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Abstract

Adhesives play an essential rolelrewood industryThe performance of existin
woodjointsis highly dependent on the performancet@wood species, geomgti
type, andype ofadhesivePolyvinyl acetate RVAc) andpolyuratheneRUR) are
predominantly used in furniture as wellsisicturalapplicationsin this study, two
types of adhesive (PVAc arkdC-PUR) were useéh wood joints (dowel, finger
dovetail, and lap joints)he jpint performancemprovement wasvestigatedoy
adding nanocellulose Nanocellulose (cellulose nanofiber and cellul
nanocrystalsjs of natural origin angossesses remarkable mechanical propel
However,dispersion on nanocellulose in adhesiespecially inPUR has beer
achallenging. To overcome this difficulty, chemical modification (acetylatioh)
nanocelluosavas also attempted@he performanceof the nanocelluoseeinforced
adhesivegfPVAc and PUR)was assessedavith alap sheartest A studywith a
scanning electron micreaspe (SEM)was carried out to assess the bondlifee
effect of cyclic moisturg8-19%)exposure on the performance of the nanocellu
reinforced adhesive boneas also assessetihe optimum value of elastic stiffne:
and shear strengttvas obtainedwith the addition of 1% nanocellulose.The
resulting mechanical properties of lap shear jowtre investigated and th
difference between the pure adhesive and nanocellulose reinforced adbers

discussed.

Keywords Wood joints,Nanocellulose, Polyviryacetate (PVAc), Polyurethar
(1G-PUR), Mechanical characteristics



Hypothesis and Obijectives

Goal

The main goal of this study te assess what typef wood species, adhesive and joint
geometryaffects the elastic stiffness of glued wood janthe elastic stiffness of wood
joints and resistence against moisture changes couldrtteer improved by adding
cellulose nanofiber (CNF) and cellulose nanocrystals (CNC) to the wood adhesive (PVAc
and PUR).
Hypothesis
1 The elastic stiffness of glued woodirjts could be affected by reinforced
adhesive.
1 Adding cellulose nanofiber (CNF) and cellulose nanocrystals (CNC) to the wood
adhesive (PVAc and PUR) could improve the elastic stiffness of joints

Objectives
1 Determining the #ect of joint geometry and adb&e type on the performance of
joint (Finger, Dowel, and Dovetalil).
1 Determining the #ect of nanocellulose reinforced adhesive (PVAc acdPUR)
on the bond performance (lap joint).
1 Determining the #ect of moisture cycling conditiang on the propertig of
nanocellulose reinforced adhesive bonded gdiap joint).
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1

Introduction and overview

1.1 Wood joints

Woodworking offers a multitude of opportuiets to create a joint Whenever
material intersest a joint musbe madeSeveral joinery techniqueand technologies
have beemevelopedWood joints are the most important components in furniture
creation becausethey are a critical part and the primary cause of failure.
The designemeeds to design the product in suckiagy sothat it perforns the best

in serviceln order for a functionallesign,it is important to understarldads acting

on the structurandthe stress acting dhejoints. Wooden furniture is held totdper

by joints. Different typeof jointsareunique intheirconstruction, and it is important

to know their mechanical proper$ when subje@d to various stressegamely
shear, compressipand tensin. The characteristics of wood joinssich as stfhess,
strength, flexibility, toughnessind appearancearederived from the properties of
thejoining material and how they are used in the wood joints. Therefore, different
joinery techniqus are used to meet tlse requirements. Some traditional weod
working joints arethe dowel, finger, dovetail, mortisand tenon andbutt joints.
Proulx (1996) statethat the strength and durability of furniturdepends orthe
structural integrity of its joinerySeveral factors are responsible for the strength of
joints, such as their geometry, propertieshefwood species, and type of adhesive.
Boadu and AntwBoasiako (2017) found that the geometry of dovetail joints
improved their graisio-grain connection in furniture productspaking these
products moreesistanto bending force and warping than mortise and tenon joints.
Theyalsostuded chairs produced with mortiséenon and dovetail joints, which had
longer wider and thicker tailnd tenon were stronger than those manufactured with
shorter, narrower, and timer tails and tenons. Jokerst (19849ws that finger joint
geometry largely dictatabte potential strength o joint. Geometric parametsiof
joints include finger length, finger pitch, tip thickness, and slope. thése
parametersirerelated to edt other,sochanging one parameteill changeall the
othes. Thisinterdependencpetweenoint parameters complicaeesearchof the
effect ofasingle parameter goint strength (Jokerst 1981Anothercommontype

of structural jointis thedowel jont (Segovia and Pizzi 2012; Tas et 2014). Ths
joint type has a great advantage in terms of econaamg the ratio of production

difficulty to the resulting joint properties. Today there is a wide range of dowels
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themselves, varying in diameter, lengtimd surface treatment (Nutsch et al. 2006),
which can be defined by several different characteristics (Eckedtnan20®), of

which the elastic stiffness tiejoint is very importantln the construction of chair

joints are highly resistive to hding under compressive angnsile forces
(Smardzewski 2015). For better resistancander bending stresdpvetail joints
could offer an alternative to mortise and tenon joints (Zhang and Eckelman 1993,
Hoadley 2000). Asomar2009found that dovtetail pints were 70% stronger than
mortise and tenon joints ghairlegsand rails. Su and Wang 2007 also observed that
the strengthof dovetail joints is greater than mortismnon and dowel joints. The
stiffness of the furniture depends on the rigidity offumaiture joints andit is one

of the most important criterfar high-quality furniture Eckelman and Kwiatkowski
1978, Eckel man and Rabiej 1985, Kpta$s
1978,).Considerable research has beenductedn the influence of each geometric
parameter on joint strength. Therefore, the development of alsuéat correct
design of furniture construction requires carrying out appropriate strednth is

very important for the industry. Based on this, it is possible to design a piece of
furniturethatis characterisety strong joiery andthatmees all the aesthetic and
functional requirementsEven though a universally accepted design formula that
calculaesthe joint strength has not been developed, some useful studies have been
conducted. Joints are mostly tested by experimentaland numerical methaos
Experimental testing has been extensively reported to ashesmechanical
properties of wood joints. While the experimental method is a precise method of
assessing the mechanical behavior of joints, numerical simulations provide an
opportunity to asses$éd distribution of stregs in the joints. It alsoprovides
information about the post elastic behawjowhich is most important to reduce
damage inthe experiment andptimisethe furniture design. (Chuan et al. 2008,
Ceccotti 2010). For a long timi#ne Finite Element Method (FEM)as been popular
among scholarfor calculatingthe mechanical properties of wood j@nsuch as
elastic stiffness and strength. The elastic stiffness of j@ntdluenced by several
factors, such as the type of load, jdinickness, type of adhesivend the type of
bonded wood or composite materididhesive bonding of solid wood, wood
particles for various shapes and sizes, and iboes, is necessarin the production

of modern wood products, whether they are usedonstruction, furniture, om

other applicatioa
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1.2 Wood species

The anatomical properties of wooadedin furniture constructiorare also equally
important. Kiaei and Samariha (2011) noted the anatomical, physical, and
mechanical properties of timber atetmain source dhe strength performance of
wood in joints. The wood speciesarimportant factor in the strength and stiffness

of wood joints.It is thereforemportantto testdifferent wood species to see if there

IS any variance between these spean their ability to form a strong furniture joint.
This informationwas presented by the USDA Wood Handbook (2010) about the
detailed differences between various wood species. There are two broad classes of
wood species: hardwood and softwood. Gbrealisationof the caggories is based

on the cellular structure dhe wood itself. The cellular structure of a particular
species of wood influensahe overall strength of the jointdt is important for
furniture produces tohave a better understandinfjithese properties to be able to
select the right kind of timber for joint construction. The influence of mechanical
properties of wood on joint strength has been extensively studied. For example,
Haviarova et aJ.(2013) found thathe difference in sheastrength and modulus of
elasticity in timber is partially responsible for variations in the strength of joints

produced.

Mechanical fastensare not sufficienfor the production of modern wood products
with varying shapgand size of wood joints Adhesive bonding of solid wood, wood
particles of varying shag@nd sizes and wodibreis thereforanecessary to produce
modern wood products,hether they are used for construction, furnitaran other

applications.

1.3 Wood adhesive
Adhesive bonding tedmlogy has been studied for many yeansdit played an

essential role in the development and growth of timber striggtwrelving adhesive

joints instead of mechanical joints. The widespread use of adhesive bonding can be
attributed to its inherent adntages, such as the fact tita use of an adhesive joint

can distribute the applied load over the entire bonded areereai@more uniform
distribution of stressAdhesiveaddsvery little weight to the joint structuret has
superior fatigue resistaa comparedto other joining methodst is suitable for

joining of dissimilar material,and it can reduce manufacturing casin the
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rehabilitation and repair of wood structsirtheadhesive hagroven to be efficiently
and economically competitive whe&ompared with alternative repair procedure
Adhesive bonding of wood components has played an essential role in the

development and growth dieforest product industry.

1.3.1 Polyvinyl acetate adhesive (PVACc)

Polyvinyl acetatPVAc) is aclear, watewhite, thermoplastic synthetic resproduced

from its monomer by emulsion polymerization. PVAc adhesivsuisablefor wood,
paperandplastics, andt is also used as a general building adhesive. PVAc adhesive has
long been used in wood bondiagdfurniture constructionThese adhesivesasily set

at room temperature, are castective and easy to use. These waterborne adhesives set
asthe waterns absorbed into the wood, leadingtteeir wide use in manufacturing and
construction operations involving wdoPVAc is a linear polymer with an aliphatic
backbone;this makes it avery flexible adhesive as opposed to the rigid nature of
copolymers normelly used as a wooddhesive PVAc sets through evaporation and
diffusion of water into the substrate, amdoby polymerisatiorof polymer particles as

the water evaporates. PVAs applied easily through different methods, such as
brushing, flowing, spraying, roll coating, knife coating or silk screening (Ebnesajjad
2008, Pizzi 2005). The main advantages of B\&eits easy and wide application,
resisance to aging, elasticity, low co@ind availability, and netoxicity. ¥ z - i f - | and
Yapici, 2008 determined th#tteadhesion strengibf beech and pine wood bonded with
PVAc adhesive along the tangential direntis strongethanalong theradialdirection
Burdurlu et al, (2006)achievedsimilar resultswith Calabrian pine wood bonded with
PVAc and PUR (polyurethane) adhesivesscommenthg thatthe bondingprocess on
tangential surfacdse performeavith higher pressureOn the other sidgthere are some
disadvantagesuch adow resisance to weather and moisture, poor resisé to most

solvents, slow curing and setting speed, and creeping under substantial load.
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Figure 1 Polyvinyl acetate is made by the selpolymerisation of vinyl acetate usually under
free radical conditions. The chains can be altered by adding ethylene to forancopolymer
(Rowell 2013.

1.3.2 Polyurethane adhesive (PUR)

For severadecadesonecomponent polyurethane (:RUR) has been used ralyiénd
successfullyin the wood industryOnecomponent polyurethane (1#®UR) ha been
used in the field of engineered wood gluing tfoelast two decadessit offers several

advantages including fast curing at roomtemperature,an invisible glue line, no

formal dehyde, and no mixing d2006. Mgnyt he

researchers havmund that 1GPUR adhesives are capaldé reachinghigh bond
strength in glued wood structuresmdtheyshow comparatively ductile behaurounder
load (Pizzi and MittaR003 K2 g j2006 Brandntair et a).2012 . M¢l | e
(2009 studiedthe fracture energy of adhesive borg] finding thatthe higher ductility
of 1G-PUR resilts in significantly enhanced failure load certain load situations.
K ludleret al, 2013investigated theffect of moisture conditioson stress and strain
behaviar of 1GPUR, PRF and MUF adhesivabey discoveredthe ductility of the
tested 1GPUR polymersn severalklimate stages in contrast to thettleness of MUF
and PRF adhesive. The fracture strain of MRF and MUF specimasbelow 5%,
whereast reached at least 20% IC-PUR adhesives.

1.4 Technical properties of wood adhesive

It is very important to study the use of wood adhesiveitartdchnical properties.
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These properties were discussed below.

1.4.1 Bonding and science of adhesion

Adhesivencreassthe strength and stiffnesswbod-basednaterials. The adhesion

of the glue depends on the weadhesive bonding chain. The deggref penetration

of adhesive into # porous network of interconnected cells define the bonding
perfomance of adhesive between two wood elements. To see the bonding
performancemanystudies havéeen conducted through microscopic examination
and associated techniques to estabdisklatiorship with the bond performance.
Adhesive bonding problems and designing new adhesive syatehprocessmay

be facilitated by understanding the fundamentals of adhesive penetration (Kamke
and Lee 2007). The interphase region is an uneven layer. Thesygah the

interphase is assumed to affect the bond performance.

Adhesive bonding joints must transfer stress from component to component through
the interphase region. The structural interphase and its volume and shape dedicate
the magnitude of stressmcentration and ultimately havesignificant impact on the

performance of the bond.
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Figure 2 Example ofan epi-fluorescence microphotograph with the penetration of UF

resin into poplar at three different pressures applied during the press cycle: 0.5 N/mm2

N/mm2 , and 1.5 N/mm2 for mdial and tangential penetration Ga v r i-Go mi § a
2016)

1.4.2 Wood adhesive penetration
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Researchers have studighe penetration of wood adhesives. The penetration of
adhesive into wood can loategorsedinto two graups:

1. Gross penetration
2. Cell wall penetration

In gross penetration, the liquid redliows into the porous structure of wood, mostly
filling cell lumens. Hydrodynamic flow and capillary action could be explained
as gross penetratiorCell wall penetratioroccurs when resin diffuses into the cell
wall or flows into the micrdissures. In wood, the least resistance to the
hydrodynamic flow is in the longitudinal direction, limving throughthe lumens in

the long and slender tracheid of softwpaidthroughthe vessels of hardwoods. Since
vessels are connected etodend with perforation plates and there is no pit
membrane, the cell type dominates the penetration of adhesive in hardwWbibds.

an optical microscoperesinhasbeenobserved in pit chambers bbth hardwood

and softwood specigand in cell lumens in which the only entry pathway for the
resin was through the pit. Adhesive penetration influences link 4 through 7. All of
the potential adhesion mechanisms aflei@nced by the penetration. The ceptof
mechanical interlockinglependson the penetration of the adhesive phase beyond
the external wood surface. In addition, the combined adhesion force due to covalent
bonding andheformation of secondary chemical bonds is directly related to the area
of surface in contact between the adhesive and cell wall.

