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Be | i ke bamboo.

On the outside, it i s
i nsi de, hol il wsoft ani
l'ts roots are firmly
and intertwine with t]
to strengthen and sup|
The stem all ows itself
and instead of resist.i
Wh a t bends is much hai
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Pr efea

For centuries, humanity has attempted to modi
cruel, and relentless stepmother. This 1l ed h
emanci pati on, initially viewedreasamd tiralbenlpéd
eventually alienated humans from nature, caus
with it. Mankind isolated itselplastiforasdsal
vesopeael siasepbalof

It would behmnimaeetyi gayl that error of i1 tdtways
was nature that awakened us, reminding us tha"
not onl gl doexi Ptut The task before al/l of us i
ifWe are nature, and nature i s usoO.

This research work, which | asted t hma &e yseraarlsl,
contribution to this journey.

The research project was based on the study
precisely, a nati ve Agrruansdso (o&fD ntanxe |1t al i an peni
Three research projects were carried out, weac
focushedegoomb panetempwowbéete matebenl Was ngsed
for the core. Theparetciocsldenbdanedricdhc paineVv sl vendade w
wood chiDpsThng Aroject was conducted in coll a

baseW addamat,a whi ch operates -snr t @&uipa lopdaenoedl aso d

and thealchatustry. The stthudgh nggrnmjoevaatt i fvec psaad |
that does not use adhesives or other chemical
coll aboratioap Mybéar s hebasadtin Modena.

The researchopdemeoastaamedt he f ea Ditmalniutf yaca rud
various types of panel s, highlighting i ts S
applications in the construction field as an
The gener al objecti vetso oot rtihbeut Bh D oprtchjee cgr eve
construction sector iThecagilntemd diepomgnt @ ngfcdmriee v e
t he const r wctiingn annddtodcuadtl ripota e bemaeIns used for cen
peni hsslMmh as an alternative to traditional b

This doctwacalr rgeetodh eocUni ver swittympdr tBaord to garad rh a b ¢
sever al Il talian companies, including Linific
My . FiAddist i anpkeltypd oWwWaspentrhE@EMAE®DT | nstitute
UniversityTedoBtpwral-eacrt . 50l fsoimggndinfgi cant r el ati
national | mdibdaveaecal i $acttdrinctoenrnneithtii voeneskuiathiheas
FEMT®T I net heutai Besantpgpnof
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1. | NTRODUCTI ON

Climate change reprgeaeant andneompl eehkecmast enge
i mplications for the environment, societies,
gl obal temperatures, the intensification of e

a e just a few of the clear signals of an ac
ant hropogenic gr eé¢mnh.o wEli sgaph eennoinsesnioonn shas a
0

ecosystems, causing cean acidification, bi o

threatening species' survival and the food se

Th use of renewabl e and sustainable resource

construction of infrastructur e, i n response t

wor ks and pr omeftre etnidd y u snean weiff ri martme ntTahle | mpact

construction is taper odgtttya omamf d rute nacred asgysembl y ¢
w

r
e

n

r

n

e approach to archit eoateu,rge dasnidygaci ef mpchaanstn g i o
e use of nat ur allhiasn da p porcoaa cf hm admean wesan Iti snks wii Ir cait n
d technigues that evwhvée ahsbhenMedgewei nghn
chadoealhc ¢ mepnttismatzer i al Oa enfoot ranbal eecséeh e r evi v al
aditional naturalArmatderaidalns k s[@a3evh.bda $ esjla mb o o,
t umad le rdieafli noesdei I ni Mmumeapendgyt ween the raw n
e -fsietmished product, assatwetlhle aesn dl ocow dihsep obsuail
aracteristic of a natur al material, which e
s ofurrocre dareas close to where it is used

This thesis focuses on hteh ec onssa 1 aufentart betnki esabbsa mhb ©
or AD can serve as Vviable alternatives to con
woodé, 7]

The obsjoéctihvaasteovoo rkoanxgmll oyr e t hevipptbtheeh di ald onat a

panel apPphHii cwddi vwaosnmpr e h e nsiitvse pahnyastigcsaalsi ol pr o
its compatibility with otuharabpdagsiyblfetrsonumau
structur al applications.

The doctor al thesis focusmeed hamitclae pghadact ieo
wheADlBwas one of the main materials. Three are

1. The first f oculbenck yaoxm nbh e asm@alsy iwd evah iionh t he

panel . This project was carried out in col
2. The second project, conducted in coll abor e
Mant ov a, f ocusteyp e np ar tsiacnldenwd ocahr d consi sti
wood chips weADRx hrigpmwl.aced with

3.The third project involved a very innovat:.

The study focused on a binderl ess p-&pticl
My . FiobferModena. ADmwagd haddedasas reinforcemen:
composed of hemp fibers.
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2ARUNDO DONAX

Arundoidomaxerenni al herbaceous plant that b
indicated as one of htahhea dl 5t hien vgarse avtee sstp eicnipeasc tt
area by the European Commission wift8hi n the Ec

OriginatCengr &I biagsri magr esprn e@d yand est bhdbdu nsthreide s
bordering the , iMedSaner rCame araat@ e &0 u (FhugA¥trh aarak s

to its high tolerance to di9fheneéeret 1cAtDhmaceenst L
introduced ispect hec W Ayopanhel8206so0 Angatesl aee
canals. Since 1900, it has become an invasive
in the statlen olft aGayl, witdhe hsiy apsl parnetadi si n mar shy a
rivers, | akmred,6 cnmommeb ecaomanosnl y found i n tvakei lIcent
in the norgitthserpnr eeseegncoensi s more | imited, as it
There are twoADwariieddreaeaodsnidsdD] or . Batrtei mgp eci
pollinated (anemogaméwd)o,bebl ogppmodnciSegpt émheéenh
ranging in color from pieDecogreanl eagtvhol anhd wm
The fl owers are monoeciaonuds ,r etphreo dsuecetdi so na rneo srtalry
thanks to the presence of rhizomes undergroun
of the pl adt fadiless toutt h® ground i n autumn, o]
rhizomes, with the firstThehodht omemsr @irreg ciam
regardless of their size and in most environm
conditions and can adapt wel ll 10¢hitshe eqgedwamulv.
appears to be an effective adaptation to the

;\" ir '« - N

r

FigaSeread of Arundo donax around the worl d.

Il n riverbeds, t chaen flormeceek Ipaf ztdatsegawatiesrpbusi ag s a
obstructing the free afnllaewsohgwaeerouns prueblen
bri dighees .spprci msprlewdtger owt h of scatttheemiedo me .ag me
One ofaritt €iud hae irtapeisd .rreldd eer odp tgirmaMt hcondi ti ons,
per ,whaiycdhh why it is considered one of the mos
bi omass and ceThwuobwesdee tpartoidwuectthieopnr.egact esnoccuj

12



and forms densewhnach a@aasnprreoefdo ubnedd st)r ansf or mat i ¢
i nvaangdhe detri ment of other native species.
Cultivations of AD have the advantage of not
and do not need pesticides, all owing cultivat
significant [tbnhomlm2]c savings

S root system cromisziesmesh ovfe rtyh isctkr,o nkgn,o tdseeedp a
i s@ame anched, with distinct nodeshahdmrewtdace
E[M.3he roots can provide substanti al natur a
e ucsemsdloidate the soil, stabilize sl opes,

water.

stem, called cul m§ mamneamrZeacift @ shehoglhltow,f ws t
m 10 to 30 mm whgchudanbbsaaumg bkbeng ma

|
mini mum at the top, while the thickness o
is divided into sections called internodes
lea tstt earb & hdtzresngh édeeast i re cul m versus the | oc:

e
chhase due[ 1. dhéehmawsngdroportion of nodes wi
01 28&pending on the ,wangthh ofm the ni nvarmnede
Hhe | eaves aqdge e adnd |énidb@0e mmyrlao®@®, mann advi 2@, w
nceol ate shape tapering to a point

—— o0V H4>Y *PT VDO~ —
D RPRPECSTUDS SO S o T
oo

Fig@Aeundo donax.

Il nside the culm wall, sclerenchymatous fibres
matrix of | i g[nli@iiveidn g aa egnocohdy mae T hanf chkrpepf ec
cul mDarfe | ongitual omad [tyhera>ing eadf the cul m. Th
the thickness and al Ahgng hehd(eiuli®ct, k3radwe cst,lzeo n@ u
di stinguishable: the inner one, in which vasc
ground parenchyma, and the second, in the nei
of sclerenchymat iiccali spsauree ndci hvyi ndae sf rtjohbe7 tchobr8tf e st

13



FigB8Ceoss sections of a culm of Arunds[ WdJnax, i n

mi croscopic characteristics dir
o .Thiss marklkeaodt roapyhoits opyi dent i
sses applied along the | ongitud
strengt lo.ptT hhioss egbt urpupcotrutrian g amner cahne
plant's stabilityfondekaepyewom,

or he difference betweehitihe ebhainam
bet weaermifliéeéy and robustness, all owing the pl
mechani cal performance.

