single edge-notched three-point bending (SEN-TPB) [53]. The latter 

is favoured over double cantilever beam due to the crack plane direction, complex post 

processing adopting beam theories and influence of size and dimensions [35,53].  

Literature indicates how some adhesive systems respond differently towards fracture, for 

bonded beech wood. However, these studies are often limited to either fewer number of 

adhesive systems and utilise diverse testing methods, which do not deliver a consistent 

comparison among the adhesive types. For that reason, a more comprehensive 

interpretation of the adhesive fracture would greatly benefit both perspectives (materials 

and methods) and contribute to a wider spectrum of results.  

In the study an alternative testing method will be evaluated for analyses of adhesive 

bondline fracture characteristics. In the first part of the study we will determine fracture 

properties of adhesive bondline under tensile stress (mode I) by adopting single edge-

notched three-point bending test for selected adhesives on bonded beech with bondline in 

both radial and tangential wood orientation. Additionally the impact of two elevated 

temperatures will be analysed. In the second part we will determine fracture properties 

under shear stress (mode II) of adhesive bondline for various structural adhesives used in 

bonded beech wood. Also  a cohesive-law model for selected adhesives will be developed, 

which will be applied in the finite-element modelling for analyses of friction and grain 

angle effect. 

1.1.2 Flexible adhesive as an energy dissipator  

Connections in timber buildings are one of the factors that represent the ductile and 

energy dissipating elements. Behavior of CLT buildings under seismic events is 

dependent on connection performance along the structural elements [54]. Due to the 

lightweight timber structure larger deformations can occur in case of earthquake 

accelerations and a too stiff connection may result in higher accelerations in the upper 

floors [55] which results in poor serviceability for the occupants and property damage 

etc. To reduce such events, mechanical dissipative elements with desired mechanical 

behavior (stiffness – ductility) are placed in the  structures where the largest deformations 

may be present. Besides commonly used nails, screws, dowels with combination of metal 

connectors (hold-downs, angle brackets, nail plates), few novel solutions using 

mechanical steel type connections have been further studied [56–60]. 

By addressing the benefits of adhesive connections against mechanical type connections 

such as uniform stress distributions, reduced high localised stress, preventing damage to 

the wood structure, less water ingress points, and lower cost [4,17] adhesive connections 



6  CHAPTER 1. INTRODUCTION 

 

may be beneficially utilised. Additionally, mechanical fasteners increases the weight, 

which for lightweight timber structures is not relevant, but the potential for the formation 

of a crack tip around the joints at numerous locations due to the occurrence of stress 

concentrations is more crucial [18]. Rigid thin bondlines are typical in bonding wood for 

load-bearing structural applications where creep needs to be prevented, and desired 

rigidity and strength need to be obtained. Flexible adhesives, on the other hand, show 

lower elastic modulus but higher extension at failure. Simultaneously transferring high 

loads and high deformations, highly deformable polyurethane-based flexible adhesive 

joints gain attention for alternative bonding and reinforcement of various materials [61]. 

Such adhesive systems were used to repair and increase the ductility of new connections 

for masonry composites and concrete [62,63]. Flexible adhesives have also been 

successfully applied for the repair and seismic strengthening of cracked masonry infills 

[61,64–66]. Their higher deformation capacity and energy dissipating properties are 

potentially useful in various applications in CLT structures [67] by increasing their 

seismic performance. Large overlapping areas in step joints and dissipative capabilities 

make connections designed with flexible adhesive a good candidate for improved timber 

joints for certain applications. Flexible adhesives have higher deformability and can even 

exhibit ductile behavior in comparison with traditional adhesives for joining timber 

elements, which are stiff, brittle [4], and have higher load-bearing capacity than wood, 

i.e. bonded material.  

Greater bondline thickness in structural adhesives often result in internal bondline 

imperfections which leads to poor performance. On the other hand for more ductile-like 

adhesives, increasing overlap length results in increasing strength [68]. Studies 

investigated the effect of thickness and overlap length on ductile thick PUR joints and 

reported that with greater thickness joints are more flexible but with increasing overlap 

length, there is higher rigidity in the joints. Banea et al. [69] studied the effect of the 

thickness of flexible PUR adhesives and found a decrease in lap-shear strength with 

increasing bondline thickness, as opposed to an increase in fracture toughness. The latter 

can be explained by the fact that the more flexible – ductile adhesives undergo more 

plastic deformation which forms more plastic zones ahead of the crack tip and limit the 

damage zone, so it can dissipate more energy.  

Thick flexible adhesive bonds can exhibit higher deformations and absorb more energy 

within dynamic events than rigid thin bondlines. Additionally, their damping capacity is 

beneficial since it reduces the transfer of noise and undesirable vibrations between timber 

elements. Among these benefits, more uniform distribution of shear stresses in the thick 

adhesive bondlines can improve fatigue resistance [70], resistance to seismic action 

[61,71], and damping properties [72]. Large strain capacity and peel force distribution 

make flexible adhesives good components in forming structural joints [68]. Bondline 

thickness and overlap length play an important role in the mechanical properties of the 

connection in the case of flexible adhesives but has not been intensively studied in 

combination with timber elements. Applications of flexible adhesive bondline along 
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timber connections could potentially be utilised in vertical step joints between adjacent 

CLT wall panels which may result in reduced stiffness but with higher displacement 

capacity when exposed to cyclic loads [73,74]. Literature shows the advantages of 

flexible adhesives, which so far have been identified through limited studies and indicate 

great opportunities for utilising such adhesive systems bondline as an energy dissipating 

member in timber connections. The great potential in the area of flexible adhesives used 

with structural timber offers new innovative research topics with promising applications, 

in particular, topics related to connections with enhanced damping capacity, load transfer, 

or improve energy absorbance.  

In the study related to evaluation of mechanical properties of thick flexible  adhesives we 

will assess adhesive bondline and its properties under reverse cyclic shear loading as an 

energy dissipating connection for timber structures and analytically compare these with 

common timber mechanical screw-type fasteners. 

1.1.3 Dynamic mechanical properties of resin-modified timber 

Wood modification alters properties of the raw material to improve resistance to biotic 

and abiotic factors, changes visual appearance, and physical or mechanical properties. 

Modification of wood adds value to less valuable, underutilised wood species and can 

successfully increase the use of wooden products [27]. A well-established wood 

modification process is chemical modification with thermosetting resins by impregnating 

wood with monomers and oligomers of low molecular weight. The general mechanism 

behind impregnation of wood with chemicals is that these molecules enter the wood 

structure (cell wall) and polymerise inside the structure. This results in cell wall bulking 

and changes in the hygroscopic properties of the cell wall [26]. One such resin is phenol 

formaldehyde (PF). PF has a long service record (> 50 years) in the wood industry as an 

adhesive used for manufacturing engineered wood products such as GLT. Impreg and 

Compreg were among the first commercially available products where wooden veneer 

sheets were impregnated with PF resins, then dried and oven-cured when the cell wall 

structure is swollen (Impreg), or additionally cured under pressure for increased density 

(Compreg). Such material resulted in improved dimensional and anti-swelling properties 

[75]. 

Besides the various studies that investigated the effects of PF modification on 

dimensional or color stability, durability, acoustic properties, and resistance to biotic 

factors [28,76–82], there are studies that looked at the impact on mechanical properties. 

Deka and Saikia [83] impregnated Anthocephalus cadamba Miq. with PF resin and found 

an increase in strength properties with the material showing a 12 % increase in modulus 

of elasticity (MOE) and a 21 % increase in modulus of rupture (MOR) with respect to the 

untreated one. Huang et al. [84] treated Chinese fir (Cunninghamia lanceolata) using low 

molecular weight PF resin and obtained a 31 % increase in longitudinal tensile modulus 

of elasticity. Impregnation of beech veneers for LVL and plywood composites as well 

showed improved bending properties [85,86]. 



8  CHAPTER 1. INTRODUCTION 

 

On the other hand, literature often reports that embrittlement of impregnated modified 

wood results in decreased ultimate tensile strength and dynamic strength like impact 

bending strength (IBS) among others. Evans et al. [87] showed reduced tensile strength 

of PF modified veneers with positive correlation between increasing PF concentration 

level and tensile strength loss. Bicke et al. [85] modified beech (Fagus sylvatica L.) 

veneers with PF resins for plywood production and reported 34 % lower IBS values in a 

parallel orientated direction. Bollmus et al. [88] modified Scots pine using melamine 

formaldehyde resin of low and high molecular weight PF resin and dimethylol 

dihydroxyethyleneurea (DMDHEU) using various solution concentration loadings. 

Overall, the study reported significantly decreased IBS values with already very small 

concentration solution levels (0.5 %). Authors reported that embrittlement could be more 

related to molecular weight and its ability to penetrate the cell wall rather than the degree 

of modification. According to Kielmann et al. [89], ash (Fraxinus excelsior L.), beech 

(Fagus sylvatica L.), and maple (Acer platanoides L.) wood modified with methylated 

N-methylol melamine showed decreased impact bending strength (IBS) for treated 

samples compared to controls. IBS decreased between 35 % and 48 % for ash and beech, 

and between 55 % and 67 % for maple while also Epmeier et al. [90] reported a more 

than 50 % reduction in IBS for pine wood (Pinus sylvestris L.) treated with methylated 

melamine formaldehyde. Increased brittle behavior of chemically modified timber has 

often been discussed [82,88,91]. Bollmus et al. [88] who also studied impregnation using 

small molecular weight PF resin, pointed out that penetration into cell wall, pH-value, 

cross-linking, and formaldehyde content are as main factors influencing elastic 

mechanical properties like brittleness. The authors discussed how low-molecular PF resin 

successfully penetrate through nano-pores and are distributed in the cell wall. Furuno et 

al. [29], reported about alkaline components in phenolic resins that might cause changes 

in cell wall components, and lead to decreased elastic properties of such material. 

Moreover, entry of PF molecules into the wood cell wall and cell lumen, with a 

combination of acidic catalysts polymers, establishes a new cross-linking cell wall 

network and leads to a rigid, non-pliable cell wall structure [92]. The effect of long-term 

repeated loading stresses on the material can lead to its sudden failure. An increasing 

number of cracks, their growth, and material fatigue can lead to weakening of the material 

and its sudden unpredicted failure [13]. Besides IBS, fatigue limit is also associated with 

dynamic mechanical properties. To assess fatigue strength or fatigue life, materials 

typically undergo fatigue test until failure or a series of a high number of cyclic loadings 

(106). Results are presented with the Wöhler S-N curve as a relationship between the 

number of loading cycles and stress level (fatigue strength). Fatigue limit is the largest 

stress amplitude that does not lead to continuous crack growth until failure [93]. 

Stress level at which the specimen is being tested and the ratio between minimum and 

maximum stress level (R ratio) must be precisely selected as they have a strong impact 

on test performance. With the  R = -1 loading is in fully reverse cycle going from extreme 

negative to extreme positive position (largest amplitude) with specimen being under 

constant load. The intensity of these regimes was reported in [94]. The authors tested 
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fatigue life in flexure and reported an increase in damage with decreasing R values from 

0.5 to -1. This is just one parameter that influences fatigue performance of wood. For 

loading frequency, studies reported fewer number of cycles with lower loading 

frequencies [95,96]. After each loading cycle, damage is accumulated in the wood and 

the amount of work per cycle is also dependent on loading waveform due to stress rate 

and peak stress [13]. Literature also reports that a square wave loading form, compared 

to sinusoidal or triangular, results in the most damage for solid wood and some wood-

based composites [95–98]. Another loading variable that impacts fatigue behavior is also 

accumulation of loading sequence and how accumulated deformation increases with low-

to-high or high-to-low loading sequence [13]. These are parameters related to test setup, 

while there are additional variabilities derived from wood’s natural heterogeneity and 

anisotropy. Scots pine and beech wood (Fagus orientalis L.) were tested under three-

point bending test at different stress levels in terms of the ultimate strength of the material. 

A total of 106 number of cycles were reached at 40 % and 50 % stress level for pine and 

beech, respectively [99]. This indicates how wood with higher density experience less 

fatigue reduction regardless of the material ultimate load. Similar conclusions were 

reached by other researchers [94,100]. However, a limited number of studies have 

evaluated the effects of wood modification on fatigue properties. Ratnasingam and 

Mutthiah  [101] studied fatigue strength of oil palm (Elaeis guineensis) wood with test 

specimens taken from different stem positions. With increasing density, improved fatigue 

life was observed in the middle and center parts of the tree treated with PF. Yet another 

study by Sharapov et al. [102] investigated the impact of thermally modified pine (Pinus 

sylvestris L.) on residual strength at different moisture content levels. Authors have 

reported that the initial moisture content before the fatigue test and highest level of 

thermal treatment were identified as the most important parameters regarding the residual 

strength. Nevertheless, it can be concluded that stress level derives from estimated 

ultimate strength of the specimens which is also density dependent. Since both parameters 

are positively related with wood modification, the ultimate threshold level is consequently 

higher. On the other hand, highly brittle PF modified timber results in decreased dynamic 

properties; therefore, fatigue strength must be extensively evaluated, especially when 

modification is used to achieve improved strength properties for loadbearing elements.  

The dynamic mechanical properties of PF resin-modified wood of soft and hardwood 

species will be investigated by performing three-point bending cyclic fatigue tests and 

impact bending tests. 
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1.2 Research Aims and Goals 

The overall research aim of this thesis is to describe wood-adhesive interactions which 

are considered important for applications in structural engineering. The following 

research questions have been identified: 

Research Question 1 

How do fracture properties differ based on the type of adhesive used?  

Research Question 2 

Can flexible adhesives be used as alternatives to mechanical fasteners in structural timber 

joints?  

Research Question 3 

How does resin-modification of wood affect the dynamic strength properties? 

Based on these research questions, the thesis is divided into three sections which are 

addressed by four studies exploring the interactions between wood and adhesives which 

are considered important for applications in structural engineering.  

Articles 1 and 2 describe fracture properties of selected structural adhesives on bonded 

beech wood. Specifically, in Article 1 the main goals were to: (i) verify the test method, 

(ii) assess impact of the adhesive system on fracture characteristics, (iii) examine the 

effect of elevated temperature, and (iv) examine the effect of wood grain orientation. 

Article 2 further deals with fracture properties and the goals were to: (i) develop cohesive 

law models for selected structural adhesives based on the experimental inputs and data 

analyses, (ii) report adhesive fracture properties, (iii) model and examine the impact of 

friction, and (iv) analyse impact of wood grain orientation on stiffness using developed 

numerical model. Article 3 describes applications of thick flexible adhesive to describe 

mechanical characteristics of adhesive timber joints. The main goals of the study were to: 

(i) evaluate impact of adhesive properties under cyclic testing, (ii) show the effect of 

bondline thickness on joint mechanical characteristics, and (iii) compare adhesive 

connections with mechanical-type connections. The last experimental study (Article 4) 

deals with the dynamic strength of resin modified timber elements and it focused on the 

following goals: (i) modify wood with low molecular weight polymers, (ii) examine the 

impact of modification on static bending strength and IBS, (iii) examine cyclic fatigue 

strength on modified wood, and (iv) show the impact of modification on a cyclic creep. 

1.3 Hypotheses  

The following hypotheses will address selected aspects of the research questions in 

section 1.2. The article in which individual hypotheses are tested is identified in 

parentheses.  
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H1: Fracture energy (Gf) and critical strain energy release rate (Gc) will perform 

significantly different along the adhesive type (Article 1 and 2).  

H1.1 Different Gf and Gc will be obtained as a result of wood bondline plane orientation 

(Article 1).  

 

H2: Adhesives with a lower modulus of elasticity and with a greater bondline thickness 

will satisfy required mechanical characteristics of joints for seismic design (Article 3). 

 

H3: Wood impregnation with PF resin will have a negative impact on the fatigue strength 

of modified wood (Article 4). 