A chain link analogy for an adhesive bond is shown in Eigve can se¢hat the

bond is only as good as the weakest link in the chain. Adhesive penetratisn play
avital role in the analogy. Lk 1 is the pure adhesive phase, unaffected by the
substrates. Lir&k2 and 3 represent the adhesive boundary layer that may have cured
under the influence of the substrates and is no longer homogeneoiss4 lanéd 5
represent the interface between the laaup layer and the substrate and constitute
the adhesion mechanism. The mechanism may be mechanical interlocking, covalent
bonding, or secondary chemical bonds due to electrostatic forces. Links 6 and 7
represent wood cells that have been modified by tbeess of preparing the wood
surface or the bonding process itsélinks 8 to 9 repereseninmodified wood,

which would havealower limit of structure integritymaking it the weakest link
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Figure 3: Chain link analogyf or an adhesive boi
2019

1.4.3 Adhesion and cohesion

Adhesion is the tendency of disiilar surfaces to bond to one another. The internal
forces between the molecules that are responsible for adhesion are chemical bonding,
dispersive bonding and diffusive bonding. These interamolecular forces can make

cumulative bonding and bring certamergent mechanical effects.

Cohesion means stialg or stayng together. Cohesive force is the tendency of
similar moleculeso stick together. They attract mutually. Cohesive foeresaused
by the shape and structure of the molecules, which makessthibution of orbiting
electrons irregular when molecules get close to one andtherhain link analogy
for adhesion and cohesion is showrFig. 4. The adhesive and cohesive défon
refers to the forces that ke¢pe adhesiveand the substratdadhesion) and the
adhesive itself (cohesiotpgether As woodis increasingly use in furniture and
engineered wood products worldwid®ncernsabout the integrity of the wood and
adhesive usedre rising The ondlineis a crucial issue for wood prodwagiplication,
especially in different moisture condit@nThe properties of wood products are
affectedby many factors, includinthe quality of wood adhesives artie bonding
process, wetting athe substrate surface, heat and pressur¢herbond line, ad
drying time (Frihart 2013)The am is to obtain higherfunctional strength Fibre
fillers are used in adhesives, improvisgrfacewetting, bondrigidity, and more
Chawla 1998 shows that matesi@re stronger and stiffer in fiborous form. Many
reinforcing fibres, such as glass and carb@hbres polymerfibre andinorganic
nanoparticles have been studied as additives for modifying wood adfésitviheir
use introduces some environmental and sustainability isste®therwise green
materials (Singhand Thakur 2008).
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1.5 Nanocelluloe

Nanocellulose (CNF and CNC) as a renewable mategajained attention as potential
reinforcement for adhesives, buis practical application remains scarce. Many
researchers have investigated nanocellulosecgtialins in polymer and composites, but

a few related to adhesive for wood bonding. Recent studies have focused on the
reinforcement of urea formaldehyde (UF), melamine formaldehyde (MF), phenol
formaldehyde (PF) and polyvinyl acetate adhesive (PVAc) lid addition of
nanocellulose.Property of nanocellulose to act as both binders and structural
reinforcement in variousadhesive system adds its potential, beside by reducing the
harmful emission of formaldehyde, it also can improve the mechanical prepante

enhance the performance of adhesive (Vineeth,&2Gil9).

1.5.1 Nanocellulose reinforcedPVAc and PURadhesive:

The wood industy is under pressure to eliminate formaldehyde from its predBstAc

is agood adhesive to replace some wood adhssivdaining formaldehyde. The main
drawback of PVAc adhesivis its limitation to be usedn humid conditions and at
elevated temperatuse So far some approaches been used to increase the performance
of PVAc adhesivgfirstly, copolymerization ofvinyl acetae with more hydophobic
monomers(Zhou 1991), andthe blendingof PVAc with adhesive or hardenefsu

1996) These strategies can increase some properties of PVAc adhesive at the expense
of reducing some other properti¢towever,some additiveare so aidic thatthey can
damage the wood surface, which can affect the overall performance of wood joints. The
introduction of nanotechnology has opened new opportunities for the industry to develop
a new generation of composites with high performance. In gtgresearclshowed that

nancaluminum and nanoclay can be used to improve the performance of wood

23



adhesive, but there has been some concern relatiedhealth risk posed by naraday

and naneoxide particls. Therefore, ecdriendly nanematerials (anocellulose)
introduce, which has high strength and stiffness propediyong the several
opportunities which offered by the nanotechnology for the forst based product industry,
the reinforcement addhesive with nanocellulose has been already poteppairtunity,

which has been explored (Cai and Niska 201R - p-8uevos et al(2010) used CNF
(cellulose nanofiber) wittheaddition of acid and sodium hydroxide to reinforce PVAc
latex adhesivethe results showed excellent heat resistant propertigsegoroduced
panels. Chaabouni and Boufi (2017) investigated the influenteeadddition ofCNF

to PVAc adhesive with 10 wt% content and observed a significant benefit in shear
strength and water resistance performa@ansidering the strong reinforgj potential

of CNF whenincorporating thgolymer matrix, the matrix of CNF and PVAc adhesive
might contributeto imponing the performance of wood joints bonded with PVAc in
humid conditiois at elevated tempeature The use ohanocellulose gel as reinf@ement

of PVAc adhesive should be easy to pro@sithe simple mixing routel o thebest of

our knowledgeonl y one r epor tSeelos wtoat. K201®) yhas lbeemp e z
subjectedo the application of CNF for PVAc wood adhesive reinforcemAnstudy
conducted by Jiang et al2018 where the commercial polyvinyl acetate and starch
adhesives mixed with dicarboxylic acid cellulose nanofiber (CNF), by adding the

optimum amount of CNF , the lap joint strength increagei 74.5%.

Kaboorani et a) 2012 ugd NCC (nanocrystaline cellulose) in the wood adhesive
to improve the performance of polyvinyl acetate adhesive. This study was conducted
with theaddition of NCCto polyvinyl acetatat differentloads(1%, 2%, and 3%) and
the useof blends as a wooklinder. The block shear test shows that NCC can improve
the bonding strength of polyvinyl acetat€éhe tiermal stability, hardness, modulus of
elasticity, and creep of polyvinyl acetate film were also enhanced by the addition of
NCC. Cellulose nanocrystal (QD) is used as a reinforcing filler in different polymers
and its special physicochemical properties, good mechanical properties, renewaadbility
biodegradabilityhave drawn attention to (Girouard et al., 2016.ei et al., 2019 The
high crystallinity in CNC gives it good thermostability, because the presence of
interchain hydrogen bondshigh temperaturecannot easily break the crystalline region
andaredifficult for cellulose to meltNg et al., 2015Tonoli et al., 2012 Polyurethane
demonstrated the typical behamicof an elastomematerial with high flexibility and

deformation. The addition ohanocellubse with ceratin content and catitions

24


https://www.sciencedirect.com/science/article/pii/S0956053X19303770#b0055
https://www.sciencedirect.com/science/article/pii/S0956053X19303770#b0115
https://www.sciencedirect.com/science/article/pii/S0956053X19303770#b0155
https://www.sciencedirect.com/science/article/pii/S0956053X19303770#b0200

substantially affected the mechanical gpties of polyurethane adhesiyPei et al,
2011) The highest value of tensile etigthresulted $ 5 time moredeformation witha

10 wt% load of CNF, which increased from 64Pa for neapolyurethane to 10.5 MPa
(lvdre et al, 2016). The reinforcement effect of nanocellulose in whisker form, the
modulus of PUR increased 63% with the addition of 4 wt% fillerThe young
modulus and shear strength increased of the composites, whileastoagak decreased
by increasing the content efanocellulose in the form dibres and crystals. The
improvement in shear strength is indicative of strong interfacial bonding between the
composites, whilehe reduction irtensile strains attributed tahe restricted polymer
segmentgausingthe formation of rigid nanocelluloséranguren et al.2013, Wu et

al., 2007. When comparing thencreasein tensile properties betweeranocellulose
fibresand whiskers, wéund a more noticeable manocompositewith CNFthan with
CNC (Azeredo et al 2010, Floros et al. 2012. This is due to the formation @in
interconnected nanocelbde network with increasing filler contentor cellulose
nanofibre the formation othe network is assisted by its flexilyi resulting from the
high aspect ratio and the presence of amorphous domains alongnbibres The
stronger interaction between CNF and polyurethane as hosting polymers séisrict
motion of polymeric chains, d sheawn $trength g
(Auad et al. 2010). CNC hasreceivedsignificant attentiorfor how it improvesthe
thermal properties of PUR adhesive due to its high thermal stalilidy. et al,
(2014)found CNC improved temperaturese®oweight loss of polyurethane from 326.6
to 333.9 ACcC. T h e(CNFfandr GNC)is anaabuadard haturall goesne
material. Dependingrathe type of nanocellulose reinforced, modification of its structure
and conpatibility between polymer matrix, éance the properties ah adhesive by

addition ofasmall amount of nanocellulose.

However synthetic adhesigeare currently widely used ithe wood industry.
Fibre reinforcement hathe potential toreliably improve the mechanical properties
adheisveneeded in the jointdNanocellulosethereforehas many advantages for this
application: it is renewable, biodegradealtidas low densityit has good mechanical

properties, and is non-toxic.
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2 Material and methodology

This chapter discusses maa¢information,the preparation of nanocellulose reinforced
adhesiveand thepreparation ofvood joints (dowel, finger, dovetail, atap shear joint

Nanocellulose reinforced materieharactesation for surface morphology, chemical
propertes and tlermal propertiesith an FTIR, DSC, and SEM analysis are also

discussed.

2.1 Material

Defectfree beechKagus sylvatichand spruceHicea abied) woodwasusedfor the

test specimens. The specimens for the mechanical testing were made from dried lumber
withwood wor king machines at a vocational
andthe Czech University of Life ScienseFour types of wood joints were prepared

(dowel, finger, dovetajland lap). For dowel joints, two types of joggometreswere

used vith diametes of 8 mm and 12 mmanda length of 50 mn¥-orfinger joints, the

planks werdirst machiredinto specimenswith& 8 mm | 20 mm cr oss
planks weresubsequentlyshortened to 215 mm. The basic dimensiohthe test
specimeswere58mm | 20 mm [ 2 1sbf geometies (2 feathoandt5y p e
teeth) were usedith straight finges machine byaplanner Dovetail joint specimens

were prepared with dimensisf 2141 601 24mm (LT W1 H). Wood lamellas

were preparedor the lap sheatestusing the standard proceduiEhe individual

lamellas were ctih dimensiosof 1501 3 5mmi(L 13V 1 H). The average density

for beech wood was 0.725 g/émand 0450 g/cn? for spruce woodAll specimens

were conditioned &t A€ medp&®&Hatdr 6§ 50N 306
moisture content of 12%.he effect of moisture cyiclg on the strength of gluddp

shear joints was studied by subjecting the samples to the moisture cycles at a constant

t emper at ur eThe dondiidhedimplzs wkhC12% moisture content were
first exposed to 30 N 2 AcColewedbydxgosuke 2 RH
to 30 N 2 AC and 86 N 2 RH to reach 19% I
to 8% EMC againby exposingthemt o 30 N 2N AZ, aRdHfohallyd 3
conditioned back to 12% moisture content
RH. Only one moisture cycle waerformedin this study The configuratios of the

test specimeareshown in Fig5.
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Figure 5 Sechamtic diagram ofa (A) dowel joint with 8 mm dia and 12 mm dia; (B) Finger joint
with 5 teeth and 2 teeth; (C) Dovetail Joint; (D) Shear lap joint

Polyvinyl acetate adhesive (PVAc) AGOLL 8761/ L D3 and polyurethane adhesive
(PUR) were used fdhetest samples. The technical specification of both adheisives
shownin Tablel. The adhesive was appli@sanuallywith aroller on both thevood
surface,with a range of 150180 g/ntfor PVAc and 186250 g/nt for PUR adhesive.

Table 1: Technical parameters of PVAc AGCOLL 8761 /L D3 and PUR (1C- AkzoNobel
2010) adhesive

Technical parameters for AGOLL 8761 / L D3 adhesives

Viscosity (mPas) 50007000 (at 23 A
Working time (min) 1520
Density (g / cm3) 091.1 (at 23 A
Open time (min) 15
Dry matter content (g) 49151
pH t0 4.5
Shear strength according to EN 205 (MH 11.9

Technical paramters for PUR adhesive (1ICAkzoNobel 2010)
Viscosity (mPas) 60007 19000
Working time (min) 15-20
Density (g / cm3) 1.16
Open time (min) 90

2.2 Specification ofnanocelluloseand chemicalmaterial

Cellulose nanocrystals (CNC) NCVID0ASD90used as a neforcing materialwere
purchased from Celluforce, Windsor, Canada. Cellulas®fitre (CNF) was supplied
by the University of Maine,Orono, MainelUSA. The CNC vasprepared by sulfuric
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acid hydrolysisand CNFwasproduced through high pressure grindifige produced

CNC and CNFRwerein dry powder form. Thewidtand | engt h of t he CI
nm and 150 N 39ofmme (ICINEsdiamen2iOomMs 14 nm :
respectively. Acetic acid (CHCOOH), acetone (§¢O), and acetic anhydride

(C4H603) were purchased from LaethNer (Neratovice, Czech Republic). Potassium
acetat e ( Reag e rstacatBlystuvas pAréh&sefyom Sigreitilich.a

2.3 Modification of nanocellulose

Nanocellulose was modified based the acetylation methadCellulosenarofibre
(CNF) dry powderwith a weight of 0.25 gwas dissolvedin 10 ml acetic acid
(CH3COOH)at room temperature by using sonication (SONOPLUS HD 3100, Berlin,
Germany) for 15 minTo removethe acetic acid (CH3COOH) fronthe CNF, a
suspension centrifugeqresas performeat a speed of 15000 rpm for 15 min. CNF
suspension inside of the centrifuge tube can be seen in two sepayatedone is
aceticacid, and the second layer is CNExcess acetic acid wakecantedand the
resuling CNF waswashed wth acetoneThe obtained CNF waturther subjected to
centrifuge (15000 rpm, 15 min) by three foltsddecanting, and further dikedwith
distilled water. The obtained CNvere mixed with 25 ml acetic anhydride wib%
catalyst of postassium acetaBHCO:K). The suspension was heated at a temperature
of105 AC f o contéwubstireng i ihd sbxhletapparatusTo decanthe
untreated acetic anhydride, the suspension was successfully cemnti3ftigees with
acetone andinally with distilled water. The obtained CNFwere dried at room

temperature.