- >0 QT W’

f phymeicthalcihaalact ef i At iwvbans conduct ed. Thi
pression, tensile, shearshapedi sgeamfimenti
aver agedwdensptundofo be 647.37 kg/ mj with
compr etstsd -dlnosapdt ac € ment eluavteoplemdtal eddiaoati
aviour of the materi al under this type of
material were independent of the presence
t engihlee stpeesxstignens exhi bited el astic behavic
éne presence of nodes significantly reduced
curves demonstrated el astic behabroutl!l &
re. The presence of ,sntoadweisn g ntchree ase@o stihtee
e tensile tests.
e

T ®3

- D K

r
u
h
or circumfetrlreentprads dreaainfg nedds resulted
ltehe results obtained from tHiegdg research &

SO0 Y TSSOSO I

a
I
t
f
b

ja}]

Tabll e Average and standard deviation of the densit

Parameters Value

Densityl]l ] [kg/ m 647.7 (£0.04)
Compression stress [MPa] 57.04 (x0.05)
Compression Young modulus [EPa] 13.40 (£0.33)

Tensile stress, of[MPalr al | e 111.70 (x0.12)
Tensile Young modulus parallel to the fibepEsPa]  15.29 (+0.07)

Tensile stress, perpendicular to the fibigr [MPa] 11.22 (x0.14)
Tensile Young modulus perpendiculapdGPa] 1.05 (x0.16)
Shear stress U [ MPa] 18.40(20.12)
Shear elastic modulus G [GPa] 2.96 (x0.23)
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AD has been and continues to be wused [ bh9Jot he
extract|[ 80]xryddssei ng [axl]ipy dtced s[¢c ggemep adti ng
[ 2,3]pr oduc[i 4] obbit mg anf 5y, bd @)f mieng | i dn2gicler epho s
compofs2,8ldsesi gning reinforjcz2nedtscordDtrr woetmemdg |
[ 1.6 ]

The |ightness of its stem combined with its f
which is due to the tubul ar shapADi of mamg Huen
activities: for the construction aftitbdbiEs ta
manufacture of musical Il nstruments and even a
The earliest architectures built using giant
(approximately 40, 00 chaeddomdpiO®alyeecanrtso!| ago x a l
di scovered huts made with plastered branches
Asidarihmhgt period. This technique shows strong
Andean settlements, where buildings[®0te made
Il n Mediterrampdamwaasr hiitmacti urye used in structur
Theset weirreaadé yof parallel culm reinforced in t
el ements or, more commonly, with mortar, plast
can be found in the Baraccas uwifl dOrnigsst aweor,e iuns
fishermen as storage spaces f ebre arqiun g nsetnrtu catnudr
of wood, whil e rtutce ewla Hdi sa mnedtraeearAgbeoudlsatyse odd t o f o
The covering was made of fal asco][ 3.&4] Tnhae srho ogfr
made of wooAlD ocosvémeéed with overl apping AD cu
terracotta tiles were then placed.

Il n southern Italy, the culms of AD were exten
vertical c¢closures, particularly in Calabria af
of the Bourbons. After Bohrbomagaserombnt Eewmet
reconstrucwhomdw rwigheasspr ead use of giant reed:
internal partitions and external-bwatisg Jhese
whi ch atyweor s of giant reeds mixed with flax anoc
Anot her example of the use of AD was the Mudl
region. These buildings wer & emad e ge mptairraebloyl i ocf

formed by opposing pairs Mufdhbdnclommstofuceculoms.
Sumerian period, 5,000 years agowhebutSatdndeaym wHeur

began draining the marshes. Foll owing the U.
mar shl and carasad,baname hfel ooded again, returni
The use of these raw materials is | imited by
structures or panels can overcome t-Qitsunacsate.
[ 16¢é¢monstrated the feasibility of producing p
AD particles as aggregates and ured 3 Rgmnuchalcd e ll
a study on the physical pandiogatbelas dambde har Bk
sodium sil.icate as resin

Over the ydarise,ndmor eldca nat i ves ntghaev gs Basl hsnoa sb et el
use onfodniofni ed 3Bthalr ¢ thees st udy of pahé&8K$ without

ADi's a native and widelspyudhs,tEuarnodpteietds mian cu s tad
contribute to economic devel opnmért diay attpireggenr
|l iterature demonstrate the feasibiladgsensasf us
produrcarigpinng fromta20 5Mg 4Dfighwdd®r eat he unit of
DM hraepresents the amount of drhyeca&Beer.36,n 3Ink]c
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Currently, no data are avairluamkloe domratxh e en a hiec
analyzing 1its potenti al availability in quan
characdkegiirg i ease of the most invasive plant ¢
grodwthhere i s a stirmduwstbraisals dwppl idati on, espec
yield per hectare.

Regarding sustainability, anal yzi nghadthkeatl itfhee
growing time and the | and use are | oWke,uas o
ADwoul d bring significant environmental and ec
meaning it can phytoextract heavy metals and/

cont ami n[ad3 &,d ,33inlds0i]t can al so be used as a bi
water or [wddt ewat er
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3. HONEYCOMB PANEL

331 I ntroduction

The project stems from a collaboration betwee
of Besan-on in France.

Honeycomb panels are a specific type of sand\
highly rigid external |l ayer s, and a thick int
which the panel deri ves ials pnraomeer tTihees ponhfy sh acnat
vary considerably, not only due to the wide r
but al so because of geometric variations tha
variati arhse itrhdlclkktheesses, the geometric shape o

to thed4.2Kkins
Honeycomb sandwich structures poss-eaei ghghtw
stretnwgaihght ratios, effectivebetahreirnnga|f d.Anddblild tti

find extensive applications in civil, mec hani
[ 4.4 ]

To minimize the environmentdéliiemgagt matt esti ml s
encour aged. Sever al exampl es of such applica
|l iteraturledd¥Gmltor eett had .use of discarded bott]l
hybrid glass fiber composite skins. This reu:
materi al consumption. A similar anmpbpirmiancgh,t huetm
fl-based | aminates for the [d4k6i|Asat ohgemplaiedib
based material s, specifically hesqmpi andd pbeémp,
honeycomb sandwi ch s t[rdupcfteusreen.t Naanp od X & rApdoread f
sandwich panels featuring a bamboobaxead sardd v
panel s are exanmi4dm@egawhby ubPeaer pl yawbodl faces and a
with different configurations of one -bmseéedadvo
solution is inVvesOtli gaboé o« i-lhei rFflcared ef da bpeal y mer  (
paper honeycomb core.

I n this-basedy,salmidowi ch honeycomBADpiamgs s Ilwondhe c
foami ng epoxy -rreeisnifnortcoe df |eapxo xfyi bceormposi t e ski ns
i nspired obl itvheei [ridrlekth earle. bamboo rings were us

The use of fiber composites is driven by the
strength Natur al fibers, particularly for sk
including [su3]thaiiondaebgrladayb [ bBllyowW hegld s mabidleintsy t
mechani cal pr opseuittieeds ftchrats eacendweerlyl structur a
provide poor electrical conductivity, good th
i's widely usedmaalaniocalt sprexgedtieens and versa

has been ut
particul d&relc
(25. 6] 5GPlav)h i

S

il i zed][] 33,nc®2@]pf shioxnteo roifc tthierheawo,st i
v urs@taasb lae ,r easonaildlb® 0t MPai)|l engt t emg
|l e at the same time posses[sh/hgs an

good mechanical properties and versati l[i5t8y) ma
Sever al reviews of the wuse of fl[ax9,i n6 (Q,o0R®MI,s i
their mechanical properties aqnui tled hftore siss € | as
based sandwich and honeycomb structures. Ther

sandwich panels made sokfifr8sdy k6] t®@4fF | ax compos
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Anot her cruci al poi nt f ¢ eswalened wiecchh asntircuacld rug eersf
bonding. The commonly used bonding method in
applicable and all ows a good | oad distributio
The strength of bonded joints depends on seve
and the geometry of the joint bwtn dE&pdes ©oi ftihcea |
mi croscale phenomena | i ke the roughness signi
j oif®t5]Al t hough there are several experi ment al
|l iterature on the mechanical behavior -oif bdd ax
reinforced conmpwdther sulbstraatgeasp i n research
roughness on fl ax/epoxy adhe@s}j ve joints with
Thi s sttuodydeasiinggn and demonstrate the feasibild.i
environment al i mpact technol ogies and mater:i
mechani cal properties of the panel comply wit
The key properties of the proposed panel i n
technol ogy; i ts | ow eunsvibnifoansmedht mdt @ rmpalcds sewnch
and its strong mechanical performance, attrib
The adhesion between the rings and the skins
rings bdfage bDbe resear cthhsduod wmsses romnu gthine sesf fod
bendi ng mecrhtaine sc adf ptrhoep,ephaen ed csh e ssipcerc ilfatcvaddrny t
wel | as bet WOenngsadwivi dunal-afhfe metrkrod Tihe empll
adhesi on between the AD rings angotime bleaxdi eg
are used to characterize the mechanical behav
Il n addition to experiment al test s, numer i cal
cali brated, bonding strengt ht Kreed nast @ gouinesrhti lpy wsi |
roughimeos snodel s are devel oped, one for the cas
core ringdesadheceve [ ayer is commoh6whimohel
simplifies the representation of the damage I
identification of the K&]parameters can be ¢
The cohesive parameters were determined start
stress was derdfvfedt e&ssrtoom Tthhee ppeuddl ty stiffnes:s
optimized through a tuning tpumeedssval beas thfe plo
and fracture energy are maintained, whil e t he
enhanced adhesion due to the foam resin.

The goal iI's to create a relatively simple FE
to failure, which can be used for future para
3.2 Materials

The skins of sandwich panels are madéalrfi ca
reinforcemenwelibg hth /dfo FLAGgP®S) manufactured L
andetmasedxcomposed of the epoxy polymer SR Gi
provided by Sicomin (France)ly, with a mass pro

The cfortehiespaaeé of 1 nAPwintditeadagfh®@r mrmao ocehr o s pond
with the height of the wiotrhemao fe & fHomgge yicso ntbu t

sa@i ant reed was collected from a cultivation
of the University of Bologna, i n Cadriano, B«
parts of the cul ms, as wel | as the | eaves, we
The density and mebahranirceglo rpfreédp e rnt iTeaas | cef 2
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Tabdlverage and standard deviation of the density

Parameters Value

Densityj] 1 [kg/m 647.7 (+0.04)
Compression stress [MPa] 57.04 (+0.05)
Compression Young modulus [EPa] 13.40 (£0.33)

Tensilestrespar al | el (¢d[MPa]t he f 111.70(x0.12)
Tensile Young modulus parallel to the fibgpEsPa]  15.29 (+0.07)

Tensile stress, perpendicular to the fibes [MPa] 11.22 (+0.14)
Tensile Young modulus perpendicular to the fibgp E 1.05(x0.16)
[GPa]

Shear stress U [ MPa] 18.40 (x0.12)
Shear elastic modulus G [GPa] 2.96 (x0.23)

rature of

ADwas dried using an oven at a tempe
f the dry mat

0.1% after 289hThe wdedieghtvelnoss o

The resin used to c

onne e rings and skins
glue and 18.8 g of DMO02 e

3. Manufacture

The first phase involved the production of sk
fabric. Three | ayers were used|[ 6801l bbwang wvhe
coul d dampar é@dke with those from that research.
Composite plates ar e mampu frmedthwrde d ftoHh rl omumehd & yh

t heecompr essi on process. Each pl at e consi sts
unidirectional | aminates. Thesecdmhatayiex si ara $im
measuring 300 I 200 mmj. To prevent resin frc
first coated with Tefl on. The i mpregnation o
outl i nMergdd] an med at optimizing I mpregnati on W
mi sal i gnment A resin strip is poured at the
Under pressure, the matri XT hfel oowvosu |l adl d msg tthleen Ipea
two sides to all ow excessprneastsruisxi aagnedi oani r t o e
After this, the moHPrdesisse pll0Oadc ekdN itnh earnmoAcGd mpAr e s
phase When thdé&Cmoal gresascaheso403 bar is appl
for 15 minutes, theACemperahartinalrausedgtopr
Once the curi ng hheeatsieng si sc otmprireeade ,of f, and t he
while the pressure is gradually retenmiseg. pAae
an ovenA@t B®&®®Oh skins of the panel are fabric
coated iron sheet.
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The cul ms were cut with Tahrcaa cdil fafr e msaamu ftapo trogrst e
one in which the |hamkortalunsduerrfgaocnee oafn yt e erait mges
| at er al surfaces were polished. The polishin
specimens) is done manually before cutting th
P120,i sasreiptorted in Figure 4.