1.4 Authors contributions 

Article 1  

The candidate, Jaka Gašper Pečnik, was responsible for the design of the study, 

conducting the preliminary design of testing, preparation of sample tests and testing 

groups, conducting the experimental analyses for compression, lap-shear and fracture 

three point bending tests and participated in the analysis of fracture properties, statistical 

analyses, and for being the principle writer of the manuscript.  

Article 2 

The candidate was responsible for conducing the experiment, including bending test for 

fracture properties in combination with digital image corelation (DIC). The candidate 

contributed to evaluation of the DIC data which were combined and necessary for 

development of cohesive law models.  The candidate contributed in the parts of fracture 

analyses results. Candidate contributed in the writing the manuscript section of 

introduction and materials and methods. 

Article 3 

The candidate was responsible for developing an analytical approach which adopted a 

selected standard for cyclic testing of the specimens. Candidate prepared the samples, 

conducted both monotonic and cyclic testing, prepared the loading protocols and analysed 

the results. Candidate participated in the evaluation of the entire set of the results and with 

that contributed to producing main outcomes of the experimental test. Candidate was and 

the principle writer of the manuscript.  

Article 4 

The candidate was responsible for the static bending testing, dynamic impact bending 

testing and had a major role in fatigue testing. Candidate conducted modification of wood 

specimens for additional study following the procedure in manuscript. The candidate 
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conducted and participated in the analyses of the results. Candidate was and the principle 

writer of the manuscript 

1.5 Materials and Methods 

1.5.1 Article 1 

Polyurethane (PUR) and melamine urea formaldehyde (MUF) were used as structural 

adhesives and emulsion polymer isocyanate (EPI), was used as a non-structural adhesive. 

Lap-shear specimens were prepared according to EN 302-1 [103] to evaluate bondline 

shear strength under lap-shear testing based on the selected manufacturing conditions and 

mixed wood grain orientation. For the fracture tests, beech lamellae were planed, cut, and 

conditioned at standard climate conditions (20 °C, RH = 65 %) prior to bonding. 

Composite lamellae were cut into small blocks to follow geometry from NT BUILD 422 

[104] standard for mode I testing by controlling area of the crack vs adhesive bondline. 

To study the impact of wood grain orientation bonded lamellae were manufactured with 

two wood plane orientations by having RT and TR orientation: the first index indicates 

normal plane to crack, and the second index is the direction of crack propagation. The 

testing method followed single edge notched-three-point bending tests (SEN-TPB) [35] 

which were performed at the universal testing machine. To assess the impact of 

temperature, soaking and tempering of specimens was performed at two selected elevated 

temperatures (70 ºC and 140 ºC) prior to testing. The detailed plan of material groups and 

testing procedure is described in Article 1. Procedure from Dourado et al. [105] was 

followed to calculate the strain energy release rate (GI), and the critical fracture energy 

(Gc). According to the size of small specimens, factor k from the proposed study was 

adjusted. Total fracture energy (Gf) was calculated as area under the F/δ curve. For 

estimating the impact of temperature on the modulus of elasticity of beech wood in the 

longitudinal direction, compression tests of tempered specimens were also performed, 

from which values were used in the calculation of the GI. Linear models were fitted to 

log-transformed Gc and Gf as independent variables. Each model had the following 

dependent variables: adhesives, orientation, and treatment. Analytical results were 

presented as medians with 95 % confidence intervals, and comparisons were ratios 

between the medians of the levels of each presented factor. Tukey’s HSD test was used 

to test for differences in the results of the lap-shear and compression tests. 

1.5.2 Article 2 

Article 2 focused on the experimental evaluation of three structural adhesives: PUR, 

MUF, PRF, and one non-structural adhesive (EPI) loaded by three-point end-notched 

flexure test (3ENF). Using the compliance-based beam method, cohesive laws were 

constructed for different adhesive systems tested on bonded beech wood loaded under 

mode II. Beech lamellae were glued together to follow the geometry according to 

Yoshihara [106] and an artificial crack with 182 mm was introduced. All specimens were 

conditioned at standard climate conditions prior to testing. The artificial crack was 
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introduced by the inserted Teflon paper which served as a barrier for adhesive spread over 

the wooden surface. The surface of specimens was covered with black and white 

stochastic pattern to better utilise digital image correlation computation afterwards. 

Three-point bending tests were conducted with a universal testing machine, while digital 

image correlation was used to optically monitor displacement slips and to compute strains 

over the specimens’ surface. Force-displacement diagrams were obtained from the 

universal testing machine, which was synchronised with optical measurements for 

accurate recording of the specimens. Displacements slips (w) around the crack tip from 

recorded data were used to analyse displacement at the crack tip with crack propagating 

during the shear slip. Energy release rate (GIIc) was obtained according to [36,107], which 

precisely describes the procedure for data reduction and GII-w curves (fracture crack 

propagation). Experimental results were coupled by finite element analyses adopting 

boundary conditions from the experimental tests. Cohesive law was modeled using 

bilinear function. Three different material models were considered for analysing 

properties of beech. With the proposed finite element model, two sensitivity analyses 

were made to assess effect of friction coefficient between wooden lamellae and effect of 

fiber angle in the longitudinal orientation. Details on the parameters selected for 

modelling is presented in Article 2.  

1.5.3 Article 3 

Article 3 follows EN 12512 and ISO 16670 standard testing procedure [108,109] for 

testing mechanical fasteners for timber structures using the reverse cyclic shear testing 

method to evaluate flexible adhesive joints. Three adhesives with different mechanical 

properties were tested using double lap-shear test specimens, made with two thick target 

thicknesses of 10 and 15 mm. Norway spruce (Picea abies L.) was selected for this study 

as it is the most commonly used wood species in the production of CLT elements. Based 

on the static shear tests, for each adhesive group and thickness, a cyclic loading protocol 

was prepared. Experimental test was obtained on the universal testing machine to obtain 

force-displacement diagrams while linear position transducer was used for cyclic testing 

to locally monitor displacements of the joints. Force-displacement diagrams from static 

loading and hysteresis loops from cyclic loading were analysed according to proposed 

standard methods for elastic and plastic stiffness, shear modulus, force and displacement 

at the yielding point, maximum load, displacement at maximum force, maximum shear 

strength, ultimate load, ultimate displacement, ultimate shear strain, and ductility. 

Analytical comparison between experimentally observed results and commonly used 

mechanical screw-type connections typical for CLT obtained from [54] were made for 

adhesive joints, a single screw, and a series of equally spaced screws. In addition, double 

lap-shear experiments were modelled using finite elements to numerically describe 

behavior of double-lap shear specimens and perform a sensitivity study on the influence 

of adhesive bondline thickness by “what-if” scenarios that were not tested experimentally.  
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1.5.4 Article 4 

Article 4 evaluated the impact of wood impregnation with low molecular weight phenol 

formaldehyde resin on the behavior of dynamic mechanical properties. Softwood (Scots 

pine) and hardwood (European beech) species were selected for the test. The treated 

group was impregnated with low molecular weight phenol formaldehyde resin and the 

untreated group represented the control group. After conditioning all the specimens, a 

dedicated number of specimens was submerged in aqueous phenol formaldehyde solution 

and placed in the vacuum chamber. After 30 min the specimens were exposed to a slow 

drying regime followed by oven drying and curing to complete the treatment procedure. 

After that the specimens remained at standard climate conditions until testing. For the 

treated group, weight percentage gain and wood bulking due to impregnation methods 

were obtained. Modification of the wooden specimens was demonstrated on cross 

sections of selected specimens using the scanning electron microscope. Specimens were 

first tested under static three-point bending following DIN 52186 [110] standard testing 

method. Based on the static bending test ratio between plastic and elastic, strain was 

calculated, and correlation between modulus of elasticity and modulus of rupture was 

established to propose different stress levels under which cyclic three-point bending tests 

were held. Cyclic loading tests were performed with pulsative sinusoidal waveform with 

constant mean stress calculated for each material type and stress level. Cyclic tests were 

performed at a frequency of 10 Hz until failure or until the threshold value of 106 loading 

cycles was reached. This threshold was selected as the fatigue strength limit for the 

proposed study. Based on the cyclic loading diagrams, change in the cyclic modulus of 

elasticity and cyclic creep were evaluated over the recorded number of loading cycles. 

Additionally, Charpy impact bending tests following DIN 52189 [111] were performed 

to determine the effect of modification on impact bending strength. 
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3 Summary of Studies 

Chapter 3 

Summary of Studies 

 

3.1 Article 1 

In Article 1, fracture properties under mode I were experimentally evaluated on two 

structural adhesives, one non-structural adhesive, and bonded beech wood. Main 

objectives of the paper were to: (i) evaluate the testing method utilising single edge 

notched-three-point bending tests for characterisation of bondline fracture properties, (ii) 

characterise fracture properties of selected adhesive systems, (iii) evaluate the impact of 

wood grain orientation on fracture properties, and finally (iv) assess impact of two 

elevated temperatures on bondline performance compared to the control group. 

Standardised lap-shear tests showed that all the tested adhesives meet the required 

bondline strength for tested environment and successfully confirmed the bonding 

parameters. In terms of fracture testing force-displacement (F/δ) diagrams clearly 

demonstrated higher initial stiffness of RT group ahead of TR group while TR resulted in 

less abrupt failures. As a result of composite softening, or change in moisture the 

difference between initial stiffness became less evident when groups were exposed to 

elevated temperatures. EPI resin resulted in the highest observed Gc and Gf values when 

tested at standard climate conditions but, on the other hand, experienced the most severe 

decrease in fracture properties with temperature treatments. The same adhesive showed 

the most significant changes regarding the wood plane orientation, which was less evident 

for polyurethane, and melamine urea formaldehyde. Under the standard climate 

conditions in TR plane, EPI resulted in an average Gc of 0.80 N/mm and Gf of 5.13 N/mm. 

Melamine urea formaldehyde with an average Gc = 0.50 N/mm and Gf = 3.14 N/mm 

outperformed polyurethane with an average Gc = 0.25 N/mm and Gf = 1.39 N/mm, 

respectively. Treatment of specimens at elevated temperatures resulted in reduced 

fracture performance regardless of wood grain orientation or the adhesive system. The 

most severe impact on fracture properties were obtained for groups tested at 140 ºC, 

where the highest Gc and Gf  were found in TR plane for EPI (0.27 N/mm and 1.78 N/mm) 

followed by melamine urea formaldehyde (0.19 N/mm and 1.47 N/mm) and polyurethane 

(0.18 N/mm and 1.14 N/mm). Analytical results obtained by linear models fitted the 

experimental results with R2 of Gc model = 0.62 and R2 of Gf model = 0.79. Hypotheses 

H1 and H1.1 were addressed and confirmed in this study by showing diversly obtained 
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Gc and Gf  of different adhesive types as well as by differentiating along TR and RT plane 

orientation.  

Overall the study showed that the SEN-TPB test employing the data reduction scheme 

used may be used for fracture analysis of adhesive bond with desired wood grain 

orientation selection and smaller bondline area which may reduce the imperfections in 

the interphase. With the increasing temperature treatment of the specimens, impact on 

fracture properties was gradually reduced. In general, higher the treating temperature, 

higher the impact on fracture properties.  

3.2 Article 2 

This study discusses the use of three-point end-notched flexure test under mode II for 

selected structural and non-structural adhesive types and bonded beech wood, to compute 

strain energy release rate by means of equivalent crack length and digital image 

correlation data. Further experimental data was turned into finite element models 

including cohesive zone models for selected adhesives to numerically analyse the 

influence of friction during the shear test and influence of material stiffness by wood grain 

orientation. Study on Mode II describes fracture phenomena in shear direction using the 

three-point end-notched flexure test and the compliance-based beam method on beech 

wood for EPI, melamine urea formaldehyde polyurethane, and phenol resorcinol 

formaldehyde resin. The following important outcomes of the study should be considered. 

The highest mean critical strain energy release rate (GIIc) of 5.40 N/mm was obtained for 

polyurethane adhesive followed by 2.33 N/mm, 1.80 N/mm, and 1.59 N/mm for 

melamine urea formaldehyde, EPI and phenol resorcinol formaldehyde respectively. 

With that, all values were found to have higher GIic for solid beech wood (1.41 N/mm) 

than the reported values from literature. Such findings may be considered beneficial in 

favor of bonded elements. The behavior of melamine urea formaldehyde, EPI, and phenol 

resorcinol formaldehyde was found to be brittle with steady crack initiation and self-

similar propagation behavior, which was demonstrated with stable strain energy release 

rate over the displacement slip at the crack tip after failure. However, this was not true 

for ductile-like polyurethane adhesive selected for this study, where failure was not as 

evident which suggests modification of the method for ductile-like adhesive, or 

alternative testing method. The finite element model utilised three different material 

properties expressed by: (i) orthotropic elastic model, (ii) orthotropic elasto-plastic model 

with the same compression and tension yield stresses, and (iii) orthotropic elasto-plastic 

model with different compression and tension yield values. All three material models 

were used to simulate all used adhesives. The models fitted well with experimental data 

with less than 5 % relative difference. The numerical model further confirmed negligible 

effect of friction on bending stiffness of the specimens, while suggesting that grain angle 

within longitudinal orientation of the specimen would impact flexural stiffness and 

ultimate load. With this, the study showed and confirmed H1 also under mode II testing 
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regime by concluding that fracture properties (Gc and Gf) are highly dependent on 

adhesive type.   

3.3 Article 3 

Article 3 focused on the experimental analyses of flexible thick adhesive connections 

using double-lap-shear geometry. Reverse cyclic shear tests following EN 12512 and ISO 

16670 standards for joints with mechanical fasteners for timber structures were used to 

evaluate thick flexible adhesive as an alternative connection type. In the study, three 

different adhesives with different mechanical properties (stiffness and elongation at 

break) and two different bondline thicknesses (10 and 15 mm) were tested as an 

alternative energy dissipating connection to common mechanical timber connections. 

Based on static shear test, dedicated cyclic protocols were prepared for each adhesive 

type and bondline thickness. Strength capacities for 10 mm thick connection resulted in 

1.74 MPa, 1.71 MPa, and 1.48 MPa for selected PUR adhesives PST, PTS, and PS 

respectively. Levels of the obtained values in experimental tests were found to be lower 

compared to the specified pure adhesive strength and strain values. This may be explained 

with non-optimal adhesion between adhesive and adherent for which optimisation of 

surface or primer selection should be considered. The difference in average strength 

capacity between 15 mm and 10 mm thick connections was found to be 32 %, 19 %, and 

19 % lower for PS, PST, and PTS adhesive type, respectively. Static shear tests showed 

that with increasing bondline thickness elastic and plastic stiffness was reduced by an 

average 25 % regardless of adhesive type. Numerical simulation agreed well with 

experimental data and confirmed that increasing bondline thickness resulted in shear 

stress reduction. Hysteresis loops from the reverse cyclic diagrams exhibit a high 

proportion of elastic deformation but usually low deformation capacity. The cyclic tests 

results on adhesive connections were analytically compared with the common mechanical 

screw-type half-lap connections obtained from literature based on the similar test regimes. 

The following conclusions were agreed upon: (i) thicker adhesives resulted with higher 

elastic and plastic deformation capacity, (ii) adhesive connections performed with higher 

stiffness and strength capacity compared to mechanical dowel-type screwed connections 

(iii) strength degradation capacity after three fully reversed cycles with less than 20 % 

drop in resistance between the 1st and the 3rd loading cycle was fulfilled at all 

displacement levels before failure was reached, (iv) deformation capacity, ductility, and 

energy dissipation were in favor of mechanical screw-type connections. The adhesive 

with the lowest stiffness but highest elongation at break (PTS) was found to have the most 

beneficial performance with stiffness to strength capacity ratio. Hypotheses H2 was 

addressed within this study and the application of thick flexible adhesives for timber-to-

timber connections with low capacity of energy dissipation was confirmed. The other 

observed beneficial mechanical performance may satisfy other applications i.e. glued-in-

rod, half-lap, spline joint connections, or applications with other building elements 

(window frames, steel, glass connections) which have been confirmed in other studies.  
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3.4 Article 4 

The fourth article studied the effects of wood modification using resin impregnation on 

dynamic properties. Low molecular weight phenol formaldehyde resin was used to 

impregnate the wood cell wall structure of Scots pine and European beech, two 

commercially important wood species. With the classical vacuum impregnation, followed 

by drying and curing of the resin, both wood species were first tested under static three-

point bending test to confirm that static bending of treated modified samples exhibit 

improved mechanical performance, with 21.4 % and 29.0 % higher modulus of elasticity 

for pine and beech respectively. Modulus of rupture of the modified sample was found to 

be 18 % higher for both wood species. According to that the stress level of modified 

species was adjusted for cyclic fatigue testing. For the dynamic assessment of modified 

timber, cyclic three-point bending tests were conducted in the standardised environment. 