2.4 Creation of nanocellulose reinforced adhesive

CNF (cellulose nanofiber) and CNC (cellulose nanocrystal) 0.5w%, 1w%, and 2w%
were mixed in PVAc (polyvinyl acetate) and PUR (polyurethane) adhegivakigh-
speechomogenizerT 18 digital ULTRA - T UR R A X E -Wekke\ Staufen, Germany
followed by sonication SONOPLUS HD 3100, Berlin, Germany. One part of
nanocellulose suspension was added to two parts of PVAc and PUR adhesive mixed

thoroughly withs high-speed homogenizer followed by sonication.
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3 Methodology of mechanical testing

All dowel, finger, and dovetajbint specimensvere conditioned and kept at 12%
moisturecontent before and during the testing tifibe calculationwvas performed
accordingto ISO 130611 (2014) and the density of the specimen was evaluated
pursuant tdSO 130612 (2014).A universal testing machine TIRA 50 (TIRA System
GmbH, Schalkau, Germahwas used to measure the elastic stiffness of corner joints
by applyinga compresive andtensileload Figure 6 shows the experimental testing

of corner jointsandtheir mountingin the testing machine

A) B) C)

-

Figure6A) Test sampl e att ached?201L8) B)tGhoenetry af Mint§ ubdeb
compressve load; C) Geometry of joints under tensile load (Kamboj et al. 2020)

Figure 7 Shear test sample attached to the UTM (Universal testing machine) wi

video extensometer
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Shear lap joinsamples were tested under loading according to EN2P03. The test
specimenwas loadedwith avi deo extensometer (I NSTRONE
USA) at a constant speed 5 N 0 . 5 aceomihgmdtha data for the maximum

force acquired by a computas shown irFig. 7.

3.1 Calculation of results

The samples were subjected to bending moment underetemsll compresse force
perpendicaular to the direction thfe moment armThe effect of the individual factors

and their interaction on the elastic stiffness were ascertained with an analysis of variance
( ANOVA) and -Tési sioghSTATESBESTIEA 14Statoft Inc; Oklahoma,

USA). The elastic stiffness was calculatesited on thefollowing equations:

F-force [N, n2iarm | ength (distance of fmpjointe fror
angl e bef or e-jdinbaagtkiafterjoading [aad]]iGorcelarm from original
shape [m], aarm spacing [m],-cdisplacement [m]

The angul ar def otedamdrdingto: 4G was cal cul a
Q=@ T4 (1)

Deformation limit:

Thisindicates the maximum angular deformation at the maximum resistatiegant.

Pmax = Pp + Pamax (2)

d maixangular deformation dhe ultimate limit [rad]

After the specimens afeaded a generaltangl e i s f ormed and its
expressetvithKosi ndés t heor em:

a
a? = b + 2 —2bccosa
2beccosa = b* + % — a°
bZ_CZ_aZ
cosa =
2bc (3)
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The mathematical modification produces tbkowing formula:

bZ2—¢c2—q

2be 4)

2

a = arccos

Results value in the form:

Pq = arccos r'12+r22—[a—c)2
d 2rry (5)

The shoulder is defined by the side and conteatgeieral traingle:

_ 2=5

b= (6)

1
S = > r1 1, Sin@p ()
The mathematicamodel produces thi®llowing formula:

1 Tasingy
[, = 22

a (8)
The strength properties were examined for tbsted structural jointeandthe bearing
capacitywascalculated according to the following formulas. Hee of the arm or the
distance between the holes was 195 mm for all the samples. The bending moment was
calculated using the following formula:

Bearing capacity upthee | ast i c | i mit ( a&M)
AM = AF * L, (9)
Wher e-beeMidi ng moment -ftolceachapge [N], N-hahe]distanee F
[mm]
&eF 1s the deviati on of stresesgaintiagram &t galuese s r e
between 10% and 40% of the maximstrength. The resistance of the elastic limit of
the joints was calculated for the elastic area. Calculation of the maximum bearing
capacity (M):
M =Fa *x* Ly (10)

M-mo ment [ dx-naximum forc&[N], b -hole distance [mm]

We detemined the resistance of the structural joint to the external vatbehebearing

capacity. The bending moment exmesthe maximum bearing capacity of the joint.
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Elastic stiffness (das)

AM
Cotast = —
elast Ag (ll)

Celast- €lastic stiffnres§ Nm/ r a-dble,n deeM g mo meangulard&armmajion &l

maximum stiffness (c)

C:Mmax

Pmax (12)

Celast - €lastic stiffness [Nm/rad], Mx ma xi mum bendi ng mgment

maximum angular deformation [rad]

Stiffness is indicatie of some degree of change induced by the fraction of external force

during elastic deformation that affects the entire body.

3.2 Numerical calculation based on the experiment results

The rumerical calculationwas performedbased on experimental results iavétail

joints, which were performed by applying the Abaqus v.6.16 software (Dassault Systems
Simulia Corp., Waltham, Ma, USA). In genera@ linear hexahedron type C3D8R
element was used (about 120000 elements and 90000 nodes per model). Therbehavio
of the glue line was modelled with the help of the Cohesive Zone Model (CZM) by
means of standard COH3D8 cohesive elements shown in2able jpint armwas
described as an orthotropic body ascerliisgnaterial propertieasshownin Table3.
Figure 8 MODEL_FEM presers amesh model and orientation Bbresin the local

coordinate system (X,Y,Z2).

Figure 8 Meshing with fibre orientation in alocal coordinate system
(Kamboj et al. 2020)
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Table 2 Elastic properties of wood(Smardzewski.J 2008)

Elastic Beech | *Spruce
Properties/Type
of wood (MPa)
ELx 14100 16600
Er@ 2280 1117
Erv 1160 583
3 LR(x2) 0.45 0.42
3 LT(XY) 0.51 0.51
3 RT(zY) 0.75 0.68
31r(2) 0.36 0.31
3RrRLZY) 0.075 0.038
31Lvx) 0.044 0.015
GLrxz) 1645 1181
Grxy) 1082 693
Grrzv) 471 70

Where Ei Modulus of elasticity (MPa), & Shear modulus (MPa), asd Poisson
ratio inthelongitudinal (L-X), radial (RY) and tangential (iZ) direction.

*Note T Becauseheelastic properties of pine woodewenot accessible, the elastic
properties of spruce woodereused instead for numieal calculation because of their
comparable properties

Table 3 Elastic properties ofthe glue line (Smardzewski. J. 1998, 2002)

Glue E (MPa) Poisson ratio
PVAC 460 0.3
PUR* 820 0.3

*Note i Due tothe nonavailability of elast properties fothe PUR glue linethe

UF value was used for numerical calculation

3.3 Scanningelectron microscopy

Wood samples were attach&al cylindrical aluminum mounts with silver paint (SPI
Products, West Chester, Pennsylvania, USA) or destiitk carbon tape (Ted Pella,
Redding, California, USA)lmages were obtained witahMIRA3 LMU (Tescan, a.s.,

Brno, Czech Republic) scanning electron microscApeaccerlerating voltage of 0.8kV

and a beam current of about 6ps&reused forvisualisation of theresults.

3.4 Fourier transform infrared spectroscopy
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Fourier transform infrared spectroscopy studieseperformedwith anFTIR-ATR
spectrometer Nicol et Befofanalgsisanplesofpur€z e c h
adhesive and nanocellulose reinforced adhesieeewried adequately at room
temperature for two day3he obtained samples weaaalysed in a transmittance

rangeof 4000- 500cm™.

3.5 Statistical evaluation

Duncamsest, with a significancadwmtethergsalls of U
and their interactionsBased onthe significance leveld§ this test determiens
whether the observed factor is statidticaignificant. According to the value of P,

the monitored factor is evaluated.

1 P = 0- the probability that the factor does not act is zero

1 P <0.05 the influence of the factor is statistically significant

1 P =0.05 the influence of the factor is onetborder of statistical significance
)l

P> 0.05- the effect of the factor is not statistically significant
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4 Synthesis of results

This chapter presemtthe summary results of the dissertation publishedain
professional publication during the doctostéildy. The PhD dbssertation consists of

five articles: four firstauthor aricles and one second author article. Two first author
article and one second author article have been published and two first author articles
are in the form of manuscript, one submitted and second in the process of
submission The first part of the results focuses thie effect of geometrywood
species, adhesive typa theelasticstiffness of corneFinger, Dowel, and Dovetail

joints (section4.1). The second paghows theeffect of cellulose nanofiber and
cellulose nanocrystals reinforcement on the strength and stiffness of@adARUR
adhesivebonded joints (sectiofh.2).

The mechanical properties of wood joiateinfluencedin various wayssuch as by
the joint geoméry, wood species and wood adhesive. Appropriatecsen of
geometry adhesive and combination with different wood species can allow the
change in the properties of wood jointisereby creating wood joints with specific

desired properties

Article no.1 (Kamboj et al., 201Pshowsthat the finger joints used to eliminate
wood defects that would cause the weaken the vjmiatl strength. This research
shows thatvood speciegspruce and beechadhesive type@PVAc and PUR)and
the number of teeth2 ard 5) affect the elastic stiffness of finger jointsnder
compressie and tensile loadThe highest elastic stiffness value was obtaimed
beech wood samples with 5 teatthich were30% highethanthat of2 teeth bonded
with polyvinyl acetate adhesi@®VAc) under tensile loadlhe studyshowedthat

elastic stiffness increased witte number of teeth in finger joints.

Article no. 2 Z § b o etsilk 2018Wwhere we concluded thgbints are the critical
structure part of furniture. When designing the furniture it is imporatnt to consider
the type of joint careful that can hold the joined elements togetineder loading
condition.In this study, elastic stiffness of spry&gcea abies Lywood dowel joints
bonded with polyvinyl acetat@PVAc) and polyurethane adhesi\@UR) were
investigated. The effects of other selected factors such as loading typegssiom

and tensile), thickness of dowel (1/2 and 1/3) used, and the annual ring deflection
were examined.The impact of annual ring was notsignificant factor. The

maximum average elastic stiffness was obtained fthicknesgoints bonded with

35


https://www.researchgate.net/profile/Vladimir-Zaborsky?utm_content=businessCard&utm_source=publicationDetail&rgutm_meta1=AC%3A15206240

PUR adksive under compressive load and the minimum elastic stiffness was
reached in the samples with 1/3 thickness joints bonded with PVAc adhEseve.
average elastic stiffness for PUR bonded joints was approximately twice than
average value of PVAc bondednts. Thehigher glued surface aréacreaseshe
elastc stiffnessf wood joints It is thereforamportant to carefully consider the type

of joinery usedin furniture design

Article no. 3 (Kamboj et al., 2019) gives an overview of the elastic stifofapsuce

(Picea abiesL.) and beech(Fagus Silvatica wood dovetail joints bonded with
polyvinyl acetate PVAc) and polyurethane RUR) adhesive by experimental and
numerical calculationsThe mechanical properties were determined according to the
grain drection loaded under compressive and tensile IBaderimental results are
indicated that under compression load beech wood joints bonded with polyvinyl
acetate (PVAc) adhesive had maximum elastic stiffness. Futtheredict the
stiffness of dovetail jmts under compressive and tensile lcmdumericalmodel

using finite element method (FEM) was developed based on the experimental results
by the Abaqus progranh cohesive zone was developed with the help of numerical
model, which shows stress behaviadar compression and tensile loAdpositive
correlation was found between the numerical model and experimental study.
Experimental results shows that beech wood joints bonded with PVAc adhesive had
higher elastic stiffness as compared to PUR, on the sttle spruce wood joints
bonded with PUR had higher elastic stiffness than P\TAe.numerical results also
confirmed the similar results as in experimental for beech and spruce wood joints
under compression load. However the results are opposite undée tead.The
distribution of stress s very i mportant i nformation
experimental studies. The numerical model helps to provide the location of stress in
joints and precisely identified that the stress in compression recoaetigher as

compared to the tension.

Article no. 4 (Kamboj et al., 2022 manuscripi@monstrates that theffect of
cellulose nanofiber (CNF) and cellulose nanocrystals (ChéYorced polyvinyl
acetate (PVAc) adhesivan theelastic stiffness and shestrength é spruce(Picea
abiesL) and beecHFagus sylvaticawood joints. This study presents with three
differentconcentratior(0.5%, 1%, and 2% w/w)f nanocellulose (CNF and CNC)

reinforcedwith PVAc adhesive. The reinforced adhesive was usedu® gpruce
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and beech wood joints to determine joint stiffness and shear strength under static
load. Samples were tested at 12% moisture content and @afeemoisture cycle
condition (819%). The addition of nanocellulose (CNF and CN@3reased the
elasticstiffness of joint as well asnprove thebond quality. The bond morphology

was studied by SEM (scanning electron microscope). The addition of nanocellulose
improved the bond line at 12% moisture content and after moisture cycle exposure
and thereby impned the mechanical propertiel this study CNF and CNC
dispersion in PVAc was achieved by premixing nanocellulose with veatdr
subsequently, mixing the suspension with P\Miich caused the dilution of PVAc.
Despite this, the results are quite encgirg. The optimum elastic stiffness and

shear strength value were achieved with 1% addition of nanocellulose.