(a) (b) (c
Figd(a)poli shed | ater al surface; (b)) P120 polishe:

Considering 72 randomly taken rings of t he ¢
di ameters of the ring ranged from 13 mm to 17
core from 8.2 mm to 12.6 mm (MmBammltOo 73 min) mmwi
mm) .

'. =
”‘%@@6’0@0

_b«'.'

@0)%@ OO0

) i KON ) I\

A 000 0E] ®
0

FigdreCore rings distributi

n and di mensions. I nne
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(b) = ’ () ——

(a = _
Fige(a) Flax/ epoxy composite skin; (b)) AD rings f
the €seosson surface; (c) Polishing setup.
To buipladn etl tse al |l the rings constituting the

di mensions as the Omo 2i9) amHBEi(dhree akdnpol(B§hHhed
using a sanding and -821 Pbusa)iwgt makb xstaasdéd tEfha
di mensions oifs30Penrby@dtlammesili ng the skin and t
Figure 7.

a)3plies uni direct.i

epoxy resin skin

b)Cor e ARi it mg s

c)Ring focus

d)Cross Section Sur

e)Lateral Surface (
Fi gubDet ail of panel 6s component s.

The skinstavetrire gADerdi ngs cor € owiptols etdh e ff &&®miln
glue and 18.8 g of DM02 hardener The o©ohei s@np
applied by maint &diCnifowg ttlhédopanelusangl@Opressu
8(a)). The glue becomeocsi das ficnasfi Bdi eg @gtbhpeg 8 ad (0 ) »
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Fig8a) Ther mohydraulic press; (b) Sandwich panel

Three types of padelf §eweng pnotheettreatment a
the coreUmiongshetdhée S™ where the | ateral sur f ¢
which had the | ateral surfaces sandedl| ati érhalP
surfaces were treated with Z80 sandpaper. The
three panels underwent the same polishing pro
For each type of sandwiabhege Roshowamphes meamne w
show the weights of the different components
components are due to the natural variation o

Tab3dWei ghts of the different manufactured panel s.

Rings lateral surface Weight of sandwich panels

 polishing treatment Core [g] Skins x2 [g] Total glue [g]
Unpolished LS 190.7 82.5 70.9
Z80 LS 200.0 76.3 70.9
P120 LS 197.2 78.3 70.9

3.4 Met hods

3. 4Rdughness aomdeexits omf AD

The first data collected are r el asteecdtAihRAlt h@o B &
mi croscope was employed to obtaidn mgunanbntdatis
mapping, while a preliminary qualitative anal
a 5x | ens.

Surface roughness was quantified wusing the &
percentage of tham)sdrfcade d( mdbaosyer adddi mel ow t h
Al l speci mens porfefp areesdd fwoerr et heev apwlait @ B ent hr e m
surface of each sampl e.
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3. 4. 20fPful TTe st

Pubff tests are performed to under $ bAeDcd etsise i
secbobinomhe obtst bheldipaeeli s no specific standard
an adaptat-odbh oEsth2B8puSIO D4541

Two AD rings are bonded to a 3cm x 3cm fl ax sk

thick), providing sufficient thi c(kanpe.snsi xttou rper e
PB170 (5g) and DMO02 hardener The. 8@a)nmpi esusee
cl asnppports ofantdhe¢ hma ahlihrees, ve i s all owed to s

oven at 100AC, under a c®(mp)r)ecsfsP wink d tosa dweorfe 5d
room temper atnusrter onsiEnlgecam o@®ylage BI0 Ov0alr i (ORIisg us

di fferesrtctcoaspol i shing troddt meensttss. wspreec i dd rcr
upolished samples, two sampl es apngidlodsihelide dvi wiht F
sandpaper. The tests were performed in displa

(b)
Figo9fa) Sample i ACthef ovoefrft biee sitODI( b) -Sfafmptl est .af t e

3. 4T BBr-pceibretndi ng t est

The fPplhie@¢ bending tests were conducted on san
300mm x 35mm x 14 mm. For each manufactilihed p:
procedure folloOwmMps78heandASTM -fCBOBt hbehtireg test
t hfpeoa nt boePTheigpan | ength was set at 220mmn
mm/ min. The tests were performed on a univers
a 5 krNandgud Il oads psaenn sdoerf.| eMitdi on on the spdci mer
using a |l aser mi-epsmeodoeropeodNGDT(MM420Dp.
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..........

Fi gaofolehrpei nt bending test setup.

Thteest was performed fodoheatdreé hehsamdsi cdssam
the flexural strain and stress and the tangen:
C39030 7diandard. Theti sor« psthees redsu ateisosn :

f=— (1)

wheRies t hdd sl aaehck, sandovisc it htehicoknd ssh,t bkneasdwan
The skin b,insdienxgp rsetsrseesds a s

” - (2)
whetis the skinhishtbknepan aerdgt h.

The modulus of elastici:ty in bending EB is ex
% — (3)

whemies the sl ope of the tandgefnitedtoi drhecumvdi al
The data were statistically analyzed wusing t!
e measured mechanical
erenpt wahsomakauohatweder s
ered significant when
war e

whet her the means of th
were significantly diff
bet ween means is consid
using Minitahr.2v]. 18 soft

3.4.4 Analytical Mo del

To study the behavi oupgoionft ab epnadnienlg utnedsetr, tthweo
devel oped: the equi val enho npoagneenld tzeeodd e@ll , wlmidc h h
modwhiicthhased on sandwich theory. Forf dothl mod
mat ersatensi dered.

The sandwi ch 7249 a étlhoetv bceaolrcyunlea tei gouni voafl e nt &fgl ex ur
whiddscri bes the fl exur al stiffness of a comp
specific ,auusummtitdres f ol l owing equation
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00 O ¢J0 wo- (4)

wheE es Young modul us of the Gkisns$ hal ognghmot
core material along thft ltomgiftawn datli axicf otfh!
hypot@ds@anwol ¢66 through which it is possible -

o0 —— (5)
According to this theory, the skins absorb al
absorbs the tangenti al stresausi hige ther rhall | otwn
[ 7.2 ]
" (6)
where M is the bending moment acting on the L
given by the sum of a bending contribution re
with tthée dore

o o)

o} ’j 200 (7)

wheiOe s the shear moddulsug hef sthearcamrea,amcdd P

The equivailent modtpl idg wianad loenn toif patnideh e hlpamnrey
considered made of a singl e equi vaael geunitv ahloemmotg evi
moduOobktained by enforcing the equality with
€q

OO using this uati on
0O —;0 — (8)
whe@®e the inertia momsettobnthbé ehei paheht cor

34.5 Finite El ement Model ( FEM)

A finite el ement modelkh o©- poeén dsiaangd iiecsht p asn edle v
to compare and benchmark against the experi me
and dEBwo ghinite el ement model s were wcpelait ®le d
panels and anot her fbyr utshengp Albiagiuesd sPI2Qvap a&n e

e

i n th adhesi on areas.

To si muipatientt breemedi ng, half of the panel was m
as can be seen in Figure 11. The test was <car
The skiADramd twad | s were modell ed as orthotrop
el astic behaviour wuntil the panel fails. The
15 mm, a size chosen to refl dacmentthad asveetruapgse rT
of the ring walls was defined as 1/10th of th
in a regular pattern, with three rows coverir
pot nbending, half of the panel was model |l ed w
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FigadFei ni te EIl ement Model (FEM)pwoifnta Bamdiwh g ht detar

The engineeri nAggbaman g thaen thd axfc etdhe omposite usec
fr¢mnd7,3]respectively, d4nd are reported in Ta

TabdEngi neering constants are considered in the FE
Parameter Definition Val ue

Arundo dFl ax co
O [ GPa] Longitudinal el a<l3. 4 36.0
O O[GPa] Transverse elastil. 05 4. 20
' Poi ssonds r2a-8/-8 i0 .65 0. 33
O O O[GPa] Shear modul2u&/2n 2. 96 4. 29
A Poissonds ratio equal for the minor and maj
L. Cvila dfg 6CGH]Thei sappbrabk. of the beam and t h:
rigid shells, to which boundary coQangti maisntas ¢
applied to the supports, while the | oad cell
the specimen's Il ongitudinal axi s.
Cohesive surfaces were utilised to Dmoadgls tole t

coapd withiTm btlhee 5r isthgpsws t he cohesive paramet e
nor mal damecthent tanawneaxmer asd gyed hiero PleMRd Jt;y st
the cohesive | ayeriaind tthe noramadned ke diilre it iao
energy in the :amd mal amaneeEplows&ed in [ N/ mm]
propestare dependent on the type ods taadbhielsiizvees
materi al in a softening regi me, it i[sr 4 eter eq
performing a detailed analysis of the influen
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TabdCoohesive zone parameters were used in the mode

Par ameter Definition

ompm [ MPa] Damaigrei ti ati on stress

oM [ N/ Hhm Penalty stiffness

‘ononNo[ N/ mm] Fracture energy

€ Vi scosity

Th contacts between the skins antdhiéenhde ndwep p owr

FIl ax composibDtre ngksi nosf anhde Acor e amrcedemoldiendard hu

e
model |l ed using hard contact in the nor mal dir
a
el ement (C3D8R).