Stress levels were adjusted according to ultimate strength and gradually decreased until 

fatigue limit of 106 sinusoidal loading cycles, as a study threshold, was reached. 

Modification showed negative impact on dynamic fatigue strength where cyclic fatigue 

strength was found to be 67 % for control group, 58 % for modified pine, and 53 % for 

modified beech based on proposed stress level defined by static bending tests which 

confirmed H3 proposed in this thesis. Additionally, during the test, the cyclic modulus of 

elasticity did not show any change for the modified samples and no reduction in creep 

rate within the secondary creep phase was observed for modified timber. Moreover, 

impact bending strength was 59.8 % and 35.9 % lower for modified pine and beech 

compared to the untreated control group. The key point of this study suggests that 

dynamic mechanical properties of phenol-formaldehyde modified pine and beech wood 

are truly different from untreated materials by showing reduced capacity of plastic 

deformation causing no signs of fatigue or early failure in the materials. It is, therefore, 

important to be aware of these properties when considering such materials for use as a 

load bearing member. 



 

 

4 Conclusions 

Chapter 4 

Conclusions 

 

4.1 Summary 

The main goal of this thesis was to address several innovative adhesive applications and 

experimental methods in the field of adhesive use in structural timber elements. 

To address the three research questions and hypotheses posed in section 1.2, the following 

research was conducted: (i) fracture properties of beech wood adhesive bondline among 

different adhesives, (ii) mechanical properties of thick flexible adhesives joints, and (iii) 

dynamic strength properties of resin-modified beech and pine wood.  

Across the four conducted studies we showed how important it is to apply different 

methods for testing adhesive applications for diverse use of timber in structural 

applications. Our aim is to improve and widen the understanding of wood-adhesive 

composite characteristics and thereby expand their applications.  

From a wider perspective, the findings reported in this thesis highlight the complexity of 

material variability, from selection of the adhesive systems to the type of wood species, 

and show how these variabilities reflect in the performance of composites, joints, or 

modified wood. 

Research Question 1 

For the fracture mechanism of bonded beech wood (Article 1, 2), we showed how various 

adhesive systems behave with respect to fracture properties such as Gc and Gf and these 

findings addresses H1. The work confirms some previous findings which discuss different 

testing regimes and methods and how they provide a wide range of information for 

describing the characteristics of composites. In the articles different methods, appropriate 

for testing the selected adhesives on bonded beech wood, were utilised and evaluated; 

however, the need to make adjustments for further studies was noted: modification of the 

selected factor and adjustment of the testing method for PUR adhesives for Article 1 and 

2 respectively. Treatment of bondline at an elevated temperature was found to have a 

negative impact on fracture properties, while bonding on different wood plane orientation 

(H1.1) (radial and tangential plane) showed how fracture properties differ as a result of 
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the anatomical structure of wood and how this results in different fracture properties. This 

emphasises that bondlines exposed to an elevated temperature suffer higher fracture 

reduction under opening mode I regime and also that crack propagation in bondline is 

different with regard to bonding wood plane direction for bonded beech wood. Exposure 

of bonded beech wood to shear stress under mode II regime showed improved fracture 

properties compared to fracture of solid wood, meaning that bonded beech wood under 

such circumstances did not suffer reduction in Gc and Gf values. The cohesive law models 

developed in Article 2 for selected adhesives agreed with the experimental results which 

also confirmed the selected testing approach. Furthermore, the finite element models used 

showed that (1) wood grain orientation in the bonded beams does have an impact on the 

flexural stiffness, and ultimate load and (2) friction between lamellas resulted in 

negligible effects. 

Research Question 2 

Rigid and creep resistance adhesive thin bondlines are desired in achieving good quality 

bondline; on the contrary, Article 3 showed the advantages of flexible adhesives as a 

replacement for typical mechanical screw-type connections in timber joints and 

consequently, satisfactorily meet the desired requirements for low seismic areas for 

timber buildings as hypothesised in H2. Mechanical properties of thick flexible adhesive 

joints reflected adhesive material properties but the full potential of adhesives was 

achieved which argues poor adhesion or surface treatment. With the increased adhesive 

joint thickness, strength capacity was reduced for all the tested adhesives, in addition to 

a reduction in elastic and plastic stiffness. Nevertheless analytical comparison of adhesive 

joints with mechanical dowel-type connection showed that the tested adhesives 

performed under higher stiffness and strength capacity. Though rarely used in timber 

engineering, thick adhesive bondlines can be successfully used in timber connections and 

satisfy low capacity needs of energy dissipation according to selected parts from 

Eurocode 8. 

Research Question 3 

Article 4 evaluates the impact of PF impregnation on dynamic properties of solid timber, 

such as fatigue and impact bending strength, which supports hypothesis H3 proposed in 

the thesis. Within the study we showed how PF modified beech and pine wood improve 

under static bending tests but when specimens were exposed to dynamic cyclic bending 

tests, the level of fatigue strength was lower compared to untreated wood. Influence of 

wood modification changed the capacity ratio between elastic to plastic deformation with 

increased brittleness of the materials. These changes were found to be more severe if the 

material was exposed to the cyclic loading mechanism. The observed changes in elastic-

plastic deformations during the cyclic loading tests were negligible and specimens 

showed no visible stationary creep and resulted in more sudden material failure. The key 

finding of this study shows how modified material behaves under different loading 

mechanisms and that properties based on static loadings should not be generalised for 
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dynamic ones. Future studies should more comprehensively and holistically address these 

topics to resolve these problems on a wider selection of modified materials and under 

different testing conditions.  

4.2 Contribution to Science and Considerations for Future 

Research 

In this thesis, we addressed different applications of adhesives, from rigid structural 

adhesive bondlines intended for load bearing capacity tested under fracture properties, to 

thick highly flexible adhesives which were successfully used in combination with timber 

as an innovative joining connection. In addition, wood impregnation with low molecular 

weight phenolic resins, a historically known wood modification approach, was addressed 

from the perspective of dynamic mechanical loading. With such a diverse range of 

adhesive applications, this thesis shows relevancy and emphasises the importance of 

adhesive studies in the field of wood material science. 

The three articles focused on European beech which is becoming an economically and 

environmentally important hardwood species with the potential for increased use in 

timber engineering across Central Europe. Beech wood has good bonding characteristics 

but lacks dimensional stability and durability. Bonding beech wood into advanced 

engineering products can be of benefit in a wide range of applications and products. 

Stronger evidence in favour are the ongoing climate changes that will impact the future 

structure of our forests. Therefore, research studies on beech are of high interest. 

In Article 1 and 2 we examined fracture properties of adhesive bondline in bonded beech 

wood. For two different testing regimes (mode I and II), fracture of adhesives on bonded 

beech were tested with novel methods. These studies provided some clear answers on 

how fracture properties differ among adhesive systems, testing methods, and in particular 

cases, the impact on the environment. In Article 1 we confirmed the desired lap-shear 

strength properties for all the adhesives, but showed that when bondline is exposed to 

crack opening (mode I), the fracture behaviour is very specific to particular adhesive 

systems. A similar distinction was also confirmed for adhesive bondline loaded in shear 

(mode II). Another important finding was that  Gc values for adhesives were higher for 

bonded beech than for clear beech. Differences among adhesives were respected in the 

design of cohesive laws, which delivered higher precision in material modelling.  

Though both articles demonstrated the adaptability of the selected testing methods, some 

adjustment of the methods needs to be considered for future work. For example, in Article 

1, factor k used for Gc calculations was adopted from literature and adjusted. After 

evaluating the proposed linear model, it was concluded that R2 deviations along the 

studied fracture properties suggest an error introduced by the selection of factor k for 

calculating Gc. On the contrary, Gf calculated directly from the obtained experimental 

force-displacement diagrams, showed a better match in the proposed linear model, also 
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resulting in higher R2 value. This clearly indicates an improvement in the selected 

calculation method or adjustment of the k factor. Furthermore, Article 2 successfully 

showed that all the adhesives improved composite properties of bonded beech wood 

against solid wood, which is a beneficial result in terms of bonding applications. The 

method based on the three-point end-notched flexure test was shown to be more suitable 

for rigid-like adhesive systems but less so for the flexible PUR adhesive. Due to the high 

plastic strains developed in wood on tested PUR specimens, we claim that geometry 

together with wood material are outperformed by the elastic capacity of the PUR 

adhesive. This study suggests that future work should better adjust the test method and/or 

specimen geometry. Such and similar studies report and validate the structural integrity 

of tested materials or composites which is important for understanding their behaviour 

under stress and failure mechanisms. Future studies should focus on a more 

comprehensive approach including a wider range of material inputs such as wood type, 

surface properties, anatomical plane direction, as well as environmental and 

manufacturing conditions. These studies showed  how  various adhesive systems exhibit 

different performance; in addition, research should also more clearly demonstrate the 

factors that contribute to these changes which can enable an optimal match of wood 

species and adhesive systems, and thereby, result in improved manufacturing processes.  

Moving from thin rigid-like bondlines the past studies have already shown desirable 

behaviour of flexible polyurethane adhesives in various building applications. Though 

the studies that focus on adhesive-wood interactions are limited, they show great potential 

for future studies on connections in various joint types, loading mechanism, 

environments, etc. Article 3 demonstrated an innovative approach by using flexible thick 

adhesive bondlines to create wood-adhesive joints for structural elements, to replace 

mechanical type connections. Using flexible adhesives in timber joints can further evolve 

into novel types of joints in combination with other building materials and applications. 

This study further showed that there are opportunities for improved adhesion between 

materials which would result in higher mechanical properties of joints. For now, small-

scale adhesive joints have been shown to satisfy requirements for low seismic areas but 

behaviour on large scale timber members in combination with other building materials 

still remains unclear.   

 

This thesis has emphasised the complexity of multilevel wood-adhesive interactions but 

resin wood modification should not be overlooked. Modified wood was and will continue 

to be used for enhanced outdoor applications. Literature review in the introduction 

demonstrated how various methods of modification impact wood mechanical properties. 

Wood modification with phenolic resins has a long history in the research and 

applicational field but dynamic mechanical properties remain poorly known. For that 

reason, Article 4 looked at the dynamic mechanical properties of solid wood and the 

effects of wood resin modification on its dynamic properties. Both modified pine and 

beech exhibited stiffer and stronger behaviour under static bending loads compared to 

untreated wood. Accordingly, their ultimate stress levels for cyclic fatigue exposure were 
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set higher compared to untreated materials. The study clearly demonstrated that fatigue 

strength of modified wood was lower than for untreated wood. Because of the changes in 

elastic-plastic behaviour of modified material during the cyclic loading, specimens also 

did not show any signs of weakening which means that stiffness of the material did not 

change throughout the test. Eventually the material failed without any notable visible 

change in its performance. As it can be seen, Article 4 clearly demonstrates how resin 

modification impacts static and dynamic properties. The topics related to dynamic 

properties are very important, especially since wood modification is often conducted on 

wood species that are for outdoor use and can also be used as a load bearing elements. 

The rheological properties of resin modified wood in combination with dynamic loading 

mechanisms would offer a more comprehensive understanding of the change in 

mechanical properties. Nevertheless, embrittlement of wood after exposure to various 

modification processes is common, which brings us to many more new materials that 

should undergo dynamic testing and should be studied to determine the effect of 

modification on their behaviour and to what level this behaviour is impacted.  

 

  



 

 

Bibliography 

 

Bibliography 

 

 [1] F. ASDRUBALI, B. FERRACUTI, L. LOMBARDI, C. GUATTARI, L. 

EVANGELISTI, G. GRAZIESCHI, A review of structural, thermo-physical, 

acoustical, and environmental properties of wooden materials for building 

applications, Build. Environ. 114 (2017) 307–332. 

https://doi.org/10.1016/j.buildenv.2016.12.033. 

[2] C.R. FRIHART, Wood adhesives: Past, present, and future, For. Prod. J. 65 (2015) 

4–8. https://doi.org/10.13073/65.1-2.4. 

[3] M.H. RAMAGE, H. BURRIDGE, M. BUSSE WICHER, G. FEREDAY, T. 

REYNOLDS, D.U. SHAH, G. WU, L. YU, P. FLEMING, D. DENSLEY-

TINGLEY, J. ALLWOOD, P. DUPREE, P.F. LINDEN, O. SCHERMAN, The 

wood from the trees: The use of timber in construction, Renew. Sustain. Energy 

Rev. 68 (2017) 333–359. https://doi.org/10.1016/j.rser.2016.09.107. 

[4] T. VALLÉE, T. TANNERT, S. FECHT, Adhesively bonded connections in the 

context of timber engineering–A Review, J. Adhes. 93 (2017) 257–287. 

https://doi.org/10.1080/00218464.2015.1071255. 

[5] C.G. HUNT, C.R. FRIHART, M. DUNKY, A. ROHUMAA, Understanding wood 

bonds-going beyond what meets the eye: A critical review, Rev. Adhes. Adhes. 6 

(2018) 369–463. https://doi.org/10.7569/RAA.2018.097312. 

[6] M.D. BANEA, L.F.M. DA SILVA, Adhesively bonded joints in composite 

materials: An overview, Proc. Inst. Mech. Eng. Part L J. Mater. Des. Appl. 223 

(2009) 1–18. https://doi.org/10.1243/14644207JMDA219. 

[7] F.A. KAMKE, J.N. LEE, Adhesive penetration in wood: a review, Wood Fiber 

Sci. 39 (2007) 205–220. 

[8] A.A. MARRA, Technology of Wood Bonding: Principles in Practice, New York 

Van Nostrand Reinhold, New York, 1992. 

[9] I. GAVRILOVIĆ-GRMUŠA, M. DUNKY, J. MILJKOVIĆ, M. DJIPOROVIĆ-

MOMČILOVIĆ, Influence of the degree of condensation of urea-formaldehyde 

adhesives on the tangential penetration into beech and fir and on the shear strength 

of the adhesive joints, Eur. J. Wood Wood Prod. 70 (2012) 655–665. 

https://doi.org/10.1007/s00107-012-0599-6.  

75 



76  BIBLIOGRAPHY 

 

 

[10] M. STERLEY, Characterisation of green-glued wood adhesive bonds, Linnaeus 

University, 2012. 

[11] F. SIMON, G. LEGRAND, Overview of European standards for adhesives used in 

wood-based products, J. Adhes. Sci. Technol. 24 (2010) 1611–1627. 

https://doi.org/10.1163/016942410X507722. 

[12] S. VEIGEL, J. FOLLRICH, W. GINDL-ALTMUTTER, U. MÜLLER, 

Comparison of fracture energy testing by means of double cantilever beam-(DCB)-

specimens and lap joint testing method for the characterization of adhesively 

bonded wood, Eur. J. Wood Wood Prod. 70 (2012) 3–10. 

https://doi.org/10.1007/s00107-010-0499-6. 

[13] I. SMITH, E. LANDIS, M. GONG, Fracture and Fatigue in Wood, (2003) 246. 

[14] B. RIVER, Fracture of Adhesive-Bonded Wood Joints, Handb. Adhes. Technol. 

Revis. Expand. (2003). https://doi.org/10.1201/9780203912225.ch15. 

[15] F. STOECKEL, J. KONNERTH, W. GINDL-ALTMUTTER, Mechanical 

properties of adhesives for bonding wood-A review, Int. J. Adhes. Adhes. 45 

(2013) 32–41. https://doi.org/10.1016/j.ijadhadh.2013.03.013. 