Article no. 5 Kamboj et al., 2022 manuscr)pshows acomparative stug of
cellulose nanofiber (CNF) and cellulose nanocrystal (CNC) reinfoice®UR
adhesive bonded spruce and beech wood jointsthis study, nanocellulose
reinforced adhesive wasepared by mixing the modified cellulose nanofiber (CNF)
and cellulose nanocrystals in -RUJR adhesiveThe chemical modification of
cellulose nanfiber (CNF) focused on the compatibilization with PUR adhesive
matrices to improve the interfacial adhesidhereinforcement of nanocellulose in
hydrophobic polymer is difficult, therefore the dification of the nanocellulose
consideed with acetylationmethod.Three concentration (0.5%, 1%, and 2% w/w)

of CNF and CNC were considtin this study. The different concentration of CNF
and CNCaffected the tensile properties at 12% moisture content and after moisture
cycle condition (8-19%) were studied. FTIR (Fouriertransform infrared
spectroscopy) and DSC (Differential scanning calorimeter) analyses showed the
molecular interaction between nanocellulose and PUR adhd3B€. analysis
shows he glass transition temperature increased for all the nanocdegosi
compared to the PUR adhesiy¥anong the three concentration (0.5%, 1%, and 2%)
concentration of nanocellulose (CNF and CNC), 1% addition was found the optimum
for elastic modulus and shear strendthrther addition of nanocellulose content,
will lead to asignificant drop in elastic modulus and shear strer§f#M (scanning
electron microscope) analyses shows the morphology of bond line, and nanocellulose
reinforced adhesive ralative improvement on the botide with the good
dispersion of CNF and GBlin PUR adhesive.
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4.1 Effect of geometry, wood species, adhesive type on the elastic

stiffness of corner finger, dowel, and dovetail joints

4.1.1 Influence of Geometry on the Stiffness of Corner Finger Joints

Published as:

Kamboj G, Z§&bor sk bfgaometrgadn the stifiness df eoinér fingem ¢ e
joints. BioResources. 2019 Feb 25;14(2):28406
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Influence of Geometry on the Stiffness of Corner Finger
Joints

Gourav Kamboj,* Vladimir Zaborsky, and Tomas Girl

Finger joints enable the full utilization of wood. The finger joint technique
is used to eliminate wood defects that would otherwise weaken the wood
strength. This research project evaluated how the wood species,
adhesive type, and number of teeth affect the elastic stiffness of finger
joints. The adhesives used were polyurethane and polyvinyl acetate, and
the wood species were beech (Fagus sylvatica L.) and spruce (Picea
abies L.). This study also determined the elastic stiffness of finger joints
with 2 teeth and 5 teeth. For this purpose, the samples were loaded via a
bending moment reaction, with tensile or compression forces in the
angular plane. The highest elastic stiffness was obtained from the beech
wood samples with 5 teeth bonded with polyvinyl acetate adhesive under
tensile stress. Therefore, it was concluded that the elastic stiffness
increased when the number of teeth increased. However, further studies
on the elastic stiffness of finger joints are necessary in relation to the
finger teeth length and surface area of the glue between the finger joint
connections.

Keywords: Wooden construction; Finger joint; Mechanical loading; Elastic deformation; Elastic stiffness

Contact information: Department of Wood Processing, Czech University of Life Sciences in Prague,
Kamycka 1176, Praha 6 - Suchdol, 16321 Czech Republic; *Corresponding author: kamboj@fld.czu.cz

INTRODUCTION

Joints fulfill important structural, technological, and operational-aesthetic
functions in furniture construction. According to the available literature (Eckelman and
Lin 1997; Smardzewski and Prekrad 2002; Eckelman 2003), joints in general are the
weakest part of a given furniture piece; therefore, furniture durability depends on their
quality. Structural design involves choosing the dimensions of load-bearing members and
modelling the load-bearing structure according to the requirements set for the material
resistance (Bustos ef al. 2003; Crocetti ef al. 2011).

Finger joints are commonly used to produce engineered wood products from short
pieces of lumber. Such joints must have excellent mechanical performances. This jointing
method is said to be an opportunity for mills to upgrade waste lumber and improve the
return on low-grade lumber because of the considerably higher dimensional stability that
occurs when drying shorter lumber, such as by delivering quasi-deliberate lengths and
coping with decreasing log lengths in sawmills. Therefore, finger jointing is an ideal
method for improving the efficiency and profitability of sawmills. Additionally, finger
joints have been used for many years. In Canada and the USA, finger-jointed lumber is
widely used for the fabrication of construction lumber or components of engineered wood
products, such as a flange stock for a wood I-joist (Hernandez er al. 2011). This joint 1s
also used in the automotive industry for wooden steering wheels and wooden wheel
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spokes. Foremost, the application of finger jointing allows for the removal of strength-
reducing defects.

Several researchers have investigated the effects of the glue line thickness on the
strength of finger joints (Groom and Leichti 1994; River 1994). They found that it 1s
necessary to conirol the glue linge thickness to produce a sirong joint. Using an mereased
glue area has produced a product with high engineering properties (Bustos er al. 2011).
High strength finger joinis require a maximized bonding surface area (Franke er al.
2014). An increase in the finger length resulied in an inecrease in bonding or contact with
the finger surface. Ayarkwa ef all (2000) concluded that the effecis of increased glue joint
surface area also influenced the modulus of rupture of finger-jointed members.
Polyurethane (PUR) adhesives provide interesting characterisiics because they produce a
high sirength bond and cure at ambient conditions. Therefore, it was hypothesized that
PUR adhesives are a viable alternative for wood finger joints (Verreault 1999; Chen and
Walworth 2001; Lange ef al. 2001). Murphey and Rishel (1972) explored the possibility
of adopting finger jointing technology with polyvinyl acetate (PVAc) adhesive for use in
furniture production, and it was found that such joinis can replace mortise and tenon or
dowel joints in furniture.

Finger joints have been shown to be suitable for use in connection with wood
trusses, corner and multiple member furniture joints, laminated beams, and truck decking,
as well as a variety of other structural and non-structural applications. Proof loading of
end-jomnted matenals has been implemented in many instances to eliminate substandard
joints. One aspect that 15 eritical to the performance of finger joints during service is the
overall geometry of the joint.

The purpose of this study was to compare the elastic stiffness of finger-jointed
spruce and beech wood with either 2 teeth or 5 teeth and varying adhesive types (PUR or
PVAc) under different loads (compression or tension). This study was the initial step to
determine the elasue stiffness for different numbers of teeth in the finger jointing process,
which will help the beech and spruce wood product indusiry o optimize their finger
jointing methods.

EXPERIMENTAL

Materials

Beech (Fagus sylvatica L.) and spruce (FPicea abies L) lumber was used io
produce test specimens. The lumber came from the woods near Spifska Nova Ves in
Slovakia, which was where the basic test specimens were also prepared. The planks were
first shortened for machining and then were thickened in a jointer and cut into precise 60-
mm (58-mm) * 20-mm cross sections for the test specimens. The planks were then
shortened to 215 mm. The basic dimensions of the test specimens were 60 mm (58 mm)
* 20 mm * 215 mm, and there were 320 specimens. This was followed by milling of
straight fingers using a planer milling machine (Profijoint, Grecon, Kopfivnice, Czech
Republic). Either 2 teeth or 5 teeth were milled. Holes with a 10-mm diameter for
subsequent fastening to the test machine were created using a rack drill. A diagram of the
test specimens before gluing 1s shown in Fig. 1.

The joints were glued using two different adhesives, (PVAc) AG-COLL(EOC,
Oudenaarde, Belgium) 8761/L D3 (EOC, Oudenaarde, Belgium) and (PUR) NEOPUR

Kamboj et al. (2018). “Geometry of finger joints,” BioResources 14(2), 2046-2060. 2947

40



bioresources.com

2238R (NEOFLEX, Madrid, Spamn) . Detailed parameiers of these adhesives are shown
in Table 1. In both cases, the adhesive was applied to all of the joint surfaces using a
brush and followed the curing conditions given in the techmcal data sheets. To achieve
the required pressing pressure, a manual joiner brace was used. The test specimens were
then allowed to harden.

PEER-REVIEWED ARTICLE

Fig. 1. Dimension of the test specimens

The glued specimens were placed in a climatic chamber that was set to a
temperature of 20 °C (+ 2 °C) and humidity of 55% (+ 5%), so that the final moisture
content of the material was 10%, as was established by CSN EN 942 (2007) for wood
used inside heated buildings.

Table 1. Parameters of the PVAc and PUR Adhesives

Technical Data for Adhesive AG-COLL 8761/L D3 MEOPUR 2238R
Viscosity (mPa) 5000 to 7000 at 23 °C 2000 to 4500 at 25 °C
Working time (min) 15 to 20 60
Density (g/cm3) 089to11at23°C ca. 1.13
NCO content (%) - ca. 155t 16.5
Color White, milky Brown

Open time {min) 15 ca. 20 to 25

Dry matter content (g) 40 to 51 100

pH to 4.5 -

Methods

The climatized specimens were subjected to strength tests. The specimens were
loaded with compression or tensile stress in the angular plane, as is shown in Fig. 2.
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M

Fig. 2. Test specimen loading

The testing was performed on a UTS 30 universal testing machine (TIRA,
Germany), which was designed for testing the mechanical properties of wood and wood-
based materials. The values were recorded by the TIRA program (TIRA System GmbH,
Schalkau, Germany). This program was also used to set the loading speed so that the test
was performed properly according to the 90-s (£ 30 s) standard. The loading speed
ranged from 9 mm/min to 12 mm/min. The machine recorded the applied force and load
head displacement. It also recorded the tests graphically and numerically. To clamp the
specimens into the testing machine, a clamping tool was used according to the
methodology by Podlena and Boriivka (2016), which they used to test window frames.
Each specimen was weighed and recorded with a digital scale afier testing.

The momtored factors (F1 through F4) are given in Table 2. The test specimens
were divided into 16 sets, according to the individual parameters, and the effects of the
individual factors on the suffness of the joints were monitored. Each set contained 20 test
specimens.

Table 2. Categorization of the Observed Factors of the Test Samples

Factor 1 = Wood Species Factor 2 = Type of Glue
Beech Spruce PVAC PUR
Factor 3 — Number of Teeth Factor 4 — Type of Loading
2 5 Tension («— —) Compression [— «—]

A bending moment was generated in a specimen during loading and the tesi
continued until the specimen broke. The bending moment was used to calculate the
elastic stiffness, and the stiffness at the maximum load was caleulated using the following
equations (Egs. 1 to 3). The ouiput of the test was a stress-strain diagram with data on the
dependence berween the force and resulting deformation (load head displacement). The
force and deformation at 10% and 40% of the vield strength of the joint were also
recorded.

The essential characteristics of the wood include the density at a given moisiure
content, which was determined according to ISO 13061-1 (2014). The density was
calculated for the entire specimen together. Afiter testing, the density was immediately
determined for the entire specimen at a given moisture content in accordance with CSN
49 0108 (1993), using Eq. 1,

P = % (1)
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where p. is the density (kg.m™) at the given moisture content w (%), m is the weight
(kg) at the given moisture content w, and F, is the volume of the specimen (m®) at the
given moisture content w.

The moisiure content (w) of the climatized specimens was determined in
accordance with CSN 49 0103 (1979), using Eq. 2,

w = ""_T0 y100% (2)

g

where mq 1s the mass (weight) of oven-dry sample (kg).

To calculate the bending moment induced in the test specimen, the length of the
arm (Fig. 3) needed to be determined, which was done using Eq. 3,

l, = acos45 (3)

where o 1s the length of the arm (m) and a is the length of the hypotenuse of the nght
triangle formed (m).

Fig. 3. Scheme of the length calculation

The bending moment induced in the specimen was caleulated according (o Eqs. 4
and 5,

M = Fi, (4)
AM = AFl, (3)

where F is the maximum applied force (W), M is the maximum bending moment (Nm) at
the maximum load F, AF is the difference in the forces (W) for the 10% and 40% loads,
AM 1s the difference in the moments (Nm) for the 10% and 40% loads, and [y represents
the force applied to the vertical arm of tested joints.

The force applied to a specimen caused it to deform to L”. Tensile stress causes it
to elongate, and compression siress causes the specimen to shorten. Diagrams of the
deformation of the specimens are shown in Fig. 4.
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Fig. 4. Deformation of the test samples during loading

If there 15 a change in angle (y'), which clasps the arms of the test specimen, this
change can be calculated in radians according to Eq. 6,
# _ - I-_‘
¥ = 2arcsin = (6)

where y 15 the size of the angle (rad) that 1s clasping the arms of the fest specimen afier
loading and L is as the length of the support span (m) when the force 1s applied.
The size of this angle was expressed according to Eq. 7,

nrad = 180° (7)
The difference in these angles was used to caleulate angular displacement according o
Eq. 8,

Ay = 90 + ¥ (8)

Stiffness i1s the resistance of a structure to deformation (Joiéak e al. 2015), and 1t

was calculated as the ratio of the bending moment to the angle change caused by this
moment, as shown by Egs. 9 and 10,

Conax = I::: (9
AM
Celam = ; {lﬂ}

where Cpax 15 the maximum stiffness of the joint (Nm/rad), My, 18 the maximum
bending moment (Nm), Jma 15 the angle (rad) caused by My, Celas 15 the stiffness of the
joint in the elastic region (Nm/rad), AM is the difference in the moments (Nm) at the 10%
and 40% loads, and Ay 1s the change in the angles (rad) at the 10% and 40% loads.