The difference between the twpegnoridiersgcbhasct
surfades t he unpolished model, it watshcews £umad
skins but there was no interaction between th
did not enhance adhesion when penetrating the
I n contrast, for the polished model, it was |
when penetrating the rings | eading to an i mp
creating an adhesion witing the core.

Anot her difference betswbengéebmet wioc moldat actcem
panel which refer to the aver aupeosl iosfh ddnep dreesle
is 32.9 mm and the thickness of t he stkhensse i

di mensions are 35 mm and 0.5 mm respectively.

35Resul ts and Discussions
3.5.1 Anal yssiesctofo nt hseu rcfraocses

The analysis of the
Figure 12 (a) and (
before polishing an
appears more rough.

sur f aawe orld shhrerde sasn do fp cA D srhi
) show the I mages-sttakemnw
after poli ki dagnrmvitthhe Pslu2r(

Qo

Lo - 1205,
(a - < (b
FigaleaUmpol i shed cross sectionbés surface; (b) Poli
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Figure 13 (a) and (b) report an euxpaompilseh eodf stahn
and polished samples respectively (the same d
Fiugle3 (b) clearly shows the passage of the sa
depths and a significanddryc dRFaogdeSsy (area with n

[%]
(w0 25 50 75 100
-7

0 v

0 25 50 75 100

Fi gurBeaDeptmn] [vs Surface Portance [ %] mmdpr vpolSius lh &
Portanceppo®] sthhed speci mens.

The average arithmetical mean height of the s
em, is 3.5 for the unpolished surface and 6. 8
the Surface Portance, the polished surface ex
polishing process intraodwegad amew iswr.face feat

3.5. 20fPfultlest s

Tabl e 6 summar i zesnotrhnea |masatcrheesds t eoef of nfgoatshtees o fu &
surface.lttr ehtingehntisght s t hat samples polished wi
resi stance opmpasamdpltes tvwiet h an i ncr eemegnutr eo fl 4
|l ustum@maleissh ek sampl e, whiPe2®Bil gshedlBatpP) es

i

polished samples display a flax skin substra
upol i shed siampcloehse sexvhei bf ai | ure of the adhesiv
visible on the sur ABrcieng sFoirn tthhies cooeraes ower ealp ol
on thesectcirors.

TabBlRu-bff teish rtesmlofs Maxi mum | oad and

Crosssection treatment Maximum load [N] Normal stress[MPa]
Unpolished_CS 310,2 6.6
P120Polished _CS 499.1 106
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FigadeUmpp!l i shed
LV150 with a 5x
Ni kon Eclipse L

ross sechiféontaesal,ysimagafst enl t et
enseci{bdpnPAaR8l podifs s@Blerc i tnag epulc
50 with a 5x | ens.

3. 5TBrpeecibretndi ng tests

Figure 15 sdhedwsecttheo sluomamich r Talelse deéfl ecti on, | o:
bending stress and modulus of elasticity.

700 +

z

3

K|

0 i : ; : ; ‘ .
Deflection [mm]
@ Unpolished @ PI20Polished " Z80 Polished

Figuabel-diasipl acement curves for all the speci mens.
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Tabd Bhrpeei nt bending tests: defl ecti on, |l oad, cor
el asticity.
Defl ecLoa Core s Skin be Elastl
Specimens [ mm] [ NJ]streEdps®P. st rie[sMPa gcidGuplal
Umpolishedl_ 3.44 471 0.53 96. 86 4. 93
Umpolished2_ 3.17 406 0. 44 81. 2 4. 39
Upol i shed3_ 2.98 3414 0. 38 70. 66 3.86
Upolished4_ 2. 73 367 0.41 74. 68 4. 14
Me an 3.08 397 0. 414 80. 86 4. 33
St . dev 0.30 55. 0. 06 9.98 0.45
Z80 1_1LS 3.20 475 0.50 99. 32 4. 98
Z80 2_LS 4. 90 640 0. 66 146. 3¢ 5.50
Z80 3_LS 4. 42 5014 0.53 116. 1 4. 71
Z80 3_LS 4. 58 563 0.59 129. 9 5.05
Me an 4. 28 545 0.57 122. 9¢ 5.06
St . dev 0. 74 72. 0.07 17.33 0.33
P120 1_LS 5.85 555 0.59 129. 3¢ 4. 77
P120 2 LS 2.17 418 0. 414 96. 72 6. 03
P120 3_LS 5.11 597 0. 63 137. 7¢ 5.15
P120 4 _LS 4. 52 544 0.57 126. 3¢ 4. 93
Me an 4. 41 529 0.56 122. 5¢ 5. 22
St . Dev. 1.59 77. 0.08 15. 48 0.56
The average maximum | oad increases from 397.5
N for the samples having the rings6 | ateral
respectively. Al t he mechanishinghtiraat mentt
surface, with an increase from 0.44 MPa to 0./
shear stress, from around 80 MPa to around 12
around 5 GPd fYomuntgh enofdluéd wassr.a The results show
properties.
Table 8 pwatemssofhehp ANOVA analysis for the
di stinguishabl e gr evuap su easr d ecshsa rt ahcatne rOi. z0e5d, b(yi np
We can observe statistically significant diff
samples concerning both the skin bending stre
Tab8Anal ywdrsi amfce ( ANOVA) .
Specimens Load [N] Skin bending stress
Us[MPa]
Unpolished LS Z80 LS 0.035 0.016
Unpolished LS P120 LS 0.059 0.017
Z80 LS P120 LS 0.937 1.000
Theveglues reported in Table 8 highlight these
bet ween Unpolished and Z80_LS polished specim

speci mens
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T e

gtBea) Fail wmeol|lmaedhe df drat er al surface; (b) Failur
) Failure moldat ¢éoal Z80r pateé shed

he next phase of mo d eulploil ngs,h eidt swa&s i e ais
er to produce and have | ower production
e rings. As for the polished cases, it w

33.5.4 Results of Analytical and Finite EIl ement

I n Thdrde reported the geometricapolainghRioddrmaad
pol isspheecdi Avse nfsor t he poli shed samples, only the
process.

Tabdlverage geometricalupmnldi snteecch aann & afd o Ildiashae d oR12 0

Par ameter Unpol i shP120 Pol
Lendgt lad 296. 5 300.0
Wi dthab 32.9 35. 2
Panel thiiaGckness h 14. 3 14.0
Core thidbdkness ¢ 13.1 13.0
Di ameter eofidthe ring D 15 15
Wall thickneésos of the ring s 1.5 1.5
Skin thdakness t 0.6 0.5
Mas s'Qm 53. 6 56. 3
Equi val ehtoBensity 0.383 0.382
Young modul uid MPfalJt he skin E 36000 36000
Young modul usgs[ MAHal]t he core E 13400 13400

Fl exural stiffnessc{oNnffthe san6097646553248026

Young modul us of Of MBPakqui val e7606 6667. 7

Figures 17 (a) and (b) compare kaapérvexstsdgledd
equivalent panel model , and utpel bahPdiRi®d ipd hle e o
casedhe rel ated datld dme brod o rctaesde si nt &ea sl aen [ e
experi mental trend in the | inear portion of t
di verge once the nonlinear behaviour of the p
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450 600

400
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350 i e
300 AR 400
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o ’ 7 - 300
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— ’ S -
150 S 200
00 7
50,/ 100
17
0o * 0
0,0 1,0 2,0 3,0 0,0 2,0 4,0 6.0
Deflection [mm] Deflection [mm]
UP ----Eq. Theory----- Sandwich Theor P120- - - - Eq. Theory— - — Sandwich Theor
(@) (b)

Figui7@éompari son-Dofsptl meemeatd curves from the aver:
Pl ate Theory and Saf@dEwipeh i Phemae Igplollldes@ndsdg@eni ment a
aver agkRolPil(Eea0)

TabllO®ut put data ofUmdlei stved ageoloifshée P120 specim

panel model and Sandwich model

UPol i shed P120
Par amet . Equi valSandwi .EquivaSanOIWI

Exper i mi Exper.i panel

panel p a nteh e ¢ panel
theor

Ma X i mum
D@flect2.83 1.40 2. 23 5.10 2. 32 3.23
1 11
Ma?hr“m383.9 384.0 384.0 [557.3 557.0 557.0
Strain
panel al0. 502 0.248 0.395 0.865 0.401 0.559
[ %]
Thet roefs ¢ ,
sk,l(]MPa78'07 / 81.67 1891 / 134. 2.
As expected, due to the |inear elastic hypot h
model s of the sandwich panel are only able to
experi ment al curve.
To better represent the nonlinear DrRrédavbDbesio
parameters were identified &woar ttihnigs fcraocsne, t ha
assumption as made of a tot al | ack of connec
Speci fical

w
Iy, the damage initi-affobheot2h&ect s
val ue of the penaiatnyd sthief ffireased rupg aeo eemestrgeyd GKhr
process of optimizing the adselt'usn eodu tcpounts irdeesrt
behavi ouc o mwdiitdheer -sdonre ar behaviour.
Tablseurmmari zes the cohesitvheenp o hmesdealdamet er s u:
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Tablll€ohesive zone WPmpolankddals for t he

Par ameter Val ue
Penal t yo @t { N ées 140
Damage iniblpt[iMPhalstress 1®
"ononNo|[ N/ mm] 2.5
Viscesity 00005

Figure 18 (a) reports the comparison in tern
Experi mentUmpOAvV esrthaegle obt piomend Iy ndh alntphoelsiessh ea
Finite EIl ement Model ( FEM)

500 500
450 450
400 400
350 350

= 300 = 300

E 250 E 250

3 200 3 200
150 150
100 100

50 50

0

0,0 1,0 2,0 3,0 4,0 5,0 0,0 1,0 2,0 3,0 4,0 5,0
Deflection [mm] Deflection [mm]
Exp. Unpolished Average = = = FEM Exp. Unpolished — — = FEM
(@) (b)

Fi gumB€ompari son bediwsepelna ctehnegan)t o Acderrvadysa:pol i shed ec|
sampaneds Rihnei t e Elligbne nd IUIMotd ik esxhpear i snpeenctianhddn :1i t e EIl em
Mo d el

The trenddiodpltdee meormtd cur velops s mai ayedi mut At ek
of the graph, regarding the nonlinear part, t
bet ween the average experimental curve and th
the expaldi eata for the 4 tested PBéabels, as it

Tabl2ZZomparison outoput dat a betowd esrh edhneprod - dhiertieen
El ement Model ( FEM)

Paramet er Val ue
Upolished FEM
Maxi mum Deémmnpcti on 28 3 2.60
Maxi mum Load P [ N] 383 39.9
Strain of the panel at f000502 00046
Stress Gf MPRé¢ skin 7807 83. 26

From the datatinsTaelliaebselt Watephiec&EMs t he o
anal ysi s, particularly the value of the maxin
panel, in tMe cacer ®fi n heh&Econnection region
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activation of this phenomenon in the model [
degradation | aw in the cohesive el ements of t
what was obtained experimentally.