[16] M. IZZI, D. CASAGRANDE, S. BEZZI, D. PASCA, M. FOLLESA, R. TOMASI, 

Seismic behaviour of Cross-Laminated Timber structures: A state-of-the-art 

review, Eng. Struct. 170 (2018) 42–52. 

https://doi.org/10.1016/j.engstruct.2018.05.060. 

[17] C. BARILE, C. CASAVOLA, G. PAPPALETTERA, P.K. VIMALATHITHAN, 

Damage propagation analysis in the single lap shear and single lap shear-riveted 

CFRP joints by acoustic emission and pattern recognition approach, Materials 

(Basel). 13 (2020). https://doi.org/10.3390/ma13183963. 

[18] G. JEEVI, S.K. NAYAK, M. ABDUL KADER, Review on adhesive joints and 

their application in hybrid composite structures, J. Adhes. Sci. Technol. 33 (2019) 

1497–1520. https://doi.org/10.1080/01694243.2018.1543528. 

[19] K. ARKADIUSZ, R. KONRAD, Z. BOGUSŁAW, T. KOZIK, Mechanical 

Behavior of Polyurethane Adhesives Applied to Timber Joints in Repair of 

Historical Timber Structures, in: Struct. Anal. Hist. Constr., RILEM Book, 

Springer, Cham, 2019: pp. 1603–1612. https://doi.org/10.1007/978-3-319-99441-

3. 

[20] K. RODACKI, Z. BOGUSŁAW, A. KWIECIEŃ, M. TEKIELI, K. FURTAK, The 

Strength of Wooden (Timber)-Glass Beams Combined with the Polyurethane 

Adhesive - DIC and Finite Element Analysis, in: Struct. Anal. Hist. Constr., 

RILEM Book, 2019: pp. 323–331. https://doi.org/10.1007/978-3-319-99441-3. 

[21] M. PREMROV, B. BER, A. ŠTRUKELJ, Cyclic and shaking-table tests of timber–

glass buildings, Int. J. Comput. Methods Exp. Meas. 5 (2017) 928–939. 

https://doi.org/10.2495/CMEM-V5-N6-928-939. 



BIBLIOGRAPHY  77 

 

 

[22] P. JELUŠIČ, S. KRAVANJA, Flexural analysis of laminated solid wood beams 

with different shear connections, Constr. Build. Mater. 174 (2018) 456–465. 

https://doi.org/10.1016/j.conbuildmat.2018.04.102. 

[23] M. ANGELIDI, A.P. VASSILOPOULOS, T. KELLER, Ductile adhesively-

bonded timber joints – Part 1: Experimental investigation, Constr. Build. Mater. 

179 (2018) 692–703. https://doi.org/10.1016/j.conbuildmat.2018.05.214. 

[24] M. BRUNNER, M. LEHMANN, S. KRAFT, U. FANKHAUSER, K. RICHTER, 

J. CONZETT, A flexible adhesive layer to strengthen glulam beams, J. Adhes. Sci. 

Technol. 24 (2010) 1665–1701. https://doi.org/10.1163/016942410X507759. 

[25] S. ZÖLLIG, A. FRANGI, S. FRANKE, M. MUSTER, Timber structures 3.0 - New 

technology for multi-axial, slim, high performance timber structures, in: WCTE 

2016 - World Conf. Timber Eng., Vienna, Austria, 2016. 

[26] C. HILL, Wood modification: chemical, thermal and other Processes, Wiley, 

England, 2006. 

[27] D. SANDBERG, A. KUTNAR, G. MANTANIS, Wood modification technologies 

- A review, IForest. 10 (2017) 895–908. https://doi.org/10.3832/ifor2380-010. 

[28] C.P. GABRIELLI, F.A. KAMKE, Phenol-formaldehyde impregnation of densified 

wood for improved dimensional stability, Wood Sci. Technol. 44 (2010) 95–104. 

https://doi.org/10.1007/s00226-009-0253-6. 

[29] T. FURUNO, Y. IMAMURA, H. KAJITA, The modification of wood by treatment 

with low molecular weight phenol-formaldehyde resin: A properties enhancement 

with neutralized phenolic-resin and resin penetration into wood cell walls, Wood 

Sci. Technol. 37 (2004) 349–361. https://doi.org/10.1007/s00226-003-0176-6. 

[30] B. PIZZO, P. LAVISCI, C. MISANI, P. TRIBOULOT, The compatibility of 

structural adhesives with wood, Holz Als Roh - Und Werkst. 61 (2003) 288–290. 

https://doi.org/10.1007/s00107-003-0384-7. 

[31] M. STERLEY, E. SERRANO, B. KÄLLANDER, Building and construction: 

Timber engineering and wood-based products, in: Robert D. Adams (Ed.), Adhes. 

Bond. Sci. Technol. Appl., 2nd ed., 2021: pp. 571–603. 

https://doi.org/10.1016/B978-0-12-819954-1.00021-6. 

[32] K. TSERPES, A. BARROSO-CARO, P.A. CARRARO, V.C. BEBER, I. 

FLOROS, W. GAMON, M. KOZŁOWSKI, F. SANTANDREA, M. 

SHAHVERDI, D. SKEJIĆ, C. BEDON, V. RAJČIĆ, A review on failure theories 

and simulation models for adhesive joints, J. Adhes. 98 (2021) 1855–1915. 

https://doi.org/10.1080/00218464.2021.1941903. 

[33] J. XAVIER, J. MORAIS, N. DOURADO, M.F.S.F. DE MOURA, Measurement 

of mode I and mode II fracture properties of wood-bonded joints, J. Adhes. Sci. 

Technol. 25 (2011) 2881–2895. https://doi.org/10.1163/016942411X576563. 

[34] J. XAVIER, J.R.A. FERNANDES, J.J.L. MORAIS, O. FRAZÃO, Fracture 



78  BIBLIOGRAPHY 

 

 

behaviour of wood bonded joints under modes i and II by digital image correlation 

and fibre Bragg grating sensors, Cienc. e Tecnol. Dos Mater. 27 (2015) 27–35. 

https://doi.org/10.1016/j.ctmat.2015.06.001. 

[35] N. DOURADO, M.F.S.F. DE MOURA, S. MOREL, J. MORAIS, Wood fracture 

characterization under mode I loading using the three-point-bending test. 

Experimental investigation of Picea abies L., Int. J. Fract. 194 (2015) 1–9. 

https://doi.org/10.1007/s10704-015-0029-y. 

[36] J. XAVIER, M. OLIVEIRA, J.J.L. MORAIS, M.F.S.F. DE MOURA, Determining 

mode II cohesive law of Pinus pinaster by combining the end-notched flexure test 

with digital image correlation, Constr. Build. Mater. 71 (2014) 109–115. 

https://doi.org/10.1016/j.conbuildmat.2014.08.021. 

[37] J. XAVIER, J.R.A. FERNANDES, O. FRAZÃO, J.J.L. MORAIS, Measuring 

mode I cohesive law of wood bonded joints based on digital image correlation and 

fibre Bragg grating sensors, Compos. Struct. 121 (2015) 83–89. 

https://doi.org/10.1016/j.compstruct.2014.11.017. 

[38] F.G.A. SILVA, J. XAVIER, F.A.M. PEREIRA, J.J.L. MORAIS, N. DOURADO, 

M.F.S.F. MOURA, Determination of cohesive laws in wood bonded joints under 

mode i loading using the DCB test, Holzforschung. 67 (2013) 913–922. 

https://doi.org/10.1515/hf-2013-0012. 

[39] F.G.A. SILVA, J.J.L. MORAIS, N. DOURADO, J. XAVIER, F.A.M. PEREIRA, 

M.F.S.F. DE MOURA, Determination of cohesive laws in wood bonded joints 

under mode II loading using the ENF test, Int. J. Adhes. Adhes. 51 (2014) 54–61. 

https://doi.org/10.1016/j.ijadhadh.2014.02.007. 

[40] A. MAJANO-MAJANO, A.J. LARA-BOCANEGRA, J. XAVIER, F. PEREIRA, 

J. MORAIS, Direct evaluation of mode I cohesive law of eucalyptus bonded joints, 

Procedia Struct. Integr. 37 (2021) 492–499. 

https://doi.org/10.1016/j.prostr.2022.01.114. 

[41] T. EHRHART, European beech glued laminated timber, 2019. 

https://doi.org/10.3929/ethz-b-000402805. 

[42] I. GLAVNIĆ UZELAC, I. BOKO, N. TORIĆ, J. VRANKOVIĆ LOVRIĆ, 

Application of hardwood for glued laminated timber in Europe Subject, 

Gradjevinar. 72 (2020) 607–616. https://doi.org/doi.org/10.14256/JCE.2741.2019. 

[43] M. RHÊME, J. BOTSIS, J. CUGNONI, P. NAVI, Influence of the moisture 

content on the fracture characteristics of welded wood joint. Part 2: Mode II 

fracture, Holzforschung. 67 (2013) 755–761. https://doi.org/10.1515/hf-2012-

0145. 

[44] M. RHÊME, J. BOTSIS, J. CUGNONI, P. NAVI, Influence of the moisture 

content on the fracture characteristics of welded wood joint. Part 1: Mode I 

fracture, Holzforschung. 67 (2013) 747–754. https://doi.org/10.1515/hf-2012-

0144. 



BIBLIOGRAPHY  79 

 

 

[45] V. SEBERA, M. REDÓN-SANTAFÉ, M. BRABEC, D. DĚCKÝ, P. ČERMÁK, 

J. TIPPNER, J. MILCH, Thermally modified (TM) beech wood: Compression 

properties, fracture toughness and cohesive law in mode II obtained from the three-

point end-notched flexure (3ENF) test, Holzforschung. 73 (2019) 663–672. 

https://doi.org/10.1515/hf-2018-0188. 

[46] J.L. GÓMEZ-ROYUELA, A. MAJANO-MAJANO, A.J. LARA-BOCANEGRA, 

J. XAVIER, M.F.S.F. DE MOURA, Evaluation of R-curves and cohesive law in 

mode I of European beech, Theor. Appl. Fract. Mech. 118 (2022). 

https://doi.org/10.1016/j.tafmec.2021.103220. 

[47] A. MAJANO-MAJANO, M. HUGHES, J.L. FERNANDEZ-CABO, The fracture 

toughness and properties of thermally modified beech and ash at different moisture 

contents, Wood Sci. Technol. 46 (2012) 5–21. https://doi.org/10.1007/s00226-

010-0389-4. 

[48] W. HU, Y. LIU, S. LI, Characterizing mode i fracture behaviors of wood using 

compact tension in selected system crack propagation, Forests. 12 (2021) 1–13. 

https://doi.org/10.3390/f12101369. 

[49] P. WATSON, S. CLAUSS, S. AMMANN, P. NIEMZ, Fracture properties of 

adhesive joints under mechanical stresses, Wood Res. 58 (2013) 43–56. 

[50] S. AMMANN, P. NIEMZ, Mixed-mode fracture toughness of bond lines of PRF 

and PUR adhesives in European beech wood, Holzforschung. 69 (2015) 415–420. 

https://doi.org/10.1515/hf-2014-0096. 

[51] G. CLERC, A.J. BRUNNER, S. JOSSET, P. NIEMZ, F. PICHELIN, J.W.G. VAN 

DE KUILEN, Adhesive wood joints under quasi-static and cyclic fatigue fracture 

Mode II loads, Int. J. Fatigue. 123 (2019) 40–52. 

https://doi.org/10.1016/j.ijfatigue.2019.02.008. 

[52] H. YOSHIHARA, T. KAWAMURA, Mode I fracture toughness estimation of 

wood by DCB test, Compos. Part A Appl. Sci. Manuf. 37 (2006) 2105–2113. 

https://doi.org/10.1016/j.compositesa.2005.12.001. 

[53] H. YOSHIHARA, Examination of the mode i critical stress intensity factor of 

wood obtained by single-edge-notched bending test, Holzforschung. 64 (2010) 

501–509. https://doi.org/10.1515/HF.2010.083. 

[54] I. GAVRIC, Seismic behaviour of cross-laminated timber buildings, University of 

Trieste, Italy, 2013. 

[55] A. CECCOTTI, C. SANDHAAS, M. OKABE, M. YASUMURA, C. MINOWA, 

N. KAWAI, SOFIE project – 3D shaking table test on a seven‐storey full‐scale 

cross‐laminated timber building, Earthq. Eng. Struct. Dyn. Earthq. 42 (2013) 

2003–2021. https://doi.org/https://doi.org/10.1002/eqe.2309. 

[56] R. SCOTTA, L. MARCHI, D. TRUTALLI, L. POZZA, A dissipative connector 

for CLT buildings: Concept, design and testing, Materials (Basel). 9 (2016) 1–17. 



80  BIBLIOGRAPHY 

 

 

https://doi.org/10.3390/ma9030139. 

[57] M. LATOUR, G. RIZZANO, Cyclic behavior and modeling of a dissipative 

connector for cross-laminated timber panel buildings, J. Earthq. Eng. 19 (2015) 

137–171. https://doi.org/10.1080/13632469.2014.948645. 

[58] A. IQBAL, S. PAMPANIN, A. PALERMO, A.H. BUCHANAN, Performance and 

design of LVL walls coupled with UFP dissipaters, J. Earthq. Eng. 19 (2015) 383–

409. https://doi.org/10.1080/13632469.2014.987406. 

[59] A. BAIRD, T. SMITH, A. PALERMO, S. PAMPANIN, Experimental and 

numerical Study of U-shape Flexural Plate ( UFP ) dissipators, in: NZSEE Conf., 

Auckland, New Zealand, 2014: pp. 1–9. 

http://db.nzsee.org.nz/2014/poster/2_Baird.pdf. 

[60] A. HASHEMI, P. ZARNANI, R. MASOUDNIA, P. QUENNEVILLE, Seismic 

resistant rocking coupled walls with innovative Resilient Slip Friction (RSF) 

joints, J. Constr. Steel Res. 129 (2017) 215–226. 

https://doi.org/10.1016/j.jcsr.2016.11.016. 

[61] T. ROUSAKIS, A. ILKI, A. KWIECIEN, A. VISKOVIC, M. GAMS, P. 

TRILLER, B. GHIASSI, A. BENEDETTI, Z. RAKICEVIC, C. COLLA, O.F. 

HALICI, B. ZAJĄC, Ł. HOJDYS, P. KRAJEWSKI, F. RIZZO, V. VANIAN, A. 

SAPALIDIS, E. PAPADOULI, A. BOGDANOVIC, Deformable Polyurethane 

Joints and Fibre Grids for Resilient Seismic Performance of Reinforced Concrete 

Frames with Orthoblock Brick Infills, Polymers (Basel). 12 (2020) 2869. 

https://doi.org/10.3390/polym12122869. 

[62] A. KWIECIEŃ, G. DE FELICE, D. V. OLIVEIRA, B. ZAJĄC, A. BELLINI, S. 

DE SANTIS, B. GHIASSI, G.P. LIGNOLA, P.B. LOURENÇO, C. MAZZOTTI, 

A. PROTA, Repair of composite-to-masonry bond using flexible matrix, Mater. 

Struct. Constr. 49 (2016) 2563–2580. https://doi.org/10.1617/s11527-015-0668-5. 

[63] Ł. ZDANOWICZ, S. SERĘGA, M. TEKIELI, A. KWIECIEŃ, Polymer flexible 

joint as a repair method of concrete elements: Flexural testing and numerical 

analysis, Materials (Basel). 13 (2020) 1–14. https://doi.org/10.3390/ma13245732. 

[64] M. GAMS, A. KWIECIEŃ, J. KORELC, T. ROUSAKIS, A. VISKOVIC, 

Modelling of Deformable Polymer to be Used for Joints between Infill Masonry 

Walls and R.C. Frames, Procedia Eng. 193 (2017) 455–461. 

https://doi.org/10.1016/j.proeng.2017.06.237. 