RESULTS AND DISCUSSION

The highest elastic stiffness was obtained with 3 teeth joint of beech wood (3254
MNm/rad) bonded with PV Ac adhesive under tensile load, and the lowest elastic stiffness
was found with 2 teeth joint of spruce wood (1279 Nm/rad) bonded with PVAc adhesive
under compression load. The data for the beech and spruce wood samples with different
numbers of teeth, load types, and adhesive types 1s shown in Table 3.
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Table 3. Density and Stiffness for the Individual Sample Sets

Sf;;gﬂ Adhesive Type|Number of Testh| Type of Loading ?;2;:3"’; EIE?:&;SI,.[[EIELF;ESS ]
Spruce PVAC 2 Compression | 378 (7.7) 1279 (15.6) 20
Spruce PVAC 2 Tension 355 (4.6) | 1495(11.1) | 20
Spruce PVAC 5 Compression | 376 (7.8) | 2057 (17.4) | 20
Spruce PVAC 2 Tension 376 (5.5) 1863 (19.6) 20
Spruce PUR 2 Tension 369 (7.3)| 1454 (19.3) | 20
Spruce PUR 2 Compression | 378 (6.5) | 1416(19.4) | 20
Spruce PUR 5 Compression | 394 (7.4) 1977 (13.3) 20
Spruce PUR 5 Tension 416 (8.6) | 2096 (14.5) | 20
Beech PVAC 2 Compression | 688 (4.6) | 2483 (14.2) | 20
Beech PVAC 2 Tension 678 (3.8) 2511 (17.4) 20
Beech PVAC 5 Compression | 679 (6.2)| 31s0(18.2) | 20
Beech PVAC 5 Tension BBT (5.3) | 3254 (16.4) | 20
Beech PUR 2 Compression | 731 (4.1) 2456 (17.2) 20
Beech PUR 2 Tension 670 (5.5)| 2617 (18.4) | 20
Beech PUR 5 Compression | 644 (6.2) | 2996 (19.2) | 20

Beech PUR ] Tension 630 (7.3) 3083 (11.4) 20
Walues in parentheses are coefficients of vanation (CV) in %.

Table 4 shows the results of the four-factor analysis of variance (ANOVA) and
Fisher's F-Test with STATSTICA 12 software (Statsoft Inc; Oklahoma, USA) that
evaluated the influence of individual factors on the joint stiffness and the interaction of
all of the factors together (F1 through F4). It was clear from the P-values that the wood
species, number of teeth, and loading type were statistically significant factors for the
one-factor analysis. The effect of the adhesive type by iiself was not significant, but n
combination with the other factors, its effect was significant. The four-facior analysis
revealed the statistical significance of the interaction of the monitored characteristics.

Table 4. Statistical Evaluation of the Factors Influencing the Elastic Stiffness

. Sum of Degree of . , . Significance
Monitored Factor Sequares Fieedain Variance Fisher's F-test Povalie
Intercept 817521787 1 817521787 16142.56 o
1) Wood Species 49457268 1 49457268 1097 .56 e
2) Adhesive Type 328 1 329 0.01 NS
3) Number of 14307412 1 14307412 317.51
Testh
4) Type of 209710 1 209710 465
Loading
1*2*3%4 242470 1 242470 538 e
Error G485781 144 45061
The respective model explains roughly 69.9% of the total sum of sguares; NS - not significant,
*** . significant; significance was accepted at P < 0.05
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The wood species had an effect on the elastic stffness, and on average, the beech
joint exhibited a 65% greater elastic stiffness than the spruce joint (Fig. 5A). This also
demonsirated the higher elasticity obtained from the beech wood samples bonded with
the PVAc adhesive (Ozgifei and Yapici: 2008). The elastic stiffness of the joints bonded
with the PUR adhesive was 0.12% higher than that of the joints bonded with the PV Ac
adhesive (Fig. 5B). Ziborsky er al. (2018) found that there was also a small difference in
the bonding factor for dowel joints.

Figure 5C shows the influence of the number of teeth on the elastic stiffness. The
5-tooth joints exhibited a 30.4% higher clastic stiffness than the 2-tooth joints. This
meant that the elastic stiffness increased with an increase in the number of teeth in the
finger joint. This result corresponded to the resulis of other researchers (Selbo 1963;
Bustos ef al. 2011; Franke ef al. 2014). The test specimens subjected to tensile stress
exhibited a 3.27% greater elastic stiffness on average than the specimens subjecied to
compression stress (Fig, 3D).

Figure 6 illustrates the effective mieraction of the individual factors on the elastic
sliffness with a particular effect from the wood species, adhesive type, number of teeth,
and load type. Under compression stress, the elastic stiffness of the spruce wood was
49.7% higher with a 5-tooth joint when compared with a 2-tooth joint (Fig. 6), while a
25% higher elastic stiffness was found for the beech wood. When comparing the elastic
stiffness of 5 tooth joint of spruce wood, it was found that the elastic suffness of joinis
bonded with PV Ac adhesive was 4.04% higher than the elastic stiffness of PUR adhesive
with the same type of joints. In contrast, when subjected 2 tooth joints with spruce wood,
the type of the joint exhibited higher elastic stiffness bonded with PUR adhesive; the
values were 10.7% higher than bonded with PV Ac adhesive with the same type of joint.

(A) (B)
3200 2450
o 3000 | ‘E 2400 T -
E ]
E 2600 E 2350
= 2800 | [
= £ 2300
w 2400 | -
£ - E 2250
B a0 = 2200
% 1800 E 2150
i 1600 ) E 2100 =t 1
1400 2050 . ]
Spruce Beach Pyag PUR
Wood Species Adhesive Type
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Fig. 5. Graphic visualization of the effect of the wood species (A), adhesive (B), number of teeth
{C), and loading (D) on the elastic stiffness
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Fig. 6. Graphic visualization of the influence of the wood species and adhesive type on the elastic
stiffness while under compression stress for (A) 2 teeth and (B) 5 teeth

Another finding was that the elastic stiffness of beech wood with 5 tooth joints,
bonded with PV Ac adhesive was 5.14% higher than the elastic stiffness of joint bonded
with PUR adhesive with the same type of joints (these results were notably demonstrated
in joints subjected to compressive stress).

When placed under tensile stress, the elastic stiffness of the spruce wood was
34.2% higher with 5 teeth than with 2 teeth (Fig. 7). The elastic stiffness of the beech
wood was nearly 24% higher with 5 teeth compared with 2 teeth, under both stresses
(compression and tensile). The adhesives used in this study had a shght effect on the
elastic stiffness. Hemmasi ef al. (2014) found in previous studies concerning a 10-mm

Kamboj et al. (2019). “Geometry of finger joints,” BioResources 14(2), 2046-2960. 2954
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oak wood finger joint that the PV Ac adhesive did not cause any serious change in the
studied elastic properties of the beams. Under tensile load, the elastic stiffness of 5 teeth
joints have interesting results. In case of spruce wood, the elastic stuffness of joints
bonded with PUR was 12% higher than the joints bonded with PV Ac adhesive. On the
other side, the trend was opposite in beech wood; the elastic stiffness of joints bonded by
PVAc adhesive was 5.7% higher value than the joints bonded with PUR adhesive. The
elastic stiffness of 2 teeth joints of spruce wood bonded with PV Ac obtained 2.8% higher
elastic stiffness than joints bonded with PUR adhesive and in beech wood, the results
showed that joints bonded with PUR obtained 4.22% higher elastic stiffness than joints
bonded with PV Ac.

Type of Loading: Tension

4000
== Adhesive type  PVAc
3500 | = Adhesivatype  PUR
E 3000
Z
£ 2500
b
@
£ 2000
&
7]
= 1500
L
“" 1000
500
Spruce  Beech Spruce  Beech
Mumber of Teeth: 2 Number of Teeth: 5
(A) (B)

Fig. 7. Graphic visualization of the influence of the wood species and adhesive type on the elastic
stiffness while under tensile stress for (A) 2 and (B) 5 teeth

Duncan’s test made multiple comparisons of all 16 test sample sets against each
other. The results followed the data from the ANOVA test. The resulis of the tesis that
were conducted to determine the importance of the difference between the groups are
shown in Table 5.
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Table 5. Multiple Comparison of the Elastic Stiffness using Duncan’s Test

Adhesive 1‘? Type of Mml@aleml@|o e | o @ | @ || ay | a2 | @3 | d4 | a5 | (e
Type Testh Loading 1279 | 1495 | 2057 | 1863 | 1415 | 1416 | 1977 | 20958 | 2463 | 2510 | 3149 | 3254 | 2456 | 2617 | 2996 | 3083
PVAC 2 Compression

PVAC 2 Tension 0.035

PVAC 5 Compression | 0.000 | 0.000

PVAC 5 Tension 0.000 | 0.000 | 0.052

PUR 2 Compression | 0.149 | 0.434 | 0.000 | 0.000

PUR 2 Tension 0.081 | 0.660 | 0.000 | 0.000 | 0.690

PUR 5 Compression | 0.000 | 0.000 | 0.397 | 0.231 | 0.000 | 0.000

PUR 5 Tension 0.000 | 0.000 | 0.683 | 0.023 | 0.000 | 0.000 | 0.239

PVAC 2 Compression | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000

PVAC 2 Tension 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | D618

PVAC 5 Compression | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000

PVAC 5 Tension 0.000 | 0.000 [ 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | D.000 | O.000 [ D.272

PUR 2 Compression | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0941 | 0.593 | 0.000 | 0.000

PUR 2 Tension 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0126 | 0.262 | 0.000 | 0.000 [ D.123

PUR 5 Compression | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0127 | 0.011 | 0.000 | 0.000

PUR 5 Tension 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | D000 | 0000 | D484 | 0089 [ D000 | 0.000 | D358
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According to Duncan’s test, when considering the interactions between the joint
and stress type, the highest elastic stiffness was obtained from the beech wood sample
with 5 teeth. Beech wood also has a fine nght grain, large medullary rays, and a small
tracheal structure. This may have been a result of the beech wood density because Ors e
al. (2004) reported that the high density of beech wood (0.67 g/em®) increased its
mechanical properties

The results of the correlation analysis (Fig. 8) showed how the individual
characteristics affected each other. The elastic stiffness was highly correlated with the
wood species, wood density, and number of teeth in the finger joints. There was also a
slight correlation with the loading tvpe within the experiment.

CONCLUSIONS

1. For the elastic stiffness, the number of teeth in the finger joint played a significant
role and increasing the number of teeth increased the elastic stiffness. In general, the
elastic stiffness of the 5-tooth joints was 30.4% higher than that of the 2-tooth joints.

2. Comparing the elastic stuffness of the wood species, the spruce wood had a large
variation in the elastic stiffness under both siress types with 2 teeth and 3 teeth, while
the beech wood had nearly the same difference in the elastic stiffness.

3. Both of the adhesives (PUR and PVAc) proved to be nearly equivalent in finger
jointing (2 teeth and 3 teeth) for both wood species (spruce and beech). The elastc
stiffness test results suggested that the PUR adhesive formed a high-quality bond.
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Effects of Selected Factors on Spruce Dowel Joint
Stiffness

Vladimir Zaborsky, Gourav Kamboj, Adam Sikora,* and Vlastimil Borlvka

Joints are used to join furniture parts, and they represent a critical part of
the structure of furniture. The quality of joints is greatly affected by the
accuracy of their execution. When designing fumiture, it is important to
carefully consider the type of joint used so that it can hold all the joined
elements together. Under loading of the joined structures, internal forces
develop, which can lead to failure of the joints. This study investigated the
elastic stiffness of spruce (Picea abies L.) dowel joints. The effects of
selected factors such as the type of loading (compressive versus tensile),
the size of the dowels (one-half versus one-third of the thickness of the
joined elements), the type of adhesive used (polyvinyl acetate versus
polyurethane), and annual ring deflection were examined. Spruce dowel
joints exhibited the highest elastic stiffness values with a higher-diameter
dowel glued with PUR adhesives and subjected to compressive loading.
The impact of annual rings was not a significant factor. Finally, the
reference type joints were compared with other commonly used types,
such as three types of mortise and tenon joints (simple, haunched, and
dovetail).

Kevwords: Furnire joins; Spruce dowel joinis; Elastic sifffness

Contact information: Department of Wood Processing and Blomaterials, Czech University of Life Sciences
fn Prague, Kamyceka 1176, Prague 6 - Suchdol, 163 21 Czech Republic;
* Corresponding author: sikoraa@fld.czu.e=

INTRODUCTION

The joints are the most important parts of wooden structures. These elements
significantly affect the overall behavior of the structure of the joined components. Joints
provide continuity to the member and strength and stability to the structure. Proper joint
design is important so that joints can carry a load safely in service conditions without
excessive deformation or failure (Eckelman er al. 2003). The mechanical strength of a piece
of furniture depends mostly on the strength of its joints. One of the main advantages of
using wood as a structural material 1s that each structural element can easily be connected
with a wide range of fasteners, and the joints may entirely consist of wooden members
(Gaff and Babiak 2017).

The dowel joint is used often in the furniture industry. In this type of joint, a short
wooden rod is inserted into a wooden drill hole for the proper connection. In historical
tmber structures, traditional carpentry joints were used, while wooden dowels fixed the
mutual position of the elements. Dowels are often used as primary connectors in furniture
frames constructed of both solid wood and wood-based composites (Fukuyama er al
2007). However, because wood is hygroscopic, it is common to see the wood dowel
become unfastened in the furniture joint. Drilling dowels uses less energy than milling.
Less waste is created. simplifying the production process and making it faster, as the
necessary profile and holes for the dowels are formed by one machine. This increases

Zaborsky ef al. (2019). “Spruce dowel joint stiffness " BioResources 14(1), 1127-1140. 1127
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manufacturing productivity and reduces production costs.