Once the modell i opohssbhedasedi wst pahbks was ¢
carried e@®&aeploflorshtemeimens hi s case, the 1initial
upol isdmpll es (tot al absence of cohesive inter
l onger valid, and a new assumption has been

bet ween the skins and the coreei danewatomsuirde
various rindcse ocomrst,i tthtaintkgg t o the roughening

sandpaper. I nitially, t he sanpeo|ldcaclhhes, vasparam
TabBwerle used.

Tabll3€ohesive zone PhaPaimesmimads| f or t he

Par ameter Val ue

Penal t yo @tip {f Nn éhsns 140

Damage inioblipt[iMPhalstress 1®

"ononNo[ N/ mm] 2.5

Vi scesity 00005

Using these parameters, the resulltodthmlwaic @ me |
in which the P120 Finite HEMieAs dMadebe wals eny
reaches failure much eabddaumsdihanpiohi shedr eals
is connected both to the skins and to the | at
change in the internal geometry of the core,
and the skin.

0,0 1,0 2,0 3,0 4,0 5,0 6,0
Displacement [mm]

Exp. P120 Average - - - - P120-FEM1

FigdaBeoad spl acEmpnt PL2&8n APHITdgnei t e E| rieFOE Y).Mo d e | (

Since the goal is to keep the model as simpl e
geometry of the cor e, but to adjust another
keeping all other parametetrleodothecconwhalsueeot

a tuning prdpceTbe(Vablue »bf t appears to be s
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upolished hekasnvew P120 Wiasi it edE cRIEMEtL gMo ke 20 r e
the resul ts

Tabll4€ohesive zone paramemedasl f2r the Polished P12

Parameter Val ue

Penal t yo @tip { N éhsns 140

Damage inioblipt[iMPha]stress 38. 5

‘onNonNo[ N/ mm] 2.5

Viscesity 00005
700 700

0,0 2,0 4,0 6,0 8,0 0,0 2,0 4,0 6,0 8,0
Deflection [mm] Deflection [mm]
Exp. P120 Average — — —= FEM
Exp. P120 - - - FEM
(a) (b)
600

500

400

300

Load [N]

200

100

0,0 1,0 2,0 3,0 4,0 5,0 6,0 7,0 8,0
Deflection [mm]

Exp. Unpolished Average — — = FEM Unpolished

(c)

FigabGQompari son baeat wedmactehtemppot e cdRyledxper i ment al san
t hPel 2FOEA 2 b) Pall2x p &drrei ment al Pperol2ne n Avaemdh glkeBEemodel s
the experiment Unpolished and Polished speci mens.

Exp. P120 Average — — — FEM P120
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Fromgkmeg a) ,a

,and Okri ble to observe that tF
panel wunpernt@t ba
12

g treclti,n ebaort handn ftahiel Uri en epaa
for speci men P esents a very |l ow discrep
from Babkeen regarding the stressowslcoemparns.
bet we&motl he lPeldplalnids he d ,heebpée hmi rmemd d ah d

TablIs€ompari son out pRilXthetca meent vaevlEelr Bflne s e d Et B me nt
(P 1 2FOE D).

Par ameter Val ue

P120 P 1 2FOE M
Maxi mum Démmkpcti on 501 4.90
Maxi mum Load P [ NJ 5534 56 3. 25
Strain of the panel at f a0087 0.0 078
Stress Gf MPRé skin 1281 1206

is of the FEM model s was
parameters G and K rel at

Asensitivity y s
t p u
120 model , dtheer atn,altylse somlown
he
he

a
focused on he
tuning. For the
through tuning
and calculating t corresponding percentage
t he EE sensvihtiic\hi tnye aismdexs, the average rate of
factor is modified (One Factor at a Ti me anal

n a
i n

P
T results were 0@ a%ntd H3IO0

Tabll6EE sensitivity index, the sensitivity of the

|l nput Defl ect Load| Skin §

G 0.0318 0.022 -0.158
FEM Unpo K 0.0080 0.379 0.368

FEM P12 t 1.5457 0.558 0.540

The results suggest that , to optimize syster
controlliwhgi thehiaspat domi nant 1 mpact on defl e
cruci al for managing | oad and skin stress. O
critical due to its |l ow sensitivity to the an
From the datida i T®aldldent6,t hat the FEM cl osel
particularly in terms of maximum | oad and str
failure i n the connection regions b ertiwreeennt atl t
observations
FEM for both Unpolished and P120 polished pan
I n the Unpolished case, the FEM confirms the
resin foam and the rings within the <cor e, ef |
l'inearity and failure
The increased materi al stiffness from Unpol i s
bet ween the foam resin and the Arundo rings f
of the rings undergoes mmoddtsshitng .b dlthke tflbea ns kiet
the core, transmitting stresses from the skin
surface between the skin and the core, l eadi ni
is modelled with the | iohkheamomg trhemgcohesi ve
37



Al so, in this case the model can catch the e:
core and skins, as well as within the core ri
strength and a more acelursaatst irfefpmress.nt ati on o
As shown in Figures 18 and 20, the model al so
|l oad, with the presence of a subsequent resid
Il n the experimental phaset het hleo addr ope aikn waess i s
pronounced in the Unpolished case compared to
respectively. This behavior was also accur at
predicted andeopf i @60r %i s6r the Unpolished ca
The | ower residual strength, in percentage te
FEM simul ations for the unpolished speci mens,
foam resin inside the dord nand et hceorAD breihmgrs .n
el ement , but as a collection of i ndependent
cohesion with the skins is | ost, these el emen
36Concl usi on

Fr o m utplod i s headl itsoheadh emodel , a significanganaealcr e

was obisrertvlieed numeri cbhbssl jpmuraeftienoting the exp
thanks to the presence of the cohesive bond w
panel

The increase in ummdleirshladd sttada fg omleisshdd oims due

the foam rAddsi ngandobhbseituting the core, which
rings undergoes the polishing treatment. This
the particul arly smp®.5hThmeurddlces iodn thbhest wreaet re rti
surfaces of the rings not only increases the
al so causes a change in the internal geometry
simultaneously connected to one of the two s
stresses from amdhes kierc otna tstke nr.i ngs
The panel was manufactupeidnanibdeediahgat est uysdaea
bending tohmatptehmee i misni mum strength requirements
[ 76Tlhi s malseis tcaebnda date f or boshr watrwrcalur pane
construct.ion industry
The results indicate that the sutersfeaccte opno lairsehais
ADrings have a significant i mpact on the panel
performance i mproves with the polishing of th
stress, and modulus inti¢t¢asethebyaanngvéeadeéeng
much as 52 %.
The finite el ement mo d e | ( FEMS plsaucemerstf ut Ly v
upolished and P120 polished panel ser-i esearac
materi al behavior, including upbeliaihlkdreephas:
was adapted to the P120 polished series by in
rings in the panel core. This interaction was
the coreti By jad$tuu one parameter, the Damage i
gher 1 n the polished panels, the model per f
del ed as homogeneous orthotcbpsensobi chaaf cWwi

hi
mo
stiffness.

| h huepol i shed model, it was possible to confir]
bet ween the foam resin and the | ataecrda&sl assreipac
el

38

ement within the core.
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| owed for the confirmation that

s of the rings, there is proper adhes]
ss of the panel andomatsegs od mdhei fcioc &t
ed contact surface between the core an
nce of this type of panel compared to
|l ementation of cohesive interaction wi
for the correct realization of th mo
gildt twhaasn piotssiidb.l e to create a model t
r of the material, both in the absenc

This was achieved while keé@dpichgwiabkeo
ionbtjeencdtei v es.
model , devel oped and validated with ex
board design to meet various require
ion, as well as mechanical perfor mance
nally, the model wil/ be used to condu
ced by geometric parameters, such as r
gs within the core.
tion to abhsetHephdwvbsatagesnod Gooax us
s, sucht eaesi gahthirgaht i sot,r egnogotdh f | exi bi |l ity
roperties ensurecexotel tdret pmaeh amwihddle
han that of panels made with alternat:.i
ro, Arundo donax natwurally grows throuc
onomic and environment al transportati
or wood, which are | eywsamcdmmont hen icslnarl
el a strong territorial identi Thesaaed s
tural material does not necessarily i m
oeaespbohgddi stances from its place of

key i mprovement introduced and demons

correlation between the -tswoif e canaoionudgrmam
ces within the core) &weént senapaneln@s efs
a significant rise in friction, t her et
ies under bending.

cal point regards the ch0|ce of adhesi
eamedalkpoxy resins. Ther are greener
r polyhydroxyalkanchaitbestl(vReHA/) ;e Xxhpcewesvi evre
ion capacity, mostly outside the Europ
t for the time being.

ncesswmeered concerns the high cost and
ture the panel skins.

h flax fibers possess very high mechar
atur al fibers, such as hemp fibers (du
t he pr oduucsteido nr epgruoicreesss ,hitghhe pornees sur e ar
c and environmental Amr ad u etrin@an i ves top tfi
died in Appendi x A.