[65] A. KWIECIEŃ, P. KRAJEWSKI, Ł. HOJDYS, M. TEKIELI, M. SLOŃSKI, 

Flexible adhesive in composite-to-brick strengthening-experimental and numerical 

study, Polymers (Basel). 10 (2018) 356. https://doi.org/10.3390/polym10040356. 

[66] A.T. AKYILDIZ, A. KOWALSKA-KOCZWARA, A. KWIECIEŃ, Stress 

distribution in masonry infills connected with stiff and flexible interface, J. Meas. 

Eng. 7 (2019) 40–46. https://doi.org/10.21595/jme.2019.20449. 



BIBLIOGRAPHY  81 

 

 

[67] P. SZEPTYŃSKI, Comparison and experimental verification of simplified one-

dimensional linear elastic models of multilayer sandwich beams, Compos. Struct. 

241 (2020) 112088. https://doi.org/10.1016/j.compstruct.2020.112088. 

[68] M.D. BANEA, L.F.M. DA SILVA, Mechanical Characterization of Flexible 

Adhesives, J. Adhes. 85 (2009) 261–285. 

https://doi.org/10.1080/00218460902881808. 

[69] M.D. BANEA, L.F.M. DA SILVA, R.D.S.G. CAMPILHO, The effect of adhesive 

thickness on the mechanical behavior of a structural polyurethane adhesive, J. 

Adhes. 91 (2015) 331–346. https://doi.org/10.1080/00218464.2014.903802. 

[70] K. HASEGAWA, A.D. CROCOMBE, F. COPPUCK, D. JEWEL, S. MAHER, 

Characterising bonded joints with a thick and flexible adhesive layer-Part 1: 

Fracture testing and behaviour, Int. J. Adhes. Adhes. 63 (2015) 124–131. 

https://doi.org/10.1016/j.ijadhadh.2015.09.003. 

[71] A.T. AKYILDIZ, A. KWIECIEŃ, B. ZAJĄC, P. TRILLER, U. BOHINC, T. 

ROUSAKIS, A. VISKOVIC, Preliminary in-plane shear test of infills protected by 

PUFJ interfaces. // Brick and block masonry - From historical to sustainable 

masonry, in: K. Jan, K. Arkadiusz, Ł. Bednarz (Eds.), Proc. 17th Int. Brick/Block 

Mason. Conf. (17thIB2MaC 2020), Taylor & Francis Group, Kraków, Poland, 

2020: pp. 968–975. 

[72] N. LASOWICZ, A. KWIECIEŃ, R. JANKOWSKI, Experimental study on the 

effectiveness of polyurethane flexible adhesive in reduction of structural 

vibrations, Polymers (Basel). 12 (2020) 1–21. 

https://doi.org/10.3390/polym12102364. 

[73] M. POPOVSKI, E. KARACABEYLI, Seismic behaviour of cross-laminated 

timber structures, in: 15th World Conf. Timber Eng. WCTE, Lisbona, 2012. 

[74] I. GAVRIC, M. FRAGIACOMO, M. POPOVSKI, A. CECCOTTI, Behaviour of 

Cross-Laminated Timber Panels under Cyclic Loads, in: S. Aicher, H.-W. 

Reinhardt, H. Garrecht (Eds.), Mater. Joints Timber Struct., Springer Netherlands, 

Dordrecht, 2014: pp. 689–702. 

[75] B. STEFANOWSKI, M. SPEAR, P. ANDREW, REVIEW OF THE USE OF PF 

AND RELATED RESINS FOR MODIFICATION OF SOLID WOOD, in: Conf. 

Timber 2018, 2018. 

[76] A. AHMED, SHEIKH, S. ADAMOPOULOS, Acoustic properties of modified 

wood under different humid conditions and their relevance for musical 

instruments, Appl. Acoust. 140 (2018) 92–99. 

https://doi.org/10.1016/j.apacoust.2018.05.017. 

[77] T. FRANKE, M. AXEL, C. LENZ, H. NADINE, A. PFRIEM, Microscopic and 

macroscopic swelling and dimensional stability of beech wood impregnated with 

phenol-formaldehyde, PRO LIGNO. 13 (2017) 373–378. 



82  BIBLIOGRAPHY 

 

 

[78] P. GASCON-GARRIDO, H. MILITZ, C. MAI, M.-F. THÉVENON, Enhanced 

Termite Resistance of Scots Pine (Pinus Sylyvestris L.) Solid Wood by Phenol - 

Formaldehyde Treatment, Wood R Ese a Rch. 60 (2015) 873–880. 

[79] B.C. KIELMANN, K. BUTTER, C. MAI, Modification of wood with formulations 

of phenolic resin and iron-tannin-complexes to improve material properties and 

expand colour variety, Eur. J. Wood Wood Prod. 76 (2018) 259–267. 

https://doi.org/10.1007/s00107-017-1180-0. 

[80] A. KLÜPPEL, S.M. CRAGG, H. MILITZ, C. MAI, Resistance of modified wood 

to marine borers, Int. Biodeterior. Biodegrad. 104 (2015) 8–14. 

https://doi.org/10.1016/j.ibiod.2015.05.013. 

[81] A. KLÜPPEL, Hardness and indentation modulus of resin-treated wood, Int. Wood 

Prod. J. 8 (2017) 41–44. https://doi.org/10.1080/20426445.2016.1268358. 

[82] Y. XIE, Q. FU, Q. WANG, Z. XIAO, H. MILITZ, Effects of chemical modification 

on the mechanical properties of wood, Eur. J. Wood Wood Prod. 71 (2013) 401–

416. https://doi.org/10.1007/s00107-013-0693-4. 

[83] M. DEKA, C.N. SAIKIA, Chemical modification of wood with thermosetting 

resin : effect on dimensional stability and strength property, Evaluation. 73 (2000) 

179–181. 

[84] Y. HUANG, B. FEI, Y. YU, R. ZHAO, Effect of modification with phenol 

formaldehyde resin on the mechanical properties of wood from Chinese fir, 

BioResources. 8 (2013) 272–282. 

[85] S. BICKE, C. MAI, H. MILITZ, Modification of beech veneers with low molecular 

weight phenol formaldehyde for the production of plywood: Durability and 

mechanical properties, in: Proc. Eur. Conf. Wood Modif., Ljubljana, Slovenia, 

2012: pp. 363–366. 

[86] M. FLECKENSTEIN, V. BIZIKS, C. MAI, H. MILITZ, Modification of beech 

veneers with lignin phenol formaldehyde resins in the production of laminated 

veneer lumber (LVL), Eur. J. Wood Wood Prod. 76 (2018) 843–851. 

https://doi.org/10.1007/s00107-017-1275-7. 

[87] P.D. EVANS, S. KRAUSHAAR GIBSON, I. CULLIS, C. LIU, G. SÈBE, 

Photostabilization of wood using low molecular weight phenol formaldehyde resin 

and hindered amine light stabilizer, Polym. Degrad. Stab. 98 (2013) 158–168. 

https://doi.org/10.1016/j.polymdegradstab.2012.10.015. 

[88] S. BOLLMUS, C. BEERETZ, H. MILITZ, Tensile and impact bending properties 

of chemically modified scots pine, Forests. 11 (2020). 

https://doi.org/10.3390/f11010084. 

[89] B.C. KIELMANN, H. MILITZ, C. MAI, S. ADAMOPOULOS, Strength Changes 

in Ash, Beech and Maple Wood Modified With a N-Methylol Melamine 

Compound and a Metal-Complex Dye, Wood Res. 58 (2013) 343–350. 



BIBLIOGRAPHY  83 

 

 

[90] H. EPMEIER, M. WESTIN, A. RAPP, Differently modified wood: Comparison 

of some selected properties, Scand. J. For. Res. 19 (2004) 31–37. 

https://doi.org/10.1080/02827580410017825. 

[91] R. HOSSEINPOURPIA, S. ADAMOPOULOS, C. MAI, Dynamic vapour sorption 

of wood and holocellulose modified with thermosetting resins, Wood Sci. Technol. 

50 (2016) 165–178. https://doi.org/10.1007/s00226-015-0765-1. 

[92] C. MAI, T. ELDER, Wood: Chemically Modified, 2016. 

https://doi.org/10.1016/B978-0-12-803581-8.03537-2. 

[93] J. SCHIJVE, FATIGUE PROPERTIES BT - Fatigue of Structures and Materials, 

in: J. Schijve (Ed.), Fatigue Struct. Mater., Springer Netherlands, Dordrecht, 2009: 

pp. 141–169. https://doi.org/10.1007/978-1-4020-6808-9_6. 

[94] K.T. TSAI, M.P. ANSELL, The fatigue properties of wood in flexure, J. Mater. 

Sci. 25 (1990) 865–878.  

[95] M. GONG, I. SMITH, Effect of waveform and loading sequence on low-cycle 

compressive fatigue life of spruce, J. Mater. Civ. Eng. 15 (2003) 93–99. 

https://doi.org/10.1061/͑ASCE͒0899-1561͑2003͒15:1͑93͒. 

[96] T. SUGIMOTO, Y. SASAKI, M. YAMASAKI, Fatigue of structural plywood 

under cyclic shear through thickness II: A new method for fatigue life prediction, 

J. Wood Sci. 53 (2007) 303–308. https://doi.org/10.1007/s10086-006-0865-5. 

[97] Y. SASAKI, A. OYA, M. YAMASAKI, Energetic investigation of the fatigue of 

wood, Holzforschung. 68 (2014) 843–848. https://doi.org/10.1515/hf-2013-0147. 

[98] T. SUGIMOTO, Y. SASAKI, Fatigue of structural plywood under cyclic shear 

through thickness III: Energy dissipation performance, J. Wood Sci. 54 (2008) 

169–173. https://doi.org/10.1007/s10086-007-0929-1. 

[99] M.N. YILDIRIM, B. UYSAL, A. OZCIFCI, A.H. ERTAS, Determination of 

fatigue and static strength of scots pine and beech wood, Wood Res. 60 (2015) 

679–685. 

[100] A.. SEKHAR, N.. SHUKLA, Some studies on the influence of specific gravity on 

fatigue strength of Indian timbers, J. Indian Acad. Wood Sci. 10 (1979) 1–5. 

[101] J. RATNASINGAM, N. MUTTHIAH, Fatigue life of oil palm wood (OPW) for 

furniture applications, Eur. J. Wood Wood Prod. 75 (2017) 473–476. 

https://doi.org/10.1007/s00107-016-1109-z. 

[102] E. SHARAPOV, K.C. MAHNERT, H. MILITZ, Residual strength of thermally 

modified Scots pine after fatigue testing in flexure, Eur. J. Wood Wood Prod. 74 

(2016) 875–884. https://doi.org/10.1007/s00107-016-1082-6. 

[103] 302-1 BS EN, Adhesives for load-bearing timber structures - Test methods, (2013). 

[104] 422 NT BUILD, Wood: Fracture energy in tension perpendicular to the grain. 



84  BIBLIOGRAPHY 

 

 

Nordtest Method, 11 (1993). 

[105] N. DOURADO, M.F.S.F. DE MOURA, J. MORAIS, A numerical study on the 

SEN-TPB test applied to mode i wood fracture characterization, Int. J. Solids 

Struct. 48 (2011) 234–242. https://doi.org/10.1016/j.ijsolstr.2010.09.020. 

[106] H. YOSHIHARA, Influence of span/depth ratio on the measurement of mode II 

fracture toughness of wood by end-notched flexure test, J. Wood Sci. 47 (2001) 8–

12. https://doi.org/10.1007/BF00776638. 

[107] R.M.R.P. FERNANDES, J.A.G. CHOUSAL, M.F.S.F. DE MOURA, J. XAVIER, 

Determination of cohesive laws of composite bonded joints under mode II loading, 

Compos. Part B Eng. 52 (2013) 269–274. 

https://doi.org/10.1016/j.compositesb.2013.04.007. 

[108] BS EN 12512 Timber structures - Test methods - Cyclic testing of joints made with 

mechanical fasteners, (2001) 1–18. 

[109] ISO 16670 Timber structures — Joints made with mechanical fasteners — Quasi-

static reversed-cyclic test method, (2003) 1–9. 

[110] DIN 52186 - Testing of wood; bending test, Inst. Stand. Berlin, Ger. (1978). 

[111] DIN 52189-1 - Testing of wood; determination of impact bending strength., Inst. 

Stand. Berlin, Ger. (1981). 

 



 

 

 

5 Povzetek v slovenskem jeziku 

Povzetek v slovenskem jeziku 

5.1 Uvod 

Danes z uporabo lesa ustvarjamo sodobne gradbene trende pri gradnji večnadstropnih 

lesenih stavb. Les ima kot gradbeni material številne pozitivne lastnosti, med drugim 

dobro razmerje med trdnostjo in maso, dobre toplotne in izolativne lastnosti, hkrati pa 

njegova relativno nizka masa zagotavlja dobre protipotresne lastnosti. Les je trajnosten 

material z majhnim okoljskim odtisom, njegov ogljični odtis pa je celo negativen. 

Tehnologija njegove obdelave in gradbena tehnologija sta vse naprednejši, zato les 

postaja kot gradbeni material vse bolj zaželena alternativa betonu in jeklu [1]. 

Zaradi naravnih omejitev glede dimenzije žaganih lesenih elementov so se v začetku 19. 

stoletja pojavili prvi leseni lepljeni gradbeni elementi, za njihovo pripravo pa so 

uporabljali naravna lepila. Ta so po drugi svetovni vojni zamenjala sintetična lepila, ki so 

odpornejša na vodo in vlago, so enostavnejša za uporabo in ekonomsko dostopnejša [2]. 

Danes je že več kot 65 odstotkov lesenih izdelkov lepljenih [5]. Razvoj konstrukcijskega 

kompozitnega lesa (KKL), kot so na primer lameliran lepljen les (GLT), lameliran 

furnirni les (LVL), križno lameliran les (CLT) in drugi, skupaj z večjo ozaveščenostjo 

trajnostni gradnji z uporabo obnovljivih materialov sta, še posebej v gradnji visokih in 

večnadstropnih lesenih stavb, v zadnjih desetletjih pripeljala do povečanega zanimanja 

za njihovo rabo [3]. V primerjavi z masivnim lesom ima KKL boljše mehanske lastnosti, 

lahko ga izdelujemo v različnih dimenzijah in iz drevesnih debel manjših premerov, 

njegove lastnosti pa se odražajo tudi v večji dimenzijski stabilnosti [1,3,4].  

Lepljenje je tehnika spajanja materialov s tvorjenjem lepilnega spoja med dvema 

površinama – lepljencema [6]. Lepilo, ki tvori lepilni spoj, mora prenašati obremenitve 

med zlepljenimi elementi in presegati stopnjo koncentracije napetosti, ki jo spoj lahko 

prenese [7], za njegovo porušitev pa je odgovoren najšibkejši člen v lepilnem spoju [8]. 

Razumevanje porušitve lepilnega spoja vodi do postopnih izboljšav pri razvoju bolj 

učinkovitih lepil predvsem pa tudi poznavanje kako nastajajo in kako se razlikujejo same 

porušitve [5]. Za celovito obravnavo tematike je potrebno poznavanje značilnosti tako 

lepil kot tudi lepilnih sistemov v povezavi z lesom ter njunih združenih lastnosti. 

Šibek lepilni spoj vodi do razslojevanja in posledično krajše življenjske dobe lepljenih 

elementov. Eden od načinov proučevanja trdnosti lepilnega spoja je z določevanjem 

njegovih lomnih lastnosti. Širjenje loma ob preseženi napetosti, kateri sledi napredovanje 
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razpoke, vodi do njegove mehanske porušitve. Z določevanjem sproščanja kritične 

energije loma lahko izdelamo numerične modele kohezivnih con, ki temeljijo na 

napetostno-deformacijski spremembi kohezijskih površin [38]. Numerično izdelani 

modeli so uporabno orodje pri numeričnih simulacijah, s katerimi lahko analiziramo 

lepilne spoje. Tovrstne informacije so uporabne pri oblikovanju in optimizaciji 

kompozitnih elementov ter njihovih spojev. Hkrati literatura poudarja pomanjkljivosti 

informacij, pridobljenih s trenutnimi standardizianimi testi z uporabo strižnih testov, saj 

je rezultat trdnosti takšnega testiranja vprid bodisi trdnosti lesa ali trdnosti lepilnega 

spoja. Ne omogoča pa boljše presoje oz. analize katerekolih drugih karatkeristik takšnega 

spoja, kot na primer lomnih lastnosti [31]. Lomne lastnosti različnih lepilnih sistemov pri 

lepljenju evropske bukovine še niso podrobneje raziskane. Izsledki teh analiz so 

pomembni, še posebej zato, ker zaradi klimatskih sprememb v osrednji Evropi bukovina 

postaja vse pomembnejši surovinski vir, saj se bukev vedno bolj uveljavlja na rastiščih, 

kjer sedaj dominira smreka.  