The dowel joints have some advantageous aspects that may compensate for their
lower strength. Due to their profile and hole formed by one machine, their production is
fast and simple, which increases productivity and reduces production costs. (Efe er al
2003; Hrovatin ef al. 2013; Imirzi er al. 2015). The strength of these joints is somewhat
limited relative to the strength of the joint member, so unless they are properly designed,
they may be the weakest part of the furniture frame. In a furniture frame, dowel joints may
be subjected to axial, shear, tensional, and bending forces (Pizzi ei al. 2004). The
knowledge of the mechanical behavior of these dowel-type connections (the loading
distribution, ultimate strength, and failure modes) is important for their intelligent
application. The complex behavior is governed by several geometric, material, and load
parameters (e.g., wood species, dowel diameter, end and edge distance, space between
connectors, clearance, friction, and load configuration) (Vaziri e al 2010). Some
techniques have been developed to assess the relationship between the parameters and the
mechanical behavior of the connectors and joints in different timber structures ( Albin 1989;
Eckelman 1989, Eckelmann and Rabiej 1985; Loferski and Gamalath 1989; Ozcifci 1995,
Kanazawa et al. 20035; Martins ef al. 2013). Generally, the size of the bending moment and
the stiffness of the dowel joints is affected by the dowel spacing, diameter, and the depth
of the dowel (Warmbier and Wilczynski 2000). Zhang (1991) stated that the optimal
diameter was 8 mm, the optimal depth of dowel embedment in a face member was 16 mm,
and the optimal depth of dowel embedment in the edge member of the comer joints was
25.4 mm. Joint stiffness increases when a greater number of dowels 1s used. Adhesive
bonding technology has played an essential role in the development and growth of
conservation and the repair of timber structures (Gaff ef al. 2016). Better joint stiffness is
achieved with a thicker joint, but this property is influenced by other factors, particularly
the type of adhesive used. Tankut (2007) emphasized the importance of the choosing the
right type of adhesive.

The aim of this studv was to determine the elastic stiffness of spruce dowel joints
under the influence of the selected factors of dowel size (diameters of 8§ mm and 12 mm),
adhesive used (PVAc and PUR), type of loading (tensile and compressive force in angular
plane), and annual ring deflection. The use of the joints was compared with that of the
traditional constructional joint.

EXPERIMENTAL

Materials

Spruce wood (Picea abies L.) was used in the experiment to make the corner dowel
joint (Polana, Slovakia). A diagram of the tested joints is shown in Fig. 1. The cutting was
performed at a moisture content of 10%, relative humidity of 55%, and a temperature of
20 °C. According to EN 942 (2007), CSN 91 0001 (2007), and CSN 91 0000 (2005), the
moisture content corresponds to the equilibrium moisture content of the furniture
components intended for indoor environments. The specimens for mechanical testing were
made from dried lumber using woodworking machines at a vocational school in Spifska
MNova Ves (Slovakia). To connect the joint elements, spruce dowels with a diameter of 8
mm and 12 mm and a length of 50 mm were used.

Zaborsky et al. (2019). “Spruce dowel joint stiffness,” BioResources 14(1), 1127-1140. 1128
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Fig. 1. Structure and dimension of the tested dowel joint

Using & mm and 12 mm drill bits, holes were drilled according to the dowel sizes
and rails. Joints with 8 mm dowels corresponded to a joint thickness that was 1/3 the
thickness of the rail, and 12 mm dowels corresponded with a joint 1/2 the thickness of the
rail. The location of the dowels and their dimensions are shown in Fig. 2.

(A) (B)
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1 717 17 1
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Fig. 2. Geometries of (A) dowel with 8 mm diameter; (B) dowel with 12 mm diameter

Two types of adhesives were used in the joining elements: a single-component,
waterproof polyvinyl acetate adhesive (PVAc) AG-COLL (EOC, Oudenaarde, Belgium)
8761/L D3 (EOC, Oudenaarde, Belgium) and a single-component polyurethane adhesive
(PUR) NEOPUR 2238R (NEOFLEX, Madrid, Spain). Detailed parameters of these
adhesives are shown in Table 1. The adhesives were applied manually to the holes in a
single-sided coating of 150 g/m” to 180 g/m” for PVAg, and 180 g/m” to 250 g/m” for the
PUR adhesive. The test specimens were cold-pressed in manual clamps. Afier the pressing,
the samples were conditioned in a climatic chamber at 20 °C and at a relative humidity of
55%.

Zaborsky et al. (2019). “Spruce dowel joint stiffness,” BioResources 14(1), 1127-1140. 1129
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Table 1. Parameters of the PVAc and PUR Adhesives
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Technical Data for Adhesive AG-COLL 8761/L D3 NEOPUR 2238R
Viscosity (mPa) 5000 to 7000 at 23 °C 2000 to 4500 at 25 °C
Working time (min) 1510 20 &0
Density (glcm3) 09to11at23°C ca. 1.13
NCO content (%) - ca. 15.510 16.5
Color White, milky Brown
Open time (min) 15 ca. 20 to 25
Dry matter content (g) 49 10 51 100
pH to4.5 -

The effects of the annual rings with angles of 45°, 45% to 90°, and 90° were
investipated, as shown in Fig. 3. The effect of annual ring deflection was evaluated
separately from other monitored factors.

(A) (B) (C)
R e — —
\ \‘\ ,::“““-_-:_ —
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\‘a:\hh‘"\-\—y ""_:_:':‘-_-;_-__:_ i

Fig. 3. Schematic of annual ring deflection: (A) 45°; (B) 45 to 90%; (C) 90° (Zaborsky et al. 2018)

A total of B0 joint specimens representing two types of dowel joints were
constructed of spruce wood (Picea abies L.). The monitored factors affected the elastic
stiffness of joints were joint thickness (1/2 and 1/3), type of loading (compressive and
tension) and type of adhesive (PUR and PV Ac). For each monitored factor, 10 samples
were created in each test group. Figure 4 shows the classification of the tested joints.

Methods

All joint samples were conditioned and kept at approximately 12% moisture content
before and during the testing time. These calculations were performed according to 150
13061-1 (2014). The density of the specimens was evaluated per the IS0 13061-2 (2014)
standard. The specimens were obtained in oven-dry state according to ISO 13061-1 (2014).

A universal testing machine TIRA 50 (TIRA System GmbH, Schalkau, Germany)
for compressive and tensile loads was used to measure the elastic stiffness of the corner
joint. This study used the same type of steel clamp that was used in the work of Podlena
and Borivka (2016). Figure 5b shows the experimental testing of the corner joint and its
mounting on the device. Figure 5a shows that the testing samples were loaded by the
bending moment with the tensile and compressive forces applied in an angular plane.
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Compression/Tension

PVAC PUR

1/2 joint thickness 1/3 joint thickness 1/2 joint thickness 1/3 joint thickness

Fig. 4. Classification of the tested half and one third thickness joints

(A) (B)

Fig. 5. (A) Diagram showing the bending moment of tension a compressive load; (B) test sample
attached to the test device

The change in the distance between the dowels of the device was recorded (L -
L") and used to calculate the angle arc-sin function y” (Zaborsky er al. 2018, Warmbier and
Wilczynski 2000). Equation 1 was used to calculate the angular displacement Ay.

Ay=90+7y’ (1)

Zaborsky et al. (2019). “Spruce dowel joint stiffness," BioResources 14(1), 1127-1140. 1131
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Table 2. Basic Statistical Analysis of Density and Elastic Stiffness of Wood Joints

Density (g/cm®)

Elastic Stiffness (Nm/rad)

Type of Thickness | Type of i
Loading of Joints Glue Mean Standard | Coefficient of Mean Standard Coefficient of
Deviation Variation (%) Deviation Wariation (%)
Compressive Third PVAc 0.393 0.019 48 270 104 385
Compressive Half PVAc 0.405 0.018 48 444 a8 221
Compressive Third PUR 0.403 0.011 27 633 156 247
Compressive Half PUR 0.418 0.028 6.8 o921 257 279
Tension Third PVAc 0.411 0.018 4.3 209 53 254
Tension Half PVAc 0.409 0.023 56 309 79 255
Tension Third PUR 0.407 0.028 6.9 545 298 546
Tension Half PUR 0.422 0.022 52 779 195 250
Zaborsky et al. (2019). “Spruce dowel joint stiffness,” BioResources 14(1), 1127-1140. 1132
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Equation 2 was used to calculate the change in torque AM,
AM = AF % Iy (2)

where A F represents the difference between the two forces (N) that was recorded in the
stress-strain diagrams at 10% to 40% of the maximum joint strength, and /v represents the
vertical arm (mm) of the tested joint in the direction of loading force.

The elastic stiffness, c.pn (Nm/rad), was calculated according to Eq. 3 as the ratio
of the change in torque to the angular displacement in radians.

AM
c.-l’..-u ==
Ay (3)
RESULTS AND DISCUSSION

Table 2 shows a statistical analysis of the density and elastic stiffness of spruce
wood joints. For spruce specimens, the average density was 0.408 g/cm?, and the average
elastic stiffness was 514 Nm/rad, which is lower than that of the beech dowel joint at 940
Nm/rad (Zaborsky ef al. 2018). A relatively large variation coefficient, as was observed,
that can be explained by undetected defects in the wood structure. The maximum elastic
stiffness was reached in samples with a half-thickness joint bonded with PUR adhesive
under compressive loading (Table 2), which is nearly the same result as that obtained by
Jivkov (2002) for 25 mm particle board with a half-dowel thickness joint under
compressive loading (Derikvand and Ebrahimi 2015). The thickness of the joints also had
an important impact on the stiffness of the joint; the stiffhess of the joint increased as the
diameter of the dowel increased (Zaborsky er al. 2016).

Table 3 presents the results of the four-factor ANOV A test that evaluated the effect
of individual factors and their interaction on the elastic stiffness of the joints. It was clear
from the significance level p-value that the thickness of the joints and type of glue were
statistically significant factors for the one-factor analysis.

The effect of the loading type in itself was not shown to be statistically significant,
and in interaction with all the other factors its effect was insignificant according to the
significance level p-value.

The elastic stiffness was affected by the type of loading, thickness of samples (half
versus one-third joints), and type of adhesive (PVAc or PUR). The samples were tested
under a compressive test, which showed 23% greater elastic stiffness (Fig. 6a) than the
tensile loading test. As shown in Fig. 6b, the half-thickness joints exhibited approximately
32% higher elastic stiffness than the one-third thickness joints, whereas in the results for
the beech wood, the half-thickness dowel joints had 66.6% higher elastic stiffness
compared to the joints with one-third thickness (Zaborsky e al. 2018). For adhesive type
(Fig. 6¢), the elastic stiffness of joints bonded with PUR adhesive and tested with both
types of loading (compressive and tensile) and both types of joints (half thickness and one
third thickness) was 133% higher than that of joints bonded with PV Ac adhesive. Figure
6d shows that the elastic stiffness was affected by the growth ring direction, and higher
stiffness was achieved with intermediate annual rings, but we can see that there wasn’t
statistical significant difference.

Zaborsky et al. (2019). “Spruce dowel joint stiffness,” BioResources 14(1), 1127-1140. 1133
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Table 3. Multifactor Analysis of Variance for Elastic Stiffness of Wood Joints

Sum of Degree of . Fisher's Significance
Monitored Factor d Variance g 1
Squares Freedom F-test Level
Irfarcapt 1532352 1 18532352 530 827 P <001
1 - Type of icading 172458 i 172459 55373 P = .07
2 « Thickness joint 553627 i 553622 17.7714 P <001
3 « Type of glue 2584208 1 2504768 832773 P <01
4 - Desflection of anrual rings 73003 2 JE0aT 11876 P =031
12 20840 1 0540 06553 P =042
13 9887 1 cae7 03174 P =0.58
>3 BG5S i BE165 a2 P=iid
i%4 143354 2 Tigaz 23010 Pl
24 75435 2 37967 12184 P = .30
34 21054 2 105182 33764 P =004
1°2+3 2078 1 walE 03902 P =057
12244 28353 2 24181 07762 P =047
1344 54513 2 27456 08814 P = (.47
34 24500 2 72444 07205 P = (.49
127004 I018 2 15509 04578 P = 61
Errce 1744534 i 31152
! Significance was accepted at P < 0.01
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Figure 7a shows that with the compressive loading test, the half-thickness joints
had approximately 51% higher elastic stiffness than the one-third thickness joints. The
effect of the half-thickness joints showed higher elastic stiffness under both types of
loading. The elastic stiffness of the joints bonded with PUR and PV Ac adhesive (Fig. Th)
was lower under tensile loading as compared to compressive loading. The elastic stiffness
of the PV Ac adhesive under compressive loading was 38% higher than that under tensile
loading, and in the case of PUR adhesive, the elastic stiffness under compressive loading
reached a 17% higher value compared with tensile loading. Therefore, the elastic stiffness
of joints (half joints and one-third thickness joints) bonded with PV Ac and PUR. adhesive
was higher under compressive loading than under tensile loading.
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Fig. 7. The effect of (A) joint thickness and type of loading; (B) type of glue and type of loading;
(C) joint thickness and type of glue on mean values of elastic stiffness

Figure 7¢ shows the interaction of the elastic stiffness of joints bonded with PV Ac
and PUR adhesives with one third and half joint thickness. The elastic stiffness of the one-
third joints bonded with PV Ac was 46% lower than the PUR adhesive with the one third
joint. The elastic stiffness of the half joints with PUR adhesive was 126% higher compared
to the joint bonded with PV Ac, and similar results were found with tenon joints (Gaff er
al. 2018). Thus, in both cases (the half joint and one third thickness joints). the PUR

Zaborsky et al. (2019). “Spruce dowel joint stifiness,” BioResources 14(1), 1127-1140. 1135

63



PEER-REVIEWED ARTICLE biﬂresources.ﬂﬂm

adhesive showed higher values of elastic stiffness compared with the PV Ac adhesive.