4 PARTI CLEBPARBL

4. 1 I ntroducti on

This project was born from the collaboration
Gruppo Savi Vi ad Miah,9 & dawhdipcehrciiah i e chemical s
product isam uopfa untoants]l. e @ &@a ipmend etca st udy WPrhenfdeas
don@AD) in the production ofhepacbtomphepbardepan
the mechanical and pmparst icalietbdor@arfdde rntoideisf ya fn gt h
proaemglee quantity and type of resin used.
Particl eorograd ti cl eboard, i s a composite mater
known as chips, mixed with thermosetting synt
process that involves mixingphéereolcihd,psorwimel aa
foll owteldecoopmpar essi on i n moul ds. Durpiodg mehii sz agt
creating a solid and compact structure.
Particbabessdl lowthekavd ayers made of finer chip
inner | ayer of <coarser chi ps t omepcrhoavniidcea | mepcrho
depend on the quality of the raw mapameéelal samnd .
type of resin employed.
Parti cilse bwiadedl y used in the furnituweéfacdi vens:
rsatility, and availability. However, it do
moi sture sensitivity c¢dmkar eMeedt suimoy hkir b rce
F) or plywood.
t i slmakdeear af wood ar e e Xtiewnesurvreiltyur et ipgri azdew
struction sectcossidespidt @ weoeéwabl e resou
speci es, ranging from JFO& mt o 04 01 yme apresr tyoe ¢
y can be harvested for engineering purpose
rowt h, is contributing to deforestation on
erage ¢talby decmielalsieon km] (equi val ent7 7t,0 728.,:
Deforestation of forests is an important
nd biodiversity and p[l &@, a8ctF
e conversion of forests to ot
emi ssions (GHG), and the accel
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percentages ranging from 85% to 95% in count
Net herl ands, and Finland. A great mamrti colfe btol

producti on, Italy | eads among Europealn8.xjountr
Wood waste comes fr om v airoinbougse nseoowrsc ersa,t ema kail n gd
of wood types, appl8ieaastieonwpodndomtraignsansphy:
contaminants, which pose challenges for recyc
product s. Nowadays, sever al mechani cal proce:
waste, siucd, ametpadlast or fabrics. However, cher
pai nt s, and adhesives are more challenging t

recypdretdi sl bleoargd i nferior to those made from

t he pmaduc tcal rempoarfrtdi c | eboar dwgad edlIsgnttsh ea U ss
or suppl ement t o, wood has been studi ec
i onal pwoddcmat efhaebks npélFydeée8fR2thaeepaudth
aft88]peaf ROyt amdroel |F e afe®X]trreacw c[l 3, wo
i AAr tihaul darms de monsot6r,a t3e3d, g970,d 1p6ojt e n
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ai med par tdewse pomaruacydc Ibeyd awaxed t i f
i r PDpogretritcdleess .byl tadhdasngbeen wi dely
S Aubstitute for wood pr ovparetsi csluefbfo
O ensure its commercializati on. Studi
es wer e pAaDptairdlilcy e e p Inalcta&hde rve[gbsa) ©d th e s |
have shown that t he wuse ofparhtiisc | neabtoe
-basetscd®®ger part
ting point of the pgaojf ecftoertyaianm dorourp pws
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i s most economi provipmarst igoloab an:
I advantages of UF resins compared
y slev@X . allhdésyds emmaricnhleyr sconcern the hi
pe of resin, the strong bond bet we
or use in wood particleboard panel
the very | ow cost (a fundament al
n t he order of mi |l |l ions of t
hyde resins generally pose issues r
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anel products. However, these emis
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Parti cilsebaomassraindwi ch panel composed of three | :
fine particle size, and a thicker inner | ayer

The research was structured into three differ
Wave 1, t he study pfaorctuiscd denbsomtrydhaend ADiBre t aardii @ u
percentages within the core. I n Wave 2, the e
core was iIimvéstugebabddklbset i tuted in the outer

42Wave 1

the first phase, called Wave 1, the recycl
y in the core wsi nd edipfafregri een te b p eerncheanttcaeg e s
sical and mec hani @alr t ic d.laleilaf af dgerelai nste ot¢AslQ e f
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amouonft r esTihrer ef or e, no changes were made to
Ssubstitution of part of the recycled wood in
Thgeodlnc|l uded deter mi ni ngDtthhaet omadrirmead p red < etnd at
performamscser ving whether thipsarvarcdesho@amwlbr it h
enhancement of the mpahthncwhaibloep rnbapienrttaiiensi nogf tt
and adhesive used.

42. 1 Materi al s

| n paret i cpeemeoas ddi f ferent particle size distri
composed of finer particles in the range 0.1

in the range 0.5 mm < d < 4 mm, wlkerde sdri dut
used to manufact urpeartthieg loauthgedrredl alyer seodnd hene
I
f

ayer. The company's proprietary granul ometri
or dceonntfiial ity reasons. The recycled wood part
was <collected from a cultivation of t he Depsa
University of Bol ogna, in CadheaapicBbl agdaba
the cul ms, as wel |l akhatDwa s| paveesswedr é of € mav
steps: harvesting, during which the | eaves an
dryingan oven aat c805nfQ anmnt imass was achieved,
variation between two we[i6gohlisihhg edandhgctuesd ny4 ah
foll owed by sieving of the chips to achieve t
chips used for the panel s cor e.

The density and mkBahraenirceslo rprife@lp e rnt iTeadh | cef
Tabl7Average and standard deviation of the density
Parameters Value

Densityj] j [kg/m 647.7 (+0.04)

Compression stress [MPa] 57.04 (+0.05)

Compression Young modulus [EPa] 13.40 (£0.33)

Tensile stress, of[MPalr al | e 111.70 (x0.12)
Tensile Young modulus parallel to the fibepE5Pa]  15.29 (x0.07)

Tensile stress, perpendicular to the fibes [MPa] 11.22 (+0.14)
Tensile Young modulugerpendicular to the fibery  1.05 (£0.16)
[GPa]

Shear stress U [ MPa] 18.40 (x0.12)
Shear elastic modulus G [GPa] 2.96 (x0.23)

ADwas dried using an oven at a temp
0. 1% after 28689hThe weiegotvelnoss of t

Urea formal dehyde resin ( Segdaercta lcméehbucfaarcds ul ieq b r
with, the hardener CTZ (Amm. Sol fato) The res
Company.

42. 2 Manuf acturing process

The manufacturing process is designed to ali
i ncorporating findpargtsi Glreetimmdarmhaér|l t boefhodoS8eepndar
Thearti cplaenbeolasr  or m a sandwichtworubtoreuiwet hl
4 2



r |l ayerpathectebheamiuttelme | ayers are made
r particle size distribution to ensure a
ahret i c| eTtheearcloompositi on of these outer | ay
any, with no modifications made during t
ubstituting part of tAlDe recycled wood chi
Var ipoaurst i cp eerbeolasr dwer e manuf actured with adjust
ADin the d®srheoowsTatbhee 15 types of specimens proc
notati on.

€
h

Tabll8&lomencl atpuwrre ioc$l etbhoeaurfdact ur ed.

Quantity ofAD Quantity of recycled
Type of Board particles in the core wood particles in the  Density [kg/n]

[%0] core [%]
A550 0 100 550
A680 0 100 680
A750 0 100 750
B550 10 90 550
B680 10 90 680
B750 10 90 750
C550 20 80 550
C680 20 80 680
C750 20 80 750
D550 35 65 550
D680 35 65 680
D750 35 65 750
E550 50 50 550
E680 50 50 680
E750 50 50 750
The manuf acptaurrtiincgl acobkolatrihdea vol ved t hr epeh ansaei n( Fp hga
2 atthe componenFer weme outxed | ayer, recycl ed
combined in fixed proportions, consistent acr
for confidentABdna yr.edywal eadhewaxcod echi ps were m
as reportlédtihe Ppaeblcentage of resin used in th
Il n t he s e(cFoing@dulfel gds e he ftohrrneierpa ratyheawserbe a mdn u al
positionednoilds i mtbasarpmeg 32x25x30 ¢cm. Pressure
form, reducing air content and simulating ind
Il n the t(hAirdg@urehasdtohemedr enat er i al was pl aced
mol di ng ppacetes sl evetreer dor odu cperde stshirnogu gphr cac ehsost  w
of 300 bar and a temperature of 190 ~ 210 A

parti canedootalred evapor atpiaogrn i @ aesb loma iwat &irne d hien s i
a constant temperature for approximately 4 mi

4 3
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Figeanet eps fol pawedcgreddwudtdi on process: (a) mechar
(b) prefparntiinad whogapldyi ng manual prpasturel|l eboardot
This procedure was carripdrout!| Fepaoatlkat i he dia
density was adjusted by varyiprag ti creruwfaaattu roif
while the pressure applied by the machine rem
Before proceeding with the testing phase all
resulting in particleboards measuring 300 x 2
obtain the specimens for the different tests.

42 Blet hods

Four different tests were conducted to perf ol
parti cl elbhoeasred speci fic tests were s¢l7T&dwwbadclhac
provides guidelines for the cl assi fpiacrattiicol ne baone
TablBreeports the f ouars stoessiitastheedt thes th,ortmae i vember
of the specimens tested for eachta ytphee [o10 dhadar

Tablype esft s carried out, standard associated to
required forecthhamighysiteaslt s.

,Di mensi ons

Test Nor mati ve Number of specimen [r
Swelling i 1/EN 317 (18 50 x 50 x =
Surface so/EN 311 (28 50 x 50 x ¢
I nternal B'EN 319 (18 50 x 50 x ¢
Thrppeei nt beEN 310 (16 300 x 50 «x

Before testing the samples were kept for 24 n
and a relative humidity of 65%.

The Swelling in thickne(sk99®dsndarsd swaes ipfdrefdorin
the thickness swelthi sgcaedoa pefdilamranconprhmt e
in controlled water, at a constant temperatur
mai ntained separated from each other, and fro
274 a) . Fooarr te actl fepbec,ar8 s peci mens wer e -1 dORBd as
tests were performed with the | MAL testing ma
Fig2aX &)

4 4



During the 1 mmersion period, the speci mens WwWEe
i mmer sion. For each test, the water in the ba
[ 103The swell imwgsi caltllbutlhhessaGcording to the
O —pnm W

wherties tt he thickness of the test pizesethefbdohec
of the test piece after i mmersion, also expre

(

FigaRea) | mmersion of the sPlicd knmeemss i nwdlhlei nvpa ttea st
cresesction area of 50 x 50 mm.