V sedanji praksi lepljenja lesa so lepilni spoji praviloma tanki in pogosto togi. Taki spoji 

ne omogočajo velikih deformacij, saj previsoke napetosti vodijo do hipnih porušitev. Pri 

oblikovanju lesenih zgradb imajo mehanski spoji ključno vlogo pri zagotavljanju trdnosti 

konstukcijskih elementov, hkrati pa njihova duktilnost skrbi, da zagotovijo ustrezno 

količino disipacije energije v primeru potresa [16]. Podobne učinke lahko dosežemo z 

deformabilnimi, fleksibilnimi lepili, ki so bili v preteklosti že predmet proučevanja, 

predvsem pri obnovi lesenih spojev v kulturni dediščini, ojačitvah nosilcev les-steklo in 

stenskimi elementi iz lesa in stekla [19-21]. Zagotavljanje disipacije energije pri potresu 

z uporabo debeloslojnih fleksibilnih lepilnih spojev v lesenih konstrukcijah še ni bilo 

obširno proučevano, zato takšne študije prinašajo izvirne rezultate s tega področja.  

Pri lepljenju lesa je lepilni spoj bistvenega pomena za prerazporejanje napetosti, vendar 

imajo lepilne smole poleg tega še številna druga področja uporabe. Intenzivno jih 

proučujemo kot kemikalije za modifikacijo lesa z impregnacijo, z namenom doseganja 

izboljšanih lastnosti lesa na več področjih. S postopki modifikacije lesu lahko izboljšamo 

življenjsko dobo, dimenzijsko stabilnost ter določene mehanske lastnosti [26,27]. 

Uveljavljen postopek modifikacije lesa je kemična modifikacija z uporabo duromernih 

smol monomerov in oligomerov z nizko molekulsko maso. Splošni mehanizem 

impregnacije lesa s tovrstnimi smolami je, da molekule vstopijo v strukturo lesa (celično 

steno) in v njej polimerizirajo. To povzroči povečanje prostornine celične stene in 

spremenjene higroskopske lastnosti celične stene [26]. Ena izmed dobro uveljavljenih 

smol za doseganje tovrstnih učinkov je fenol formaldehidna (FF) smola, ki je v lesni 

industriji uveljavljena že več kot 50 let in se uporablja kot lepilo za izdelavo inženirskih 

lesnih produktov. Impreg in Compreg sta bila med prvimi komercialno dostopnimi 

izdelki, pri katerih so bile lesene furnirske plošče impregnirane s FF smolami, in stisnjene 

z zamreženim polimerom v kompozitne plošče (Impreg) ali dodatno stisnjene pod 

visokim tlakom za doseganje povečane gostote (Compreg). Takšni materiali zagotavljajo 

boljše dimenzijske lastnosti npr. dimenzijsko stabolnost [75]. Številne študije poročajo o 
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pozitivnih učinkih tovrstne modifikacije na izbrane mehanske lastnosti [83-86]. Na drugi 

strani je znano, da impregnacija lesa z izbranimi impregnacijskimi sredstvi (vključno s 

FF smolami) lahko tudi negativno vpliva na mehanske lastnosti, saj se dinamične lastnosti 

pri analizi udarne žilavost drastično poslabšajo [85,87,88,89]. Alkalne komponente v 

fenolnih smolah lahko vodijo do sprememb v celičnih stenah lesa, kar pripomore k 

zmanjšanju njihovih elastičnih lastnosti [29]. To vodi do reoloških sprememb lesa, zato 

tega pojava ne smemo zanemariti. Raziskav o vplivu modifikacije lesa s FF smolami na 

dinamične mehanske lastnosti t.j. udarna žilavost, in utrujanje so redke, zato je ključno 

dobro poznavanje njenih učinkov predvsem z vidika uporabnosti tako modificiranih 

elementov v konstrukcijske namene.  

V okviru doktorske disertacije smo proučili nekatere vrzeli v znanju o lepilnih spojih na 

področju lepljenja konstrukcijskih materialov. V ta namen smo izvedli dve študiji, kjer 

smo ocenili lomne lastnosti lepilne spojev pri lepljenju evropske bukovine z uporabo 

izbranih konstrukcijskih lepil. Debele lepilne spoje, izdelane s fleksibilnimi lepili, smo 

proučili z vidika uporabnosti takšnih spojev pri cikličnih obremenitvah, da bi ugotovili, 

ali kot konstrukcijski vezni člen omogočajo disipacije energij (npr. ob potresu). Za oceno 

učinka modifikacije lesa s fenol formaldehidnimi lepilnimi smolami na dinamične 

mehanske lastnosti lesa, smo za konec v študiji proučevali še učinke utrujanja takšnega 

lesa. 

 

5.2 Raziskovalni nameni, cilji in hipoteze 

Splošni raziskovalni cilj tega dela je opisati interakcije med lesom in lepilom, ki so 

pomembne za poznavanje njihove uporabe pri lesenih gradbenih elementih. Za 

raziskovalno delo smo opredelili naslednja raziskovalna vprašanja: 

1. Kako se lomne lastnosti razlikujejo glede na vrsto uporabljenega lepila? 

2. Ali se lahko fleksibilna lepila uporabljajo kot alternativa mehanskim veznim 

spojem v leseni gradnji? 

3. Kako modifikacija lesa z lepilnimi smolami vpliva na lastnosti dinamične 

trdnosti? 

Na podlagi podanih raziskovalnih vprašanj smo doktrorsko nalogo razdelil na tri dele, ki 

smo jih obravnavali v štirih študijah. 

V člankih 1 in 2 opisujemo lomne lastnosti izbranih lepil pri lepljenju evropske bukovine. 

Študiji proučujeta dva testna načina; Nateg (način I) in strig v ravnini (način II). Glavni 

raziskovalni cilji v članku 1 so bili: (i) preveriti verodostojnost preizkuševalne metode, 

in oceniti (ii) vpliv lepilnega sistema (iii), vpliv povišane temperature in (iv) usmerjenosti 

lesnih vlaken na lomne lastnosti lepilnih spojev. V članku 2 dalje opisujemo lomne 

lastnosti lepilnega spoja pri spajanju bukovega lesa v načinu II z namenom doseganjem 
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naslednji ciljev: (i) ocena ustreznosti izbrane metode glede na lepilni sistem in tip 

testiranja (ii) priprava kohezijskih modelov za izbrana lepila na podlagi vhodnih 

eksperimentalnih podatkov in njihovi analiz, (iii) opis lomnih lastnosti lepil in (iv) ocena 

vpliva trenja in vpliva usmerjenosti lesnih vlaken na točnost eksperimentalnih metod z 

uporabo numeričnih metod končnih elementov. V članku 3 smo se osredotočili na 

primernost uporabe debelega fleksibilnega lepilnega spoja za absorpicjo in disipacijo 

energije, kot alternativni način spajanju s klasičnimi kovinskimi spoji v lesni gradnji. 

Glavni cilji te študije so oceniti vpliv (i) lastnosti lepila in (ii) debeline lepilnega spoja ter 

(iii) primerjava lepilnih spojev z mehanskimi veznimi elementi. V zadnji eksperimentalni 

študiji (članek 4) obravnavamo dinamično trdnost modificiranega lesa z lepilno smolo s 

poudarkom na naslednjih ciljih: (i) modifikacija lesa s polimeri z nizko molekularno 

maso, (ii) ugotoviti vpliv modifikacije na statično upogibno trdnost, udarno upogibno 

trdnost in (iii) trdnost pri cikličnem utrujanju ter (iii) proučiti ciklično lezenje pri 

modificiranih in nemodificiranih vzorcih. 

 

5.3 Materiali in metode 

5.3.1 Članek 1 

V članku 1 smo uporabili dve konstrukcijski lepili (poliuretansko – PUR in melamin-urea 

formaldehidno - MUF) ter ne-konstrukcijsko lepilo na osnovi emulzijskih polimerov in 

izocianatov (EPI), za lepljenje evropske bukovine z namenom proučevanja lomnih 

lastnosti lepilnih spojev v načinu I. V skladu s standardom EN 302-1 [103] smo pripravili 

vzorce za izvedbo strižnih testov s preklopom, da bi preverili ustreznost izbranih 

parametrov pri lepljenju glede na v standardu zahtevane mehanske stiržne lastnosti 

lepilnih spojev. Za analize lomnih karakteristik spojev smo lamele evropske bukovine 

pred lepljenjem ustrezno razžagali, skobljali ter uravnovesili pri 20 °C in 65 % relativne 

zračne vlažnosti. Za namen proučevanja vpliva orientacije vlaken ter smeri spajanja lesa 

smo lamele in vzorce pripravili tako, da smo dobili vzorce z dvema  ravninama lepilnega 

spoja z usmerjenostjo RT in TR, pri čemer prvi indeks označuje smer pravokotno na 

ravnino razpoke, drugi indeks pa smer širjenja razpoke. Indeksa R in T sta v angleškem 

jeziku indikatorja za radialno (R) in tangencialno (T) smer orientacije lesa. Pri lepljenju 

smo upoštevali izbrane parametre, kot smo jih uporabili pri pripravi vzorcev za strižne 

teste s preklopom. Iz zlepljenih lamel smo iz sredine razžagali manjše kocke, ki so bile 

oblikovane tako, da je bila polovica kocke zlepljena, druga polovica pa je predstavljala 

umetno ustvarjeno zarezo. Pri ter smo upoštevali geometrijo, kot je opredeljena v 

standardu NT BUILD 422 [104] za testiranje lomnih lastnosti lesa v načinu I. Preizkus je 

posnemal metodo enojne zareze s tritočkovnim upogibnim testom [35], ki smo ga izvedli 

na univerzalnem testirnem stroju. Da bi ocenili vpliv povišane temperature na lomne 

lastnosti, smo dve izbrani skupini vzorcev pred testiranjem uravnovesili pri temperaturah 

70 ºC in 140 ºC. Podrobnejši opis priprave in uravnovešanja vzorcev je opisan v članku 
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1. Za izračun kritične vrednosti sproščanja lomne energije (GI) in kritično energijo loma 

(Gc) je bil uporabljen postopek, ki so ga razvili Dourado in sod. [105]. Glede na majhno 

velikost vzorcev smo faktor k (uporabljen v analizi) iz predlagane študije prilagodili. 

Skupno lomno energijo (Gf) smo izračunali kot površino pod diagrami sile in pomika 

(F/δ). Za oceno vpliva temperature na modul elastičnosti bukovega lesa v vzdolžni in 

tlačni smeri smo opravili tudi tlačni preskus temperiranih vzorcev, katerega vrednosti smo 

uporabili pri izračunih (GI). Na podlagi rezultatov smo izdelali linearni model, ki smo ga 

prilagodili logaritemsko transformirani funkciji z neodvisnimi spremenljivkami za Gf in 

Gc. Posamezen model je zajemal spremenljivke: lepila, orientacije in temperiranja. 

Analitični rezultati so predstavljeni kot srednje vrednosti s 95 % intervalom zaupanja, 

primerjave pa so izražene kot razmerja med srednjimi vrednostmi vsakega 

predstavljenega dejavnika. Tukeyjev test HSD smo uporabili za preverjanje razlik pri 

strižnih testih in tlačnih testih.  

 

5.3.2 Članek 2 

V drugem članku smo se osredotočili na eksperimentalno vrednotenje lomnih lastnosti 

treh konstrukcijskih lepil: PUR MUF in PRF (fenolno-resorcinol formaldehidno) ter ne-

konstrukcijskega lepila EPI v načinu II, obremenjenih s tritočkovnim upogibnim testom 

s končno čelno zarezo in z upoštevanjem Timošenkove teorijo nosilcev, ki velja do meje 

elastičnosti. Po meji elastičnosti smo z uporabo metode, ki temelji na 

modelu kompozitnih nosilcev z upoštevanjem povezanosti slojev (ang.:compliance-

based beam method) in ekvivalentne dolžine razpoke, določili kohezijske zakone 

različnih lepljenih spojev na bukovini. Lamele evropske bukovine smo ploskovno zlepili 

ter geometrijo vzorcev pripravili v skladu z načinom, ki so ga opisali Yoshihara in sod, 

[106]. Končno čelno zarezo smo pripravili tako, da smo na površino lamel namestili 

teflonski trak, ki je preprečeval širjenja lepila skozi celotno površino lamel. Vse vzorce 

smo pred testiranjem uravnovesili pri 20 °C in 65 % relativne zračne vlažnosti. Za namen 

uporabe digitalne korelacije slike smo površine vzorcev prekrili s črno-belim 

stohastičnim vzorcem. Tritočkovne upogibne preskuse smo izvedli na univerzalnem 

testirnem stroju, digitalno korelacijo slike pa smo uporabili za optično odčitavanje 

premikov opazovanih točk in izračun deformacij na površini vzorcev. Diagrame sile in 

pomika (F/δ ) smo pridobili z univerzalnim testiranim strojem, ki je bil sinhroniziran z 

odčitavanjem optičnih meritev vzorcev. Premike (w) v neposredni bližini konice zareze 

smo uporabili za analizo napredovanja razpoke z njenim širjenjem tekom strižnega zdrsa. 

Hitrost sproščanja energije (GIIc) smo izračunali v skladu z literaturo [36,107], ki 

podrobneje opisuje postopek sheme redukcije podatkov in krivulje GII-w (širjenje razpoke). 

Eksperimentalne rezultate smo uporabili pri numerični analizi končnih elementov, pri 

katerih smo uporabili robne pogoje podobne eksperimentalnim testom. Kohezijski zakon 

smo izdelali kot bilinearno funkcijo. Pri numerični analizi smo kot karakteristike 

bukovine uporabili tri različne modele materiala. S predlaganim modelom končnih 

elementov smo opravili dve občutljivostni analizi, za oceno (i) vpliva koeficienta trenja 
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med lesenimi lamelami in (ii) vpliva usmeritev kota vlaken v vzdolžni smeri na obnašanje 

lepljenca. Parametri in eksperimentalni testi, skupaj z opisom izvedbe numeričnih 

simulacij, so predstavljenih v članku 2. 

 

5.3.3 Članek 3 

V okviru članka 3 smo uporabili protokole, predlagane v standardih EN 12512 in ISO 

16670 [108,109], za preizkušanje mehanskih veznih elementov za lesene konstrukcije. 

Standarda predlagata uporabo cikličnih strižnih testov, s katerimi smo ocenjevali možnost 

uporabe fleksibilnih lepilnih spojev, kot veznih elementov. Uporabili smo tri PUR lepila 

z različnimi mehanskimi lastnostmi, ter dve debelini lepilnega spoja (10 in 15mm). 

Lepilne spoje smo naredili na smrekovini (Picea abies L.), vzorci pa so bili pripravljeni 

za testiranje dvojnega strižnega spoja s preklopom. Pred testiranjem smo vzorce ustrezno 

uravnovesili v standardiziranih razmerah (20 °C in 65 % relativna zračna vlažnost). 