The elastic stiffness of joints bonded with PV Ac (half and one-third thickness joint)
under compressive loading (Fig. 8) was 38% higher compared to those under tensile
loading, while with PUR adhesive the elastic stiffness was 17% higher for compressive
loading. The elastic stiffness of the one-third thickness joints bonded with PUR adhesive
under compressive loading was approximately 134% higher compared to that of PVAc,
and under tensile loading it was 273% higher. In the case of the half thickness joints bonded
with PUR under compressive loading, it was 107% higher compared to PVAc, and with
tensile loading that with PUR was 152% higher compared to PVAc. The elastic stiffness
of the PUR adhesive bonded with half and one-third thickness joints under both types of
loading (compressive and tensile) was 134% higher compared to that for PV Ac.

Type of glue

PVAc PUR
1200 : -
1100 1t
1000 | 1t
200 | {1t
800 + {1t
700 | 1t
&600 | 1 F
500
400 1 F
300 41}
200 | {1t
100 | 4t

Elastic stiffness in Nm/rad

Third Half Third Half

Thickness joints Thickness joints

Type of loading:
=+ Compresson
= Tengon

Fig. 8. Synergistic effect of the type of glue, joint thickness, and type of loading on the mean
values elastic stiffness

Figure 9 shows correlation between the elastic stiffness and density of wood (r =
0.21), which indicates that the elastic stiffness of dowel joints can be poorly predicted
based on the density of wood.

Figure 10 shows that there was a linear dependence between the elastic stiffness
and the stiffness at the maximum load. This dependence is expressed by the correlation
coefficient r = 0.84, which means that the maximum stiffness of the joint can be predicted
based on the elastic stiffness.

Zaborsky et al. (2019). “Spruce dowel joint stiffness,” BioResources 14(1), 1127-1140. 1136
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CONCLUSIONS

l. Spruce dowel joints had higher elastic stiffness with PUR adhesive than PV Ac, with
respect to compressive and tensile loading, with half and one-third joint thickness. The
test results revealed that half thickness joints had a higher elastic stiffness than one-
third thickness joints.

2. In spite of this result, there were significant differences between the average elastic
stiffness of joints glued with PV Ac and those glued with PUR: the average elastic
stiffness for PUR was approximately twice that of the average value for PV Ac.

3. The maximum average elastic stiffness was obtained for half-thickness joints bonded
with PUR adhesive under compressive loading, which was 921 Nm/rad, and the
minimum average value of elastic stiffness, 209 Nm/rad, was reached in samples with
one third thickness joints bonded with PV Ac adhesive under tensile loading.

4. Although elastic stiffness varies from joint to joint, the size of the dowel should be
standardized. Future studies will have to investigate the elastic stiffness of different
species of dowel with different loads (compressive and tensile) and different adhesives.
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This study investigates the stiffness of dovetail joints by both numerical and experimental methods. Test
specimens were made of Spruce {Picea abies L) and Beech (Fogus Silvatica L) wood, which were bonded
with polyurethane {PUR) and polyvinyl acetate {PVAc) adhesives into dovetail joints. To determine the
mechanical behavior, the joints were loaded according to grain direction under compressive and tensibe
load. The results of the experiment indicated that, under compression load, beech wood bonded with
palyvinyl acetate (PVAc) adhesive had maximum elastic stiffness. Based on the experimental results, a

:ﬁ&w::?énns:runiun numenical model using the finite element method (FEM) was developed by the Abaqus program to pre-
Dovetail joints dict the stiffness of dovetail joints under compressive and tensile load. For numerncal analysis, the

assumption was made that arm deflection was caused by a displacement in the supports. The value of
deflection corresponds to the limit of linear elasticity and the value of the force reduced stresses, which
was determined on the basis of deflections. A cohesive zone was developed, which shows stress behavior
under compressive and tensile load. A positive correlation was found between the numerical model and
experimental study.

Mechanical loading
Elastic stiffness
Finite element method
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1. Introduction

Furniture products are subjected to different kinds of load dur-
ing their use. Various factors are considered while designing furni-
ture so that the final product is not only strong enough to resist
various kinds of load, but also to save material and time. Jaints
are integral elements of furniture, and they are considered to he
the weakest link. The majority of furniture failures occur due to
the failure of joints. The dovetail joint is a classic furniture joint
where two wood pieces are interlocked. The self-locking character

# Corresponding author.
E-muil address: gaffifld.czu.cz (M. Galfy

hrtps:/ fdod.org/ 1001 076 .conbulldmat A0 120613
0950-0618/@ 2020 Elsevier Lid. All rights reserved.

gives the joint outstanding strength properties. The strength of the
joints depends on the mechanical properties of materials used,
geometry of the joint and reinforcement of joints with adhesive
[1.2].

Joints highly resistive to bending under compressive and tensile
forces are most important for the construction of chairs |3]. The
resistance of a dovetail joint under bending forces could offer an
altermative to the mortise and tenon joint [4.5). Asomani |G| deter-
mined the performance of a dovetail halving joint in leg and rail
application, finding that chairs constructed with dovetail joints
were 70% stronger than those made with mortise-tenon joints.
Su and Wang |7 | observed greater strength in dovetail joints than
maortise-tenon and dowel joints.
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The stiffness of the whole furniture depends on the rigidity of
the furniture joints. Knowledge of the mechanical behavior of
joints is of prime importance for their rational application. Stiffness
is one of the most important criteria to obtain high-guality furni-
ture and cabinets, |[5-13|. While the stiffness of the joint depends
on materials, joint geometry and loading parameters, reinforce-
ment of the joint with adhesive can improve the joint’s stiffness
[14]. Load transfer in adhesive-reinforced joints is very complex
if there is a mismatch in stiffness. Hence, additional strength can
only be realized with properly designed combinations [15].

Testing of furniture joints is mostly carried out by experimental
as well as numerical simulation methods. Experimental testing has
been extensively reported to assess mechanical properties of vari-
ous wooden joints [16-18). While the experimental method is a
precise method of assessing mechanical behavior of joints, numer-
ical simulation provides an opportunity to assess the distribution
of stress in the joint. Numerical models also give us information
about the post elastic behavior, which is most important to reduce
damage in the experiment and optimize furniture design [19-21].
Mumerical models provide information based on the deformations
and internal forces acting on a piece of furniture being used. To cal-
culate furniture stiffness, numerical models have been developed
by various researchers [£,11.14]. Various forms of parametric mod-
els of joints using FEM analysis have been reported by Mih3ilescu
[22]. Stress distribution in furniture corner joints has been
reported wusing experimental testing and numerical simulation
|23]. A round dovetail beam-to-beam connection was investigated
under shear loading with a numerical model, and it was found that
failure is mainly caused by changes in the stress of the used mate-
rial which is subjected to load [21,24].

Many studies compared joint stiffness obtained by experiment
and numerical models, and most of the comparisons reported
lower experimental values than those obtained by models. The rea-
sons for such discrepancy in joint stiffness could be attributed to
simplified numerical models. Therefore, many researchers focused
on the stiffness and strength of joints and how it influences the
rigidity of the entire furniture |4.19.21,24-35|. The aim of this
work was to investigate the elastic stiffness of dovetail joints rein-
forced with PWAc and PUR adhesives (Fiz. 1), by numerical simula-
tion and an experimental method. The effect of compressive and
tensile loading on the elastic stiffness was also considered.
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Flg. 1. Geometry of dovetail joints.

2. Experiment
2.1. Material

Two types of wood species were used in this study: Spruce
(Picea abies. L), representing softwood, and Beech (Fagus Silvatica
L), representing hardwood. The wood was sourced from the region
of Presov in the Eastern Slovakia. The lumber was conditioned at a
temperature of 20 °C and a relative humidity of 65% to achieve 12%
moisture content according to the European standard | 36). Straight
grained and defect-free lumber was used for the test specimens.
Samples with dimensions of 214 = 60 = 24 mm (L = W = H) were
prepared. In total, 80 samples were prepared and divided randomly
into 4 groups. The configuration of test samples is shown in Fig. 1.

Polyvinyl acetate (PVAc) and polyurethane {PUR) adhesive were
used for dovetail joint assembly. PVAC is very easy to apply and
does not damage the tools during the cutting process. PWAc (Ag-
Coll &761/L D3) with a wviscosity ranging from 7000 to
13,000 mPas at 23 °C and a density ranging between 0.9 and
1.1 g/cm? was used. A glue spreading rate of 150-180 g/m* was
used. The adhesive was applied on both members of dovetail
joints. A pressing time of 60 min was applied based on the adhesive
application instructions. PUR adhesives tend to be very flexible and
durable and provide good impact resistance. They vary in the
degree of resistance to heat and chemicals, as well as in the level
of their bulk flexibility. PUR (Neopur 2238R) with a viscosity rang-
ing from 2000 to 4500 mPas at 23 *C and a density of approx.
1.13 g/cm® was used with a glue spreading rate of 180-250 g/m?.
Bonding surfaces were clean, dry and free of dust and oil.

22 Method

The stiffness value was determined based on the change of
angle between arms of the L-shape joint with an annual ring orien-
tation of 0%, 45" and 90" [represented as 0, M and 90 respectively)
while applying an external load. To calculate the strength of the
joint, the bending moment under compression and tension was
calculated. The configuration described in Figs. 2 and 3 was used
for testing joint strength in compression and tension constructed
on climatized L-shaped joints described in the material section.

The configuration and dimensions of test specimens are shown
in Fig. 1. Ten replicate samples for each adhesive, species, and load
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Flg. 2. Geometry of joints under compression load.
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Flg. 3. Geometry of jeint under tensile load.

type were tested. Tests were performed on a TIRA 50 universal
testing machine (TIRA system, GmbH, Schalkau, Germany). The
samples were subjected to bending moment under tensile and
compressive forces applied perpendicular to the direction of the
moment arm. 5ample’s moisture content [37), as well as density
|38], were measured before the test. The effect of individual factors
and their interaction on the elastic stiffness were ascertained with
an analysis of variance (ANOVA) and Fischer's F-Test using STAT-
STISTICA 14 (Statoft Inc; Oklahoma, USA)

F - force [M], ryand r; - arm length (distance of force from the
axis of rotation) [m|, o, - joint angle before loading |rad], py - joint
angle after loading [rad], Iy - moment arm from original shape [m],
a - arm spacing [m), ¢ - displacement [m]

The angular deformation o was calculated according to the fol-
lowing equation [39]:

P = Pp= Py 1)

Penax — angular deformation at the ultimate limit [rad] indicates the
maximum angular deformation created at the maximum resistance
of the joint, with the following equation:

P = P = B imme [ZII

After the specimens are under load. a general triangle is formed
between the joint arms and its angle g, which can be expressed
using Kosin's theorem:

(a-c)f =n?+ n®— 2 rincos(py)

cos(gy) = (n’ -+’ - [ﬂ—cilj.fi rr (3)

The mathematical derivation of the formula can be expressed
as:

@y = arccos [r11 +1t — (o— r:flz}l.’:! rira 4

The moment arm (lo) is defined by the side and content of gen-
eral triangle:

lo = [a—r:],-'{ltg(cpd.z}:] (5]

The joints were tested and bending moment capacities were
calculated for each joint. The bending moment expresses the max-
imum hearing capacity of the joint.

The distance between the attachment holes was 195 mm for all
samples. Bending moment capacity was calculated by the follow-
ing formula:

Bending moment capacity up to the elastic limit [AM) is
expressed as:

AM = AF = o i6)

where AM is change in bending moment [M.m|, AF - change in
force [M], 1, = moment arm [mm).

AF is the deviation of the two forces recorded in the stress-
strain diagram at values between 10% and 40% of the maximum
strength. The elastic limit of the joints was calculated in the elastic
area.

The maximum bending moment capacity (M)} was calculated
using equation (7).

M = Faux % Io (7)

M - moment [N = m]. Fpu - maximum force [M]. lo - moment arm
[mm]|
Elastic stiffness [y, ) was derived with the following equation:

Coiae = AM/Agp (8)

Cetast = elastic stiffness [Nmjrad], AM - bending moment [N.m)].
A = angular deformation
Maximum stiffness () was calculated as:

€= M/ Py (9)

C - Maximum stiffness [Nm/rad]. Mmax - maximum bending
moment [N = m|, 9. - maximum angular deformation [rad)|

2.3. Numerical model

Mumerical calculations were performed applying the Abagus
v.6.16 program (Dassault Systems Simulia Corp., Waltham, Ma,
USA). Geometry, support and loading conditions of joints are pre-
sented in Fiz. 4a and are consistent with the methodology descried
earlier. Joint arms were described as an orthotropic body ascribing
their material properties as in Table 1 and Fig. 4b. In general, a lin-
ear hexahedron type C3DER element was used (about 120,000 ele-
ments and 20000 nodes per model). Between the joints, the
bonded interaction and glue lines (0.1 mm in thick) were applied.
The behavior of glue lines has been modelled with the help of
Cohesive Zone Maodel [CZM) by means of standard COH3DE cohe-
sive elements (Table 2). Fig. 5 presents a mesh model and orienta-
tion of fiber in a local coordinate system (X, Y, Z).

3. Results
3.1. Experimental results

Results pertaining to stiffness, as well as the maximum bending
moment, are shown in Table 3. Elastic stiffness was higher in com-
pression loading than tensile loading, and the effect of adhesive
was found to be specific to different wood species. Similar results
have been reported in previous studies [43-45]. It is evident that
beech wood joints exhibited significantly higher elastic stiffness
with PVAc adhesive under compression load (1880 Nmj/rad) as
compared to joints bonded with PUR adhesive (1324 Nm/rad).
The elastic stiffness of beech wood joints was significantly higher
compared to spruce wood joints. Under compression loading,
beech wood bonded with PVAc exhibited 57% higher elastic stiff-
ness, as compared to spruce wood, while under tensile load it
was 39% higher. In the case of PUR bonding, joints of beech wood
loaded under compression had 31% higher elastic stiffness than
spruce wood, while under tensile load the results were almost
the same. Higher elastic stiffness of joints in beech wood is due
to its higher density. The average wood density of beech is
0.723 g/em?®, while that of spruce is 0.389 g/cm’. These results
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Fig. 4. Finite element model of dovetail joint: a) glue line, b) bonded interaction with annual rings.