The Surface soundness test aimed to determine
particdmredotamel adhesi on between tpar Diuct leeh aanrdd
square spexiOm2insn ower 80t ested as suggel§Jtld®@ ] by

Circular grooves were cut into the [sluO4]jarc et lod
surface of,atheaspdcismerl praal ti sa igH auseidv eu swintgh e
under 1502%@,) Bihgpwsetest preparation: t he ho
speci men and held with a |ight pressure of 0.

hardened.

The te88D)r ewpearet ecdarirn eldi pwrte at a ¢
occurr®90[ 604960
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(b

FigaBea) Test preparation. ( b)ThSiuo K naecses ssowenldiniersgs t
with aecto®s®mn area of 50 x 50 mm

Fi g@#eb) shows the I nternal bond (1 B) test,

perpendicul ar g ar ttihcel oploaasraedgtghdes ttsdtda nbdyd [ @ 6§62 EN 3
square spexdikmemds wefr &S0t ested. The speci mens Wwe
met al test bl oc kKA, a)a.s Bxhcoewsns ignl uFei gwase r emoved
test The | oad was applied at a constant rate
of | oading was adjusted so that the maxi mum |
st an[dlad ]

(e
Figle(ea) Test prepa
cresescti on area of

o1 =
o o
x
(3]
o
3
3

Tensile strength perpeandicudfabeaohd tthestpl @inec ¢
according to Eq. 10:
0 0

O pr
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whemegt & the breaking | oad expressed in Newton
of the test piece expressed in millimeters.

The Tphorienet bending tests werxed &2a&r rmmed Tdauteeors p
were cut for each i oehred fpteawrdt u rsd deMeaaer dnanuf act ur
typeaot i cplaenbeola,r da t ot al of six speci mens-lwer e
[ 102]The test procedure[]106luewsgthesphantdandth

Figablehrpei nt bending t«S5&22d2nmm. sample of 300

A strain gauyCGitl{ KEGB2R of 10 mm | ength) was |
each specimen, the str-8BA gdbhgsesBRBiwpoEitgdue d ew
(
1

was conducted wunder di spl acement contr ol di
specimen fracture occurs in approximately 00
31[0106]

The modul us mahdelt et beintdyiMlyast cahguhated foll
[ 106Eas calcul atetilaccording to Eq.

a0 O

TLD W PP
wheties It he distance between the supports, b i:¢
test specimen (allOar@Parees stelde ilnoandd | atmel ®B% sgnc

| oad express@@andnarNewtboe, def | dcetnigarh atf tthe |
corresp®acdi®ng t o
The bending strength 1% expressed according t

g0 «
- oo pCQ
whe®©Oeis the maxi mum | oad expressed in Newton.
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42. 4 Resul t s

42. APhysi cal and mechanical properties
Tabd®eports the average and standard deviati c
i nternal bond for the speci mens.

TabdOAverage values and standard deviations for th
I nternal bond (1 B) for all speci mens.

Specime TS 2 h [‘Surface [sMRadne | B [ MPa]

A550 11.(N8. 20) 0. WD . 04) 0.8H8.02)

B550 13.R6. 44)0. WO . 26) 0. BH. 11)

C550 13.(M11. 13)0. WD. 09) 0.88.05)

D550 13.012. 44)0. WN®. 20) 0.8H8.01)

E550 14.M06. 99)0. (@ . 22) 0.88.05)

A680 14.(816. 07)1. 88.17) 0.68.08)

B680 14.810. 23)1. ®D. 14) 0.88.05)

C680 14 .(R6. 98) 1. @AD. 18) 0. 48.04)

D680 12.(804. 69) 1. &D. 08) 0.88.01)

E680 11.(NG. 54) 1. N9 . 23) 0. 48.009)

A750 14.817. 18) 1. N9 . 12) 0.88.08)

B750 11.(806. 98) 1. No. 08) 0. 648.07)

C750 10.(N®B. 74) 1. (N®. 31) 0.pK. 009)

D750 9. MN2.00) 1. @®D.22) 0. ¢8.03)

E750 11.(801. 49)0. g®. 10) 0.8H8.11)
Figaé él ustrates the trend of thickness swell.:i
the quAbdnd yt lod densities of 550, 680 and 750
For the dedtshe ydisBfoe rkegrAtDi p e t bdeon traagte si offl uenc e
Thickness swelling, surface@saoun d(nbe)s sa nadn d( cl)n)t.

4 8



16,0 2,0

14,0 i A w 1.8
o —y . 5
1
2og” % 1’?1
—_ n i
§ 10,0 2 1,2
< g
< 80 €10
o
0 60 @ 08
Q
40 2 0,6
' 504
2,0 ? 02
0,0 0,0
0 10 20 30 40 50 60 0 10 20 30 40 50 60
AD [%] AD [%]
—8—550 680 750 —8— 550 680 750
(a) (b)

0 10 20 30 40 50 60
AD [%]
—— 550 680 750
(c)
Figa@ablehe trend of (a) Thickness swelling 2 h (TS =
for the three densitiesAdnd ttthe oarrd adafi otnh eo fp arhtei

n the case of 680 kg/mj density it was obser:
@a) (amd with the i ncADB mentdeoft htehe oqearotfi ttyheo
he surface soundness remad b$. céhesabhy, Bhest
ensity d$§hadwoOakgamabolic trend2§arn (teameé Tag tar
ini mum for tADEoOoNhS eatt &AM d¥%Waofmaxi mum for t he |
shows a decrease with tAHbe i ncrease in the per
The reason why the 750 kg/ mj density exhibits
the | ower densities could be Abwirtihdbwmt eech et oo aar t
resulting in improved adhesion to the resin d

42. 2T h rrpeeibretndi ng t est

Tabdlresents the mean val ueparatnidcpsdanzoasradt e sd e\
t hfpeoe Nt bending test. As expected, the perfor
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Tabdverage values and standard deviations, hn br e
Modul us ofraptdashéecdéegpsEty Ppartihbst.ethobftfdrent types

Speci | Maxi mum L . [ MPa’ En[ MP a] Densi t¥ |
A550 335.NBG. 7¢5.4®.6 980.N2B.0 538N11. 72"
B550 388.N83.4¢6. Na.0 1113K144L4 ( 57 7(N146 . 79
C550 373.NB2.¢@4(5.X3.@a 901.R79. @ 56 7(N20. 86
D550 398.N285(9 6. Na.@ 107 7NB218 ( 56 0N189 . 81
E550 335.NB8.(¢¢5.4A®.6 980.K238.0 555N20. 40
A680 896 .N®@4.@4+10.KB.  1829N19%B2 ( 6 65N>84. 66
B680 956.N82.6°13.K812. I 186 6NI1321 .( 6 75N169. 02
C680 1070NM4MB4.(¢14.1810. 3 1839N197%9 .( 656(N%60. 15"
D680 1106N617. 4 15. 8B®. § 193 7NBR7 ( 70 1(N166 . 58
E680 724.R82.0: 9. 38.0 1408N23820 .( 649N»M2. 18"
A750 108 7N1e4 .(:13.182.  2131N2M09 .( 720N30. 91"
B750 1149N403. 5§ 15. M07. 4 240 1N18400 .( 746(N132. 59
C750 1158N521. 3 15.806. 1 247 0N17M04 ( 7 4 7(N190 . 89
D750 1119N®15. A 14. 812. 4 2282N6M2 .( 730N%6. 05"
E750 954 .N20.6°12.N®. 3 204 2N1684 .( 728N381. 68"

® o =>0Do

T T T T T 0> TTIO MO O AT
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ehows t he wirtehn dt hoef pAeDf e nttehgee tdfr ee Adi f f e
s of 680 kg/ mj aonbds e7r5v0e dk gi/nmjt, h(,ea) abgeanr dai b
&nn ptareet 0 fsl e mcdlreaseessi ti on of the peak
S : for the speci mehse wpwieahk ADpereaiicthegea
1
t
d

” ©
o

~ ~—~ - ('D _'-c _—

0% and 20%, while for 3t hteh es ppeeca kmeinss r
age of 35%.

ensity 550 ,kgumje dxxlei thietngdiaagc en gteanmny!
mesf not | ead to any variations in bend
|l 1 densitiesADovdntthe nth,e taleal,i tbd rophahretfi St0eUe o &
wer ADhRiInN@@rne TR s trend can bADeehplbaitise i e
ni cal performance than recycled wood, an
al so enhances the nMnMddiWani®dbgeéver opehei es
s is peepmpamwed ht o the case of recycl e
i

I

®s o
5

Hoos—~—

S o9

ntly higher, this could | ead to a r e
, an improvementpamtitdilee bosestedr vieada | pre
I strengt h, due tAdDcompasepdetioonmr emg ¢
l'ts in an Knopeaseai makADodmnicas e Bref
t, t AB)sp swuipteirv e re fnfeecchtasniocfal properti
reduced adhAadsi oombaetedenothlkeeresioan
recycl ed waad, cplerbiboarrgnanoea decl i ne



15,0 -

13,0 :
$ 11,0
=3
~£ 90

7,0

. A/'A\_‘_/—A—\‘

3,0

0 10 20 30 40 50 60
AD [%)]
750 680 —A— 550

Fig@iZkendi ng ,storfe maghrey i cd vedroatrlide Aurmant he ycorfe accor
density of the board.

Fig@aBsehows the benadaisng dturnengtom of t heADdensi
percentage. The curves shdWt heltinead beeoaches r
20% and 30% and ré&tharoapsl inear at 50% of

18,0
16,0
14,0
12,0
10,0
8,0
6,0
4,0
2,0

0,0
500 550 600 650 700 750 800

Density [kg/m?]

0, [MPa]

——0% —0—10% —0—20% —e—35% 50%

Fi gkBBending ,stofenghbkb parti Deealsodryd odv etrhet hbeoar d

percentages of AD in the core.