Eksperimentalne teste smo opravili na univerzalnem testirnem stroju. Sprva smo opravili 

statične strižne teste, na podlagi slednjih pa smo za posamezno skupino lepil ter določeno 

debelino spoja pripravili protokole povratnega cikličnega strižnega preizkusa. Na podlagi 

rezultatov monotonih testov in histereznih zank pri cikličnem obremenjevanju, smo le te 

analizirali skladno s predlaganimi standardiziranimi metodami za analizo; elastične in 

plastične togosti, strižnega modula, sile in pomika na meji tečenja, največje obremenitve 

ter pomika pri največji obremenitvi, največje strižne trdnosti, sile pri porušitvi, pomika 

pri porušitvi, maksimalne strižne deformacije ter duktilnosti. Za primerjavo rezultatov 

pridobljenih testov smo s pomočjo navedb iz literature [54] opravili analitično primerjavo 

med pogosto uporabljenimi mehanskimi spoji, ki so značilni za spajanje lesnih 

elementov. Upoštevali smo lepilne spoje, spoj z enim vijakom in spoj s serijo enako 

razporejenih vijakov. Poleg tega smo eksperimente modelirali z uporabo metode končnih 

elementov za numerične analize obnašanja vzorca ter z občutljivostno študijo preverili 

vpliv debeline lepilnega spoja s scenariji "kaj, če", ki eksperimentalno niso bili 

preizkušeni. 

 

5.3.4 Članek 4 

V zadnjem članku (članek 4) smo se osredotočili na vpliv modifikacije lesa z lepilnimi 

FF smolami na dinamične mehanske lastnosti lesa. Za testiranje smo izbrali les rdečega 

bora kot predstavnika iglavcev ter evropsko bukovino kot predstavnika listavcev. Za 

vsako lesno vrsto smo pripravili referenčno skupino nemodificiranega lesa, drugo 

skupino pa smo impregnirali z lepilno smolo FF z nizko molekulsko maso, da smo dosegli 

prepojenost celične stene lesa s tem sredstvom. Vse vzorce smo uravnovesili pri 

klimatskih razmerah 20 °C in 65 % relativne zračne vlažnost. Vzorce, namenjene za 

modifikacijo, smo potopili v vodno raztopino FF in vzpostavili vakum, da so se vzorci 
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navzeli raztopine. Po 30 min navzemanja smo vzorce pričeli sušinti pri sobni temperaturi 

in zračni vlažnosti, čemur je sledil počasen režim sušenja v sušilniku. V zadnji fazi smo 

temperaturo v sušilniku dvignili na 140 °C, s čimer smo opravili končno zamreženje 

monomerov v polimerno matriko v lesu. Do nadaljnjega testiranja smo vzorce hranili v 

pri omenjenih razmerah uravnovešanja. Za modificirane vzorce smo izračunali odstotek 

povečanja mase (ang. weight percentage gain), kot rezultat modifikacije. Učinkovitost 

modifikacije smo na prečnih prerezih izbranih vzorcev lesa preverili tudi z elektronskim 

vrstičnim mikroskopom. Sprva smo opravili statične tri-točkovne upogibne teste na 

univerzalnem testirnem stroju po standardni preskusni metodi DIN 52186 [110]. Za vse 

vzorce smo določili modul elastičnosti, določen delež vsake skupine vzorcev pa smo 

testirali do porušitve, da smo pridobili porušne trdnosti materiala. Na podlagi korelacije 

med modulom elastičnosti in porušne trdnosti materiala smo pripravili velikostne razrede 

obremenjevanja za posamezni material. Ciklične tritočkovne upogibne teste smo izvajali 

pri frekvenci obremenjevanja 10 Hz s sinusno obliko obremenitve. Velikostne razrede 

smo zmanjševali tako dolgo, da so vzorci dosegli mejo utrujanja s številom doseženih 

obremenitev 106, kar smo za našo študijo določili kot mejo odpornosti na utrujanje. 

Rezultate smo prikazali na Wöhlerjevi krivulji oz. dinamični krivulji trdnosti, kot 

razmerje med obremenitvijo in številom doseženih ciklov obremenjevanja do porušitve 

oz. prekinitve testa. Na podlagi cikličnih diagramov smo ocenili tudi spremembo 

cikličnega elastičnega modula skozi interval utrujanja, ter učinek cikličnega utrujanja na 

lezenje materiala. Poleg tega smo opravili še Charpyjev udarni preizkus, kot je opredeljen 

v standardu DIN 52189 [111], za ugotavljanje vpliva modifikacije na udarno žilavost. 

 

5.4 Rezultati in diskusija 

5.4.1 Članek 1 

V članku 1 smo obravnavali tri lepila pri lepljenju evropske bukovine, pri čemer smo 

eksperimentalno ocenili lomne lastnosti v načinu I, pri treh različnih temperaturah 

uravnovešanja vzorcev. Lepilni spoj lepila EPI je dosegel najvišje vrednosti Gc in Gf v 

standardnih kontrolnih razmerah, lomne lastnosti tega lepila pri povišanih temperaturnih 

pa so se, v primerjavi z ostalima dvema lepiloma, najbolj poslabšale. Prav pri tem lepilu 

so se pokazale najznačilnejše spremembe tudi pri analizi vpliva usmerjenosti lesnih 

vlaken, saj je bil ta vpliv manj očiten pri PUR in MUF lepilu. Izpostavitev vzorcev 

povišanim temperaturam je negativno vplivala na lomne lastnosti ne glede na usmerjenost 

lesnih vlaken ali lepilni sistem. V standardnih razmerah je EPI lepilo v smeri TR doseglo 

povprečni vrednosti Gc 0,80 N/mm in Gf 5.13 N/mm. Lomne lastnosti MUF lepilnih 

spojev s povprečno vrednostjo Gc = 0,50 N/mm in Gf = 3.14 N/mm pa so bile boljše od 

lepilnega spoja PUR s povprečnimi vrednostmi Gc = 0,25 N/mm oziroma Gf = 1.39 N/mm. 

Vrednosti so predstavljene za vzorce z usmeritvijo TR. Analitični rezultati, pridobljeni z 

linearnimi modeli, so se dobro ujemali z eksperimentalnimi rezultati, pri čemer je bil 
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koeficient korelacije (R2) modela za Gc = 0,62 in R2 modela za Gf = 0,79. Na podlagi 

modelov smo ugotovili, da odstopanja R2 nakazujejo na napako, ki je nastala pri izbiri 

parametrov pri izračunu vrednosti Gc. Vrednosti za Gf se namreč bolje ujemajo z 

linearnim modelom, saj je pri tem modelu vrednost Gf izračunana neposredno iz 

eksperimentalnih meritev z uporabo diagramov sile in pomika. V splošnem smo s študijo 

pokazali, da je izbrana metoda preizkušanja z enojno zarezo s tritočkovnim upogibnim 

testom in z uporabo predlagane sheme za redukcijo podatkov iz obstoječe literature lahko 

uporabljena za tovrstne analize. Na tak način je možno ovrednotiti lomne lastnosti 

lepilnih spojev z možnostjo izbire želene usmerjenosti lesnih vlaken pri pripravi lepilnega 

spoja, s čimer lahko zmanjšamo vplive anomalij, ki se v lesu pojavljajo zaradi intrinzičnih 

lastnosti tega naravnega materiala. Pokazali smo tudi, kako pomemben je vpliv 

temperature na lomne značilnosti lepilnega spoja kot tudi usmerjenost lesnih vlaken pri 

lepljenju. Vzporedno s testiranjem lomnih lastnosti smo opravili tudi standardizirane 

strižne teste, pri čemer so trdnostne karakteristike različnih lepil zadostovale njihovim 

ocenam ustreznosti skladno z standardom EN 302-1. S tem smo želeli poudariti pomen 

zavedanja o zahtevah zaradi okoliščin, v katerih se nahajajo lepilni spoji, ter pomembnost 

dodane vrednosti testiranja na lomne lastnosti v primerjavi z obstoječimi standardizirani 

strižnimi preizkusi. 

 

5.4.2 Članek 2 

V članku 2 smo obravnavali uporabo tritočkovnega upogibnega testa s končno čelno 

zarezo v načinu II za namene določevanja lomnih lastnosti lepilnih spojev med izbranimi 

lepilnimi sistemi pri lepljenju bukovine. Eksperimentalne podatke meritev kritične 

vrednosti sproščanja lomne energije z metodo ekvivalentne dolžine zareze in podatke 

digitalne korelacije slike smo uporabili v numeričnih modelih končnih elementov. 

Izdelali smo kohezivne modele za testirana lepila in nadalje preverili vpliv trenja v strižni 

ravnini testiranja, ter vpliv usmeritve lesnih vlaken na togost materiala. Z rezultati te 

študije smo pokazali naslednje pomembne ugotovitve. Najvišjo srednjo vrednost kritične 

vrednosti sproščanja lomne energije (GIIc), 5,40 N/mm smo ugotovili pri testiranju PUR 

lepilnega spoja, čemur sledijo z 2,33 N/mm, 1,80 N/mm in 1,59 N/mm MUF, EPI in PRF 

lepilo. Vrednosti vseh rezultatov so bile višje od vrednosti GIIc za masiven bukov les (1,41 

N/mm), kot ga navaja literatura. Razliko v strižni trdnosti in togost lepljenih elementov 

lahko pripišemo prav večji togosti in strižni trdnosti lepil v primerjavi z lesom, kar pa je 

lahko praktičen indikator, da lepilni spoj povečuje togost lepljenih elementov. Takšne 

ugotovitve nakazujejo, da je lepljenje bukovih elementov smiselno, saj pri tem ne 

poslabšujemo njihovih lomnih lastnosti. Pri MUF, EPI in PRF lepilnih spojih smo opazili 

krhke lome, ki so se v začetni fazi obremenjevanja obnašali enakomerno z začetnim 

napredovanjem razpoke in njenem nadaljnjem širjenju. To se je odražalo s stabilno 

stopnjo sproščanja vrednosti lomne energije po zdrsu premika konice razpoke v obliki 

njenega samovoljnega/prostega napredovanja. Te značilnosti nismo opazili pri bolj 

duktilnem poliuretanskem lepilu, ki smo ga tudi preizkušali v tej študiji. Pri slednjem 
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porušitev ni bila tako očitna, kar kaže na smiselnost izbire drugačne metode za 

preizkušanje ustreznosti bolj duktilnih lepila. V modelu končnih elementov smo uporabili 

tri različne lastnosti materialov, ki smo jih izrazili kot (i) ortotropen elastičen model, (ii) 

ortotropen elasto-plastični model z enako tlačno in natezno mejo plastičnosti in (iii) 

ortotropen elasto-plastičen model z različnima tlačno in natezno mejo plastičnosti. Ti 

numerični modeli so se dobro ujemali z eksperimentalnimi podatki, z manj kot 5 % 

relativne razlike med rezultati. S pomočjo numeričnih modelov smo pokazali, da je vpliv 

trenja med lamelami na upogibno togost vzorcev in najvišjo doseženo silo zanemarljivo 

majhen, ter da ima usmerjenost vlaken lesa večji vpliv na maksimalno doseženo silo, kot 

na samo togost testiranega vzorca. Na podlagi tega lahko zaključimo, da tudi za lomne 

značilnosti v načinu II velja, da ima največji pomen variabilnost posameznega lepilnega 

sistema ali način priprave vzorcev, kar izvira iz značilnosti lesa in lepila, ter od metode 

preskušanja. 

 

5.4.3 Članek 3 

V tretjem članku smo se osredotočili na eksperimentalno analizo debelih fleksibilnih 

lepilnih spojev z uporabo strižnega testa z dvojim preklopom. Preizkusili smo tri različna 

lepila z različnimi mehanskimi lastnostmi (togost in raztezek do pretrga) z dvema 

različnima debelinama lepilnih spojev (10 in 15 mm), da bi ocenili možnost disipacije 

energije v primerjavi s klasičnimi mehanskimi spoji. Na podlagi statičnih strižnih testov 

smo posamezno skupino glede na lepilni sistem in debelino prilagodili cikličnim 

protokolom obremenjevanja. Za 10 mm debele lepilne spoje smo za izbrana PUR lepila 

z oznakami PST, PTS in PS, izmerili strižne trdnosti 1,74 Mpa, 1,71 Mpa in 1,48 Mpa. 

Izmrejene vrednosti pri testiranju spojev so bile nižje v primerjavi z podanimi 

karakteristikami posameznega tipa lepila. Slednje smo pripisali predvsem slabši 

oprijemljivosti med lepilom in površino lesa, za kar bi bilo potrebno površino bolj 

primerno pripraviti, bodi si mehansko ali z alternativnimi temeljnimi premazi (ang.: 

primer), da bi lahko celoma izkoristili potencial lepila. Razlika v povprečni trdnostni lepil 

v strigu med 15 mm in 10 mm debelimi spoji je bila pri lepilnem sistemu PS nižja za 32 

% oz. 19 % za lepila PST in PTS. Statični stižni testi so pokazali, da se z večanjem 

debeline spojev elastična in plastična togost v povprečju zmanjšata za 25 %, ne glede na 

vrsto lepila. Numerične simulacije so se dobro ujemale z eksperimentalnimi podatki in 

potrdile, kako se z večanjem debeline lepilnega spoja zmanjšuje strižna napetost. 

Histerezne zanke iz cikličnih diagramov so pokazale na velik delež elastične deformacije, 

vendar nižjo sposobnost deformabilnosti. Ovrednotene rezultate cikličnih testov smo 

analitično primerjali s preklopnimi spoji z uporabo vijakov, ki so bili testirani skladno z 

omenjenima standardoma. Na podlagi opravljenih testov in primerjav lahko zapišemo 

sledeče ugotovitve: (i) debelejša lepila so imela večjo elastično in plastično deformacijsko 

sposobnost, (ii) lepilni spoji so se v primerjavi z izbrano shemo vijačnih spojev izkazali 

z večjo togostjo in trdnostjo, (iii) zmogljivost ohranjanja trdnosti pri cikličnem 

obremenjevanju ob zaključenih treh ciklih (z upadom trdnosti manj kot 20 % med prvim 
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in tretjim ciklom obremenjevanja) je bila izpolnjena pri vseh pomikih do porušitve, (iv) 

visoka deformacijska zmogljivost, duktilnost in disipacija energije so bili v prid 

mehanskim vijačnim spojem. Ugotovili smo, da je lepilo s karakteristikami najmanjše 

togosti a največjim raztezkom do pretrga (PTS) ustvarilo najbolj učinkovit lepilni spoj z 

ugodnim razmerjem med togostjo in trdnostjo. S tem smo potrdili možnost uporabe 

debelih fleksibilnih lepil spojev za spajanje lesenih elementov za doseganje nizke 

zmogljivosti disipacije energije, medtem ko lahko preostale ugodne mehanske lastnosti 

zadovoljijo alternativnim uporabam, npr: spajanje jeklenih palic, preklopni spoji ali spoji 

z utorom, ali kombinacijo z drugimi gradbenimi elementi (okenski okvirji, jeklo, steklo), 

ki so bili kot taki ocenjeni v drugih študijah.  