)
a)
Table 1
Elastic properties of wood [40].
Elastic properties/Type of wood  Values used for Values used for
(MPa) Beech “Spruce
Density(g/cm®) 0.725 0389
Eyxy 14,100 16,600
Ewy) 2280 17
Exczy 1160 583
Visxy; 045 042
Visrxz 051 051
Vierrvz) 0.75 068
Vixzy) 036 031
Ve vx) 0.075 0.038
Vruzx) 0.044 0015
Gugxn 1645 1181
Gurixz) 1082 693
Gewvay an 70

Where E - Modulus of elasticity (MPa), G - Shear modulus (MPa), and v - Poisson
ratio in longitudinal (L-X), radial (R-Y) and tangennal (T-Z) direction.

“Note - As elastic properties of pine wood was not accessible, therefore the elastic
properties of spruce wood was used instead for numerical calculation because of
their comparable properties.

Table 2

Elastic properties of glue line [4142]
Glue E {MPa) Poisson ratio
Value used for PVAC 460 03
Value used for PUR* 820 03

*“Note - Due to non-availability of elastic properties for PUR glue line, UF value was
used for numerical calculation.

are in line with the results reported by Zaborsky et al. (2017) | 18].
The authors have reported higher elastic stiffness in PVAc bonded
mortise and tenon joints as compared to PUR bonded joints, and
higher values for beech wood as compared to spruce wood.

As can be seen in Table 3, under compression load, beech wood
joints glued with PVAc had the highest bending moment capacity
of 87.31 Nm, and spruce wood joints glued with PVAc had the low-
est bending moment capacity of 37.89 Nm. Similarly, under tensile

Fig. 5. Meshing with orientation of fiber in local coordinate system.

load, beech wood joints glued with PVAc had the highest bending
moment capacity of 51.32 Nm, and spruce wood joints glued with
PVAc had the lowest bending moment capacity of 22.33 Nm. On
average, the bending moment capacity of joints bonded with PVAc
was 28% higher than that of joints bonded with PUR.

A statistical analysis was carried out to ascertain the effect of
monitored factors and their interactions on the elastic stiffness of
the joints, and the result is shown in Table 4. The results show that
all the monitored factors, such as adhesive type and loading type
within both species (spruce and beech), significantly influenced
the elastic stiffness of the joints. As far as the interaction of factors
concerned, only the combination of wood species with adhesive, as
well as with the type of loading, was found to have a significant
effect on the elastic stiffness of the joints.
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Table 3

Elastic stiffress and bending moment of joints with interaction of wood species, adhesive and load.

Wood species  Adhesive type  Loading type  Density (gjcm®) Elastic stiffness (Nm/rad) Maximum Bending moment (Mm)
Mean  Coefficient of variarion (%) Mean  Coefficient of variation (%) Mean Coefficient of variation (%)
Spruce PYAC Compression 0.379 39 BDD 2048 3789 7481
Spruce PYAC Tension 0.396 33 BDD 39.5 2233 1288
Spruce PUR Compression 0.389 4.5 o9 25.3 3965 18.12
Spruce PUR Tension 0.395 4.9 997 4.2 2890 1823
Beech AL Compression 0.706 18 18E0 14.6 873 855949
Beech AL Tension 0.742 14 1322 3.7 5132 1127
Beech PLUIE Compression 0.70z 16 1324 355 4290 12008
Beech PUR Tension 0.743 4.3 DE9 294 3069 17.40
Table 4

Statistical evaluation of selected factors and their interaction. DoF - Degree of freedom N5 - not significant, *** - significant, P < 0.05.

The effect of selected factor on Elastic stiffness in Mm|rad

Momnitored factor Sum of squares DoF Variance Fisher's F-test Significance Lewel. P
Ingercept 101,293,029 1 101,293,029 BO0.36
Wood species (1) 4,945,087 1 4,945,087 43 .46
Adhesive type (2] 453,192 1 453,192 398
Loading type (3) 851,775 1 851,775 748
12 1,845,629 1 1845629 1622
1*3 1,250,587 1 1,250,587 10099 bl
2*3 106,222 1 106,222 093 NS
123 16,702 1 16,702 014 ]
Error £,191,147 72 113,766

The respective madel explains roughly 53 6% of the rotal sum of squares.

M5 - not significant, *** - significant, P < 005,
The effect of wood species on the value of elastic stiffness of 2000

joints is shown in Fig. 6. The results indicate the average of the

adhesive and both type of loads. This graph clearly shows that B0 - e

spruce wood joints have significantly lower (36%) elastic stiffness -

than beech wood joints: this is because of the lower density of E e

spruce wood compared to beech wood |46-49], 5 -
Adhesives can have varying effects on wood bonding strength .

[50]. The values of elastic stiffness of both types of loads were aver- g om

aged for each species and each adhesive type, and the results are %

presented in Fig. 7. In spruce wood, the joints bonded with PUR 000 L

adhesive have 16% higher elastic stiffness than joints bonded with %

PVAC adhesive, though the difference was not statistically signifi- & o

cant (P < 0.05). This is expected due to the higher stiffness of

PUR adhesive. However, the results were opposites in case of beech £

wood, Elastic stiffness of joint bonded with PVAc adhesive were -

significantly higher (28%) as compared to PUR adhesive. Such dif- Spuce Basth

Wood Species

1600
1500 1

Elastic stiffness in Nm/rad
23 BEESE8E

Spruce En;ch
Wood Species

Fig. 6. The effect of wood species on elastic stiffness.

Fig. 7. The effect of adhesive type on spruce and beech wood elastic stiffness.

ference in the elastic stiffness can be due to the differences in
the penetration behavior of both the adhesives in these wood spe-
cies. The penetration ability of PUR is very fast as compared to
PVAc. Further, penetration of adhesive is also influenced by the
permeahility of wood |51 . As beech wood is more permeable than
spruce wood, the penetration of PUR is very fast as compared to
PVAcC. Hence, the lower elastic stiffness of PUR bonding in beech
wood could be attributed to the starved bond line due to deeper
penetration of PUR resin in to the wood. On the other hand, the
bond line of PVAc in beech wood will be rather distinct due to its
limited penetration [51]. With its high content of acetate groups
and flexible backbone, PVAc can form many hydrogen bonds with
wood for good interfacial adhesion [52). Although, beech wood
bonded with PUR showed higher elastic stiffness than spruce
wood, the values were comparable without any significant differ-
ence (P < 0.05)
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The values of elastic stiffness obtained for both types of loading
(compression and tension) were compared and the results are
shown in Fig. 8. Average elastic stiffness of joints under tensile load
was 16.7% lower than under compression loading, when data for
both species and both adhesives were pooled together. Similar
results have been reported by various authors in case of corner
joints [53.54). The difference was pronounced in case of beech
wood, irrespective of adhesive used. However, the values were also
most comparable without any significant difference in case of
spruce wood. Properties of wood, length of moment arm (due to
change in pivot point), geometry of the dovetail, glue line thickness
and stiffness of the glue are the important parameters responsible
for the differential stiffness in compression and tension load. Wood
is stronger in compression than tension perpendicular to grain
(load on the tails is nearly perpendicular to grain direction). Length
of moment arm under tensile load is relatively longer than com-
pressive load due to the position of pivot points. Longer arm can
cause higher bending moment than shorter arm, even for same
level of applied force. During compressive loading, maximum
stress is exerted on the outer edge (tip of the tails) while under ten-
sile loading, maximum stress is exerted in the inner edge (towards
base of the tail). Due to the relatively bigger bonding surface area
towards the tip of the tails compared to the base, the deformation
is expected to be less under compression than in tension for similar
load, thereby resulting in higher stiffness in compression. Cumula-
tively all these factors could contribute towards higher stiffness in
compression than in tension. Glue line in beech wood is expected
to be thinner due to its higher permeability. The differential result
in spruce wood might be due to the distinct glue line { poor perme-
ability of spruce wood to adhesive penetration) and its inherent
stiffness. Furniture joints are more sensitive under tensile stress
compared to compressive stress and almost all failure occurs in
tensile zones.

Orientation of annual rings in wood used for test specimens also
affects the elastic stiffness of the joints. The results pertaining to
the effect of annual ring orientation on elastic stiffness of joints

are shown in Fiz. 9. The highest value of the elastic stiffness was
obtained at 90-90 orientation, because the annual rings are per-
pendicular to the force of loading and corresponds to radial
loading.

To determine the difference between all the variables, Duncan
test was performed and results are shown in Table 5-8 reflecting
interaction between wood species, adhesive and load.

32, Numerical results

Fig. 10 shows the distribution of reduced stresses in joints. It
should be noted that under the compression loading (10a) the
greatest stresses are concentrated in the glue line. These stresses
are located in the corners of glue line. The stresses concentrated
in the upper corner above the pivot point have the highest value
of 5.18 MPa. At the pivot point, the stresses have the value of
3.02 MPa, while on the opposite side, the value of these stresses
is close to zero. A different distribution of stresses is observed dur-
ing tension loading (10b). The highest stress (12.65 MPa) was
developed below the pivot point in the place of joint opening. In
other places, the adhesive end has a value close to zero. This
explains why the joints subjected to tension have less stiffness
compared to those in compression.

In the case of structure joints, the reduced stress slightly
exceeds the stresses in L-type joints. The highest stresses recorded
im the compression test are 13.8 MPa, while in the tension test it
was 12,1 MPa(Fig. 11). As we can see, these are stresses at the base
of the wedges subjected to bending. In the linear elastic range,
these stresses do not affect the strength of the joint; this is why
they transfer much greater loads tham glued joints.

The effect of wood species and type of adhesive on the load
bearing capacity of joints bonded with annual rings M0 is shown
in Fig. 12. The deflection under compression and tension load
was calculated for beech and spruce wood joints with annual ring
MO bonded with PUR and PVAc adhesive. In spruce wood joints
under compression load, the load bearing capacity for a similar
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Fig. B. Influence of lnading type on elastic stiffness.
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Fig. 9. Influence of annual rings on stiffness of Dovetail Joint.

Table 5

The effects of wood species and adhesive on the elastic stiffness (Mm/jrad) using Duncan rest.
Cell Mo. Wood species Adhesive type (1) 799 (2)953 (3) 160 (4) 1146
1 Spruce PVAC L1535 0.000 .00z
2 Spruce PUR L1553 0.000 0.074
3 Beech PVAC (LI OO0 0.000
4 Beech FUR 0003 0074 0.000

Table &

The effects of wood species and load on the elastic stiffness (Nmjrad) using Duncan test.
Cell Mo. Wood species Loading rype (1) 854 (2) BoB (3] 16002 [4) 1145
1 Spruce Compression 0683 0.000 n.o11
2 Spruce Tensian 0683 LN 0023
3 Beech Compression 0.000 LX) 0.000
4 Beech Tension oo 0023 0.000

Table 7

The effects of adhesive and load on the elastic stiffness (Nmrad) using Duncan test
Cell Mo Adhesive ype Loading type {17 1340 (2} 1060 (31116 (4) 983
1 PYAC Campression s 040 n.o0z
2 P AC Tension 0015 602 0469
3 PUR Compression 00 .E02 0.243
4 PUR Tension 02 0.469 0243

Table 8

The effects of wood, adhesive and load on the elastic stffress (Mmjrad ) using Duncan test.
Cell Mo. Wood species Adhesive rype Loading type (1) 80O [2) 7o (3) 909 (4) 997 [5) 1880 [8) 1321 (70 1324 (&) 969
1 Spruce M AC Compression 0.999 0.471 0241 0.000 L2 .00z 0.296
2 Spruce M AC Tension 0.999 0.499 0252 0.000 L2 .00z 0313
3 Spruce PLUE Compression 0471 0499 0588 CLOO o3 0.o14 0.692
4 Spruce PUR Tension 0241 0.252 0.388 (L0000 0.035 0.043 0.855
3 Beech M AC Compression LELE L] OL.000 0.000 LILE )] L0 0.001 0.o0o00
-3 Beech M AC Tension 0.2 0.002 I 0035 0.001 0.989 0.0z9
T Beech PLUIE Compression 0002 0.002 0014 3 L0 0989 0.033
-1 Beech FUR Tension 0256 0313 0.692 0855 0.000 0029 0.033

76



8 G. Kamboj et al. /Construction and Building Materials 263 (2020) 120613

Fig. 10. Distnibution of reduced stresses (Mises) in L-type joint: Loaded in a) compression, b) tension.

Fig. 11. Dastribution of reduced stresses in dovetail joint with inclination angle of tenon's surfaces angles: loaded In a) compression, and b) tension.

deflection was found to be 20.5% higher with PUR than PVAc, while
under tensile load it was 14% higher. In beech wood joints, PVAc
had 26.4% higher load bearing capacity than PUR under compres-
sion load. Under tensile load, the obtained results were the oppo-
site: joints bonded with PUR had 55.7% higher load bearing
capacity than those bonded with PVAc. It was expected that the
use of PUR adhesive with a higher modulus of linear elasticity than
PVAc adhesive would result in smaller joint deflections for each
type of wood and load. However, in the case of compression of
beech wood joints, numerical calculations provided results indicat-
ing higher stiffness with the use of PVAc adhesive. In addition, this
relationship has been confirmed experimentally for beech samples
subjected to tension. Considering the interaction of beech wood
and adhesive, joints bonded with PVAc should be more rigid. This

regularity is justified by literature [51|. However, the chemical
interactions between adherent parts in a glued joint were not
included in the numerical models. The opposite results of beech
samples subjected to shorting, indicate only a different nature of
energy dissipation, especially in the adhesive joint. After all, in a
glued joint subjected to compression, almost half the amount of
tangential stress is concentrated compared to tension. This is also
influenced by the direction of fiber orientation in the parts of the
joints. To determine which factor decided such relations, it would
be necessary to conduct experimental research and numerical cal-
culations of the stiffness of joints in the plastic range and consider-
ing the cyclic heterogeneity of wood.

Fig. 13 shows the effect of wood species and type of adhesive on
the load bearing capacity of bonded joints with the annual rings
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