 

5.4.4 Članek 4 

V zadnjem članku (Članek 4) smo obravnavali, kako modifikacija lesa z impregnacijo z 

lepilno smolo vpliva na dinamične mehanske lastnosti lesa. Da bi dosegli impregnacijo 

celične stene dveh komercialno pomembnih lesnih vrst, rdečega bora in evropske bukve, 

smo uporabili fenolformaldehidno smolo z nizko molekulsko maso. Klasičnemu 

postopku vakuumske impregnacije je sledilo sušenje in zamreževanje smole. Obe lesni 

vrsti, s tretirano in kontrolno skupino, smo testirali na upogibne lastnosti s statičnim 

tritočkovnim upogibnim testom, ki je za tretirano skupino vzorcev pokazal izboljšanje 

mehanskih lastnosti, saj smo izmerili 21 % (pri borovini) oziroma 29 % (pri bukovini) 

višji modul elastičnosti. Porušna trdnost je bila pri obeh vrstah, v primerjavi s kontrolnimi 

nemodificiranimi vzorci, višja za 18 %. Skladno s pridobljenimi vrednostmi smo za 

posamezno skupino prilagodili velikostne razrede obremenjevanja za ciklično tri-

točkovno upogibno utrujanje. Velikostne razrede smo prilagodili mejni pričakovani 

trdnosti materiala in jih postopoma zmanjševali, dokler nismo dosegli meje utrujanja pri 

106 ciklih obremenitev. Modifikacija lesa s FF smolo je negativno vplivala na dinamično 

trdnost, pri čemer je bila meja odpornosti na utrujanje za kontrolni, netrenirani skupini 67 

%, med tem ko se je ta vrednost za modificirani bor zmanjšala na 58 % in za modificirano 

bukev na 53 % glede na predvideno povprečno statično trdnost. Poleg tega smo 

ovrednotili tudi stopnjo spremembe cikličnega elastičnega modula pri modificiranih 

vzorcih, kot tudi učinek lezenja skozi celoten cikel obremenjevanja vzorcev. Ugotovili 

smo, da se pri modificiranem lesu ciklični elastični modul ni spreminjal, temveč ohranjal 

konstanto vrednost; sprememba med plastično in elastično deformacijo je ostajala 

nespremenjena. Pri modificiranih vzorcih smo tudi opazili, da se stopnja lezenja v 

sekundarni fazi prav tako ni spremenila. Študija je dodatno potrdila drastično zmanjšanje 

dinamične udarne žilavosti modificiranih vzorcev. Slednja se je v primerjavi s 

kontrolnimi skupinami za les bora zmanjšala za 60 %, 36 % zmanjšanje pa smo opazili 

pri bukovini. Glavni rezultati študije kažejo, da se dinamične mehanske lastnosti fenol-

formaldehidno modificiranega borovega in bukovega lesa razlikujejo od netretiranega 

materiala, saj kažejo zmanjšano zmožnost plastične deformacije. Zato tudi pri 

dinamičnem testiranju lesa nismo zaznali običajnih znakov utrujanja materiala. 
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Modificirani les se je po določenem številu ciklov obremenjevanja enostavno porušil. To 

je tudi ključno sporočilo te zadnje študije, s čimer želimo poudariti, kako pomembno je 

dobro, celovito poznavanje lastnosti materialov, še posebej kadar govorimo o rabi 

materialov za nosilne elemente. 

 

5.5 Zaključek 

V tej eksperimentalno usmerjeni doktorski disertaciji smo raziskovali in pokazali široko 

in pestro uporabo lepilnih sistemov v raznovrstnih scenarijih, kjer lepila uporabljamo v 

različnih razmerah in so izpostavljena raznolikim obremenitvam. Doktorska disertacija 

poudarja pomen uporabe različnih metod preskušanja lepil, ki jih uporabljamo v 

konstrukcijske namene. Na splošno ugotovitve študij, opisanih v tej disertaciji, poudarjajo 

vpliv variabilnosti materialov, kot so lepilni sistemi in izbrane vrste masivnega lesa, na 

obnašanje kompozitnih – lepljenih materialov, veznih elementov ali modificiranih lesenih 

elementov. Na treh področjih (članek 1,2,4) obravnavamo aplikacije lepljenja oz. uporabo 

lepilnih smol na lesu evropske bukve, ki postaja gospodarsko in okoljsko pomembna 

predstavnica listnatih vrst v srednji Evropi, in bi jo lahko v prihodnje vse pogosteje 

uporabljali v lesenih konstrukcijah. Z vidika lomne mehanike lepilnih spojev pri lepljenju 

evropske bukovine (članka 1 in 2) smo predstavili, da za izbrana lepila ki ustrezajo 

standardnim zahtevam za konstrukcijska lepila, dosegajo precej raznolike lomne lasnosti 

glede na določen lepilni sistem. Poleg tega smo poudarili, kako lahko različni pristopi k 

testiranju privedejo do širšega nabora informacij, ki podrobneje opisujejo razlike med 

lepilnimi sistemi ter preverili možnost izbranih testirnih pristopov za proučevanje lomnih 

lastnosti. Prav tako se je za pomembno izkazalo, da dejavnika povišane temperature 

tretiranja vzorcev ter vpliv usmerjenost lesnih vlaken pomembna vplivata na lomne 

lastnosti lepilnih spojev. V skladu z zahtevami Evrokoda 8 smo z mehanskimi testi ocenili 

in analizirali debele fleksibilne spoje, ki bi bili lahko neobičajna alternativa mehanskim 

spojem. Običajno je za doseganje kvalitetnega lepilnega spoja potrebno dosegati toge in 

proti lezenju odporne tanke lepilne spoje, vendar smo v članku 3 predstavili, kako je 

mogoče na inovativen način uporabiti prednosti debelejših plasti fleksibilnih lepil in z 

njihovo uporabo nadomestiti klasične mehanske vijačne spoje. Na tak način lahko pri 

konstrukcijskih elementih celo dosežemo zahteve potresne varnosti za nizko intenzivna 

seizmična območja. Kljub močni razširjenosti fenolnih smol v lepilih, ki jih uporabljajo 

v lesni industriji, te niso nujno namenjene le lepljenju, saj jih lahko uporabimo tudi za 

impregnacijo in kemično modifikacijo masivnega lesa. Taka modifikacija lahko povzroči 

neželene spremembe, zato smo v zadnji študiji kritično ocenili negativne vplive kemične 

modifikacije lesa na njegovo utrujanje. Na prvi pogled zanemarljive spremembe v 

razmerju elasto-plastičnih deformacij pomembno vplivajo  na reološke lastnosti lesa saj 

na ta način močno spremenijo njegove značilnosti. Zato je ključno prepoznati in razumeti, 

kako je potrebno ravnati s takšnimi materiali, še posebej kadar govorimo o njihovi rabi v 

gradbene namene. Bodoče študije morajo podrobneje obravnavati opisana področja, saj 
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bomo na ta način dosegli širše in boljše poznavanje kompozitnih materialov, ne smemo 

pa zanemariti, da razmere, v katerih uporabljamo te kompozite, pomembno vplivajo na 

njihovo ustreznost. Nenazadnje smo s študijo pokazali, kako raznolika in pestra je raba 

lepil oz. lepilnih smol na področju znanosti o lesu ter kako lahko alternativni in inovativni 

pristopi dodatno širijo njihovo uporabno vrednost.     

   



 

 

6 Appendix 

Appendix 

The appendix contains the supplementary material published in the support of Article 1. 

The material is published in full, but the raw data is excluded from this appendix. The 

record is available online [112].  

The Gf values represent the total work needed required for complete crack propagation 

(complete separation) and it is directly correlated with fracture energy by incorporating 

the area of the specimen residual cross-sections. The values reported for the Gf values are 

therefore higher by the magnitude of the cross-section area. 

Reference:  

[112]  BURNARD, MICHAEL,  PEČNIK, JAKA GAŠPER, Statistical analysis for: 

Mode I fracture of beech-adhesive bondline at three different temperatures, Data 

set. Zenodo (2022). https://doi.org/10.5281/zenodo.7143370. 

Supplementary Table 1:  Summary of the linear model of Gc. Base condition: Control, 

RT, EPI. Model call (R language):  log(Gc) ~ adhesive + treatment + orientation (plane) + 

adhesive:treatment +  adhesive:orientation + treatment:orientation 

Coefficient estimate 
standard 

error 

t-

statistic 
p Significance 

(Intercept) -0.1799 0.1351 -1.3312 0.1850  

adhesiveMUF -0.5795 0.1769 -3.2753 0.0013 ** 

adhesivePUR -1.3150 0.1779 -7.3912 0.0000 *** 

treatment70°C -0.9297 0.1764 -5.2696 0.0000 *** 

treatment140°C -1.2534 0.1798 -6.9729 0.0000 *** 

orientationRT -0.7379 0.1627 -4.5352 0.0000 *** 

adhesiveMUF:treatment70°C 0.6903 0.2158 3.1983 0.0017 ** 

adhesivePUR:treatment70°C 0.8510 0.2173 3.9167 0.0001 *** 

adhesiveMUF:treatment140°C 0.2937 0.2211 1.3285 0.1859  

adhesivePUR:treatment140°C 0.9042 0.2275 3.9736 0.0001 *** 
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adhesiveMUF:orientationRT 0.7167 0.1791 4.0021 0.0001 *** 

adhesivePUR:orientationRT 0.6021 0.1829 3.2920 0.0012 ** 

treatment70°C:orientationRT -0.3300 0.1770 -1.8640 0.0642  

treatment140°C:orientationRT -0.3096 0.1826 -1.6954 0.0920  

* Significant at p < 0.05, ** Significant at p < 0.01, *** Significant at p < 0.001 

Residual standard error: 0.4826 on 158 degrees of freedom 

Multiple R-squared:  0.6174, Adjusted R-squared:  0.5859  

F-statistic: 19.61 on 13 and 158 DF,  p-value: < 2.2e-16 

 

Supplementary Table 2:  Summary of the linear model of Gf. Base condition: Control, TR, 

EPI. Model call (R language):  log(Gf) ~ adhesive + treatment + orientation + 

adhesive:treatment +  adhesive:orientation + treatment:orientation 

Coefficient estimate 
standard 

error 

t-

statistic 
p Significance 

(Intercept) 7.0608 0.0965 73.1593 0.0000 *** 

adhesiveMUF -0.6781 0.1264 -5.3664 0.0000 *** 

adhesivePUR -1.5437 0.1271 -12.1492 0.0000 *** 

treatment70°C -1.1597 0.1260 -9.2046 0.0000 *** 

treatment140°C -1.2104 0.1284 -9.4291 0.0000 *** 

orientationRT -1.0357 0.1162 -8.9129 0.0000 *** 

adhesiveMUF:treatment70°C 1.0072 0.1541 6.5347 0.0000 *** 

adhesivePUR:treatment70°C 1.0271 0.1552 6.6190 0.0000 *** 

adhesiveMUF:treatment140°C 0.4227 0.1579 2.6777 0.0082 ** 

adhesivePUR:treatment140°C 1.1466 0.1625 7.0556 0.0000 *** 

adhesiveMUF:orientationRT 1.0532 0.1279 8.2356 0.0000 *** 

adhesivePUR:orientationRT 1.1113 0.1306 8.5079 0.0000 *** 

treatment70°C:orientationRT -0.4114 0.1264 -3.2546 0.0014 ** 

treatment140°C:orientationRT -0.3829 0.1304 -2.9365 0.0038 ** 

* Significant at p < 0.05, ** Significant at p < 0.01, *** Significant at p < 0.001 

Residual standard error: 0.3447 on 158 degrees of freedom 

Multiple R-squared:  0.7892, Adjusted R-squared:  0.7718  

F-statistic:  45.5 on 13 and 158 DF,  p-value: < 2.2e-16 
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Supplementary Table 3: Predicted median Gf and Gc for each factor combination with 

95% CI. 

 Gf (N/mm) Gc (N/mm) 

Adhesive 
Treatment 

temperature 
Orientation Median 

95 % 

CI 

lower 

bound 

95.% 

CI 

upper 

bound 

Median 

95 % 

CI 

lower 

bound 

95.% 

CI 

upper 

bound 

EPI Control TR 1165.04 963.03 1409.41 0.84 0.64 1.09 

MUF Control TR 591.58 489.21 715.39 0.47 0.36 0.61 

PUR Control TR 248.80 205.62 301.05 0.22 0.17 0.29 

EPI 70°C TR 365.50 302.10 442.21 0.33 0.25 0.43 

MUF 70°C TR 508.07 420.09 614.46 0.37 0.28 0.48 

PUR 70°C TR 218.00 178.77 265.84 0.21 0.16 0.27 

EPI 140°C TR 347.28 286.45 421.03 0.24 0.18 0.31 

MUF 140°C TR 269.16 222.36 325.81 0.18 0.14 0.23 

PUR 140°C TR 233.55 189.49 287.86 0.16 0.12 0.21 

EPI Control RT 413.75 342.01 500.54 0.40 0.31 0.52 

MUF Control RT 601.94 497.77 727.91 0.46 0.35 0.60 

PUR Control RT 268.50 221.90 324.89 0.20 0.15 0.26 

EPI 70°C RT 85.99 71.08 104.04 0.11 0.09 0.15 

MUF 70°C RT 342.48 283.18 414.20 0.26 0.20 0.34 

PUR 70°C RT 155.86 128.76 188.67 0.13 0.10 0.17 

EPI 140°C RT 84.11 67.66 104.57 0.08 0.06 0.11 

MUF 140°C RT 186.79 154.31 226.10 0.13 0.10 0.17 

PUR 140°C RT 171.90 139.47 211.87 0.10 0.08 0.14 
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Supplementary Table 4: 

Comparisons between median Gc and Gf plane orientation for control, 70 °C and 140 °C 

samples and each adhesive type; 95 % confidence intervals were adjusted using Tukey's 

method for a family of three comparisons. 

 Gc (95 % CI) Gf (95 % CI) 

Comparison Temperature Adhesive Ratio 

95 % 

CI 

lower 

bound 

95.% 

CI 

upper 

bound 

Ratio 

95 % 

CI 

lower 

bound 

95.% 

CI 

upper 

bound 

TR/RT Control EPI 2.09 1.52 2.89 2.82 2.24 3.54 

TR/RT Control MUF 1.02 0.74 1.41 0.98 0.78 1.23 

TR/RT Control PUR 1.15 0.83 1.58 0.93 0.74 1.17 

TR/RT 70 °C EPI 2.91 2.11 4.01 4.25 3.38 5.35 

TR/RT 70 °C MUF 1.42 1.03 1.96 1.48 1.18 1.86 

TR/RT 70 °C PUR 1.59 1.15 2.21 1.4 1.11 1.77 

TR/RT 140 °C EPI 2.85 2.03 4.00 4.13 3.24 5.26 

TR/RT 140 °C MUF 1.39 1.01 1.92 1.44 1.14 1.82 

TR/RT 140 °C PUR 1.56 1.11 2.19 1.36 1.07 1.73 
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Comparisons between median Gc and Gf for each adhesive pair under control, , 70 °C and 

140 °C conditions and both plane orientations; 95 % confidence intervals were adjusted using 

Tukey's method for a family of three comparisons. 

 Gc (95 % CI) Gf (95 % CI) 

Comparison Temperature Orientation Ratio 

95 % 

CI 

lower 

bound 

95.% 

CI 

upper 

bound 

Ratio 

95 % 

CI 

lower 

bound 

95.% 

CI 

upper 

bound 

EPI / MUF Control TR 1.78 1.18 2.71 1.97 1.46 2.66 

EPI / PUR Control TR 3.72 2.45 5.67 4.68 3.47 6.32 

MUF / PUR Control TR 2.09 1.38 3.17 2.38 1.76 3.21 

EPI / MUF Control RT 0.87 0.57 1.32 0.69 0.51 0.93 

EPI / PUR Control RT 2.04 1.34 3.11 1.54 1.14 2.08 

MUF / PUR Control RT 2.34 1.54 3.56 2.24 1.66 3.02 

EPI / MUF 70 °C TR 0.9 0.59 1.36 0.72 0.53 0.97 

EPI / PUR 70 °C TR 1.59 1.04 2.44 1.68 1.24 2.28 

MU / PUR 70 °C TR 1.78 1.16 2.72 2.33 1.72 3.16 

EPI / MUF 70 °C RT 0.44 0.29 0.66 0.25 0.19 0.34 

EPI / PUR 70 °C RT 0.87 0.57 1.33 0.55 0.41 0.75 

MU / PUR 70 °C RT 1.99 1.31 3.03 2.2 1.63 2.97 

EPI / MUF 140 °C TR 1.33 0.87 2.03 1.29 0.95 1.75 

EPI / PUR 140 °C TR 1.51 0.97 2.35 1.49 1.08 2.04 

MU / PUR 140 °C TR 1.13 0.73 1.76 1.15 0.84 1.58 

EPI / MUF 140 °C RT 0.65 0.42 1.01 0.45 0.33 0.62 

EPI / PUR 140 °C RT 0.83 0.52 1.31 0.49 0.35 0.68 

MU / PUR 140 °C RT 1.27 0.82 1.97 1.09 0.79 1.49 
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