AddiAlbghi ps t o tpher tciogled hoofgpredheent ages ranging
total, |l eads to an i mprovement in bending str
t he ADdm s e . Conv AArDsep et iacp réofpdearrtdi es are | ower

compared to the 0% case.
Figlfpa esents a response interpolated surface,
bending, st céhragqtgle wi t h t wo iADpateent agediensi tg
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t hpearticldhhozrach be observed that there are two
is colored in yellow: one correspoARsn ttchet hceo
and the second is associated wi ADin htthadeansrn é&.y
("-‘Hﬁﬁ‘&ﬁ
16 16
14
14
12 @
=
10 5
8
[}
4
750
20
4D [, s =y 5z d
Fig@®le response surface with two input variabl es,

output being t,he bending strength

425Di scussi on

A key objective of this study was to enhanc
parti cblye brmaairndt ai ni ng the same density and resi
by replacing recyADeldi pvso.odT hcihg api snmepani pt ghee tante en

parti clsebolaasdsi fi cat i d®mdlfarsem PRI2 itso aRBSe®an ian ¢ d

particleboards suitable for use in dry condit
two classes of particl@®tmaud s sweir e :mnltea tndaid n gbyo:
(tensile strength perpendicular to the plane

Speci mens with a dAaBDcantye notf [6cBtdwmekegdl ®ln0o asatdr at e
average bengditnlpatstexangdds the minimum requir
par ti cclleabsosa,r das Sh(oawmeire Fhgured | ines 1indicat
P2 anpdarR4 cdledbsblsaensd.ver, when considering the s
wit h%AlDMoes not meet the minimum requirements
density of 750 kg/ mj exhialiute savadroage tthen kit mag d
t hose Aldptelm camt %g e F B®(uab @

FigB8néeé) reported the avelage aMlddulhes spfece Imant

l ines represent the standard | iprairttd cd 45 cciraaht el
observed only the specimens with the densit
requirement, exc®Bpan@h&d®e containing O
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18 T 3000
16

4 2500
- P4 I
£ —ip, w2 ; P4
=10 I & P2
= n = 1500
6 3 I | [ = —
6 % | | m “m:m H
4 |
500 1 |
2 S
0 | L | 1 L | 0
550 680 750 b 550 680 750
(a) A 0% W10% | 20% 0 35% O 50% (®) A 0% WM10% @ 20% 0 35% O 50%
0,6
05
Lo g B
= 03 = ~ P2
802 || -
0,1 | |
0
550 680 750
(c) 0% MW10% M 20% [ 35% 0O 50%

Fi gB8BmW@ompari son with normatipartiiomia@&mseldsodf odri ftfhea e
characteristics, ,(dbp)bModiuhgha a(d)e reigratlsetr)calt yb oEnd ( |

The threshold value for internal bond (1 B) st
cl pasti csl,elmsarnd | us(rcadt.edAlimski qaqurle speci mens
and 750 kg/ mj exceed this | imit.

Only the speci mens %aintdh tah ed eymisanrstiyidteyf t dffé& Oc &g é m
and 35% are suitable for the P4 class, consid
I n T2bhe values oflnbeMdduwmligustaeaendithstnali tlgo
obtained in this work were compar ADp awittihc |Itehboos
panel s. -\Helrlnearin@ &dztu dadedy eneparticl eboards manuf
ADand wood. The resin that they used was urea
compared to the one manufactur ed anAlDamlda r5a0c% e
virgin wood, they obtained physical and mech:
present study, 2as reported in Tabl e
Thabteport echolwesl ahat the results obtained in
similar research both in mechanical and physi

Tab22€ompari son of values of Modul us o&nldnutpetrumreal (bvw
(I Bpaoticiheahwfaadt ured with Arundo donax or a mixt
literature and results obtained in this work.

. . Densi t|MOR MOE

Ref ergBi omat e Bi nder [ K@/ m |[ MPa]|[ MPa] I B [ M
1468 |0. 258

[ 16] AD Urea Forn62858 9 .-197 . 3026 |1. 3009

[ 96] AD Urea Forn46812 3.-178 |97-B36|\

Phenol 1250
[ 99] AD Formaldeh\ \ 3500 \
[ 34] AD Binderl es73%13 10-1&.;3;2 0.881
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[ 33] |AD Nomodifi8g,93, |3.126.|56852/0.-04 4
starches

[ 98] ADand WUrea Forn63850 819 90-D10(0.455

PresernADand Urea Forn53B48 |5.-125.|90a47/0.815
wor k recycle

s fiasal Waeeckphysi cal and mechanparmat i c¢plreobpoe:
sisting. o bhtee |l ayers are made of recycl
I nneompasfeda img x of rAdbcywchadywogdqgaadtitie
al diehtrey dpar ti cl eboar ds were tested for t h
ndnes spoamd tbherneda ng.

conclusions achieved are reported bel ow:

—n "o -
53O0 SO0 T
(2 i B ¢ > e B

1. The study revealed a |lineamemel atgi oo sslpiep t b
bendi ng , sathrde nMjotdhu | us mnoff d@khes i st ebHpiagehder de
enhance the interconnection between the <ch
ADchi ps.DBasice #Amoot hjeXx c®mpar eslut oaswe®od, a
resin adhesion is more challenging at | owe
pressure enhances this bond.

2.1t was observed that 3att hleaw deresino esi g(nsi
mechani cal properties Diindi ce atnlg@ anrgto irt &l e Haor
This is due to a combination of two factor

3.The opti malDcdu grst ittoy bef imMcor pwarattieqdl eaviha aorhd
resul ts i n t he best mechani cal perf or man
particl eSlpearndi cally, as the dehfsart yt henclreers
pr op edretcireesas e &% f p% B&bf20t he t ot al chips in t
examined densities, there was a signbficart
cont ent reached 50 %, i ndi cdat i andyd Dthieaa d &bl etyAp r
reduction in mechanical properties, as men

cknesé6TSpEsltki hgve shownDexhceptt haet aad dd @n

mj , praerdtuiccel[se baammdd shows a positive effe

ti clsebvaared resi stance. Since TS is pri.

er | apyaerrtsi colheebtokaerndo mat eri al ADhling® sa dvet e

rease i nPADvatuéd peowivsdenoeoeut at i kel y

so used in the outer | ayers.

kg/ mj density particleboards with

d deviation) ensured a class transi

nctur al( Ttoa sAtDr uccotnutreanlt do not excee

|l BEe of, 2d0bMWsiMPear i ng the standard de\

O =~ "+ 0MDIoSC OQ S
D

304 0T X o
o=~ ~—

ng Wave 2, tthhee setftuftdeyc td hoacfpuesAe@pnady sl ic8 ek sbé o r t
tituti onodfher eameycchlaend cvadpoacdpt opéebioas dof t he
e humensawdioes wo ot bhitlpsr,be 1 s o owmmosen s
efIfeetchtesz pr o p eoratnied s of t he

e studyoby dbowinasi ceta desdi .isd enderness ratic
e MOE amphrNMOR | @hearbdkest results were obt
sieves, i ndisdateidn p atoltldutc ér@endist mf avour abl e o
| ar gest(8 pimardeaglag s veamesa |l EsftledOaac eé d alt he s ame
def hagn opti mal sl ender ness whitsiitog nriafnigcea nt d tywe en
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mechani cal pmamrdped tShdns nahfirennges p oryt eSlemp |l e[ aHd] Sm
as well as[Bhgl1Arabi et al

Bent hi ¢l lo@bls esalnne@dr ease in the material s mech
particle sizes. The research highlights that,
surface area of a particle sampl &cspfe ceigfuiacl ardah
guantity and, consequently, I mproved board pr
pr operptairetsi cd besbeoraredd wi t h i ncr enasltinngk endo otdo psalret
but rathere tof tdhegrrpaetseermeadnotthe eftirfasenar eha
Il n the st udyl Qatbfhgdrni eitee ¢t alvhtei cclqersse t 0 fg | & e pajoaatr s e

particl essiuadhiyd snatt i stically significant chang
particTribo aftidmd irtalgld cathbseendved i n previous studi

4. 3Mdt eri al s

Par t of t h

e recycled wood chips was replaced

using the pe
al
er

rcent &g eas 8o B8 bau b gyt ietl dteidon hef b2G t
S used, such as AD, recycled wood
to paragraph 4.2.1 for an exhaus

The mater.i
pl ease ref

Di fferent particleboard panel s wADien namel faacrt ai

and the paADcihd lpes 23iiTaddlluedes al | speci men types
foll owed hereinafter.

Tabad3dypes of particleboard panel s.

NomenclAD ADFractions retained on the
of the [ %] 0.50 mr1.00 mr2.00 mr4. 00 mr
AO 0

B20 20 50 % 50 %

B35 35 50 % 50 %

C20 20 100 %

C35 35 100 %

D20 20 50 % 50 %

D35 35 50 % 50 %

E20 20 100 %

E35 35 100 %

F20 20 33% 33 % 33%
F35 35 33 % 33 % 33%

The preparation of the AD chigs idcdetteiel esch men aSe
The particleboards werraen diiensgeseOe &k gt/ anj h &wneal ha? Sdbe |
i s ctohmemownsl ey ngtecheo fcompmasalyowmdexcel |l ent results
percentage type and particle size distributio
to those used by the company. Additionally, t
To understand the effect of th-ewmephahichbk prop
particttredboardnderness (length/thickness) and
measUVArcedb.r ding t pP1l1O0Re DOBpbtfienadl 8 ywrael ues f or t he s
bet ween 90 and 12. The di mensions of the par
Ol ympus SZX10,manfaollyl soiveeadg thsynlge Aut o CAD 2023 soft
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4 3. 2 Met hods

The productiompaptocitsdbol®dsadame as that follo
parti cslterbudchertda 8é st i an 3. 2. 2

A particle size analysis was performed on AD
sandwich particleboard. A mandiame meihdmallc twarsi .
of each particle by capturing two optical micrt
The first iIimage measured the | ength and width
a side perspective, provihded meheérotdhiemkarbd d
di menshanakt,earpita atuilamr | y -d yipiomrdraind alf ogpa mtoincl| es
width thBraboutmes the thickness. For each sie
both recycled wood and AD were examined.

From these measurement s, t wo di mensionl ess
(length/thickness) and the aspect ratio (leng
mechani cal prope[ritd7%,s .03 ,paxal]icl eboard

For Wave P2gsastbB&Nasamé wweirteh ftohd oaveedli ti on of th
The water absocerdphhea osna mee sme tf hod daoslvioey i scvad, | |prhnbgh etdeu
only dibfefienoge moeistp@erci mba' s wei ght i nstewds of

adapted replacing t with p (specimen weight).

0O —pnm po

whenies pt he weight of the
test piece after i mmersi
| summadaphree porptesr ftohrenset ds h
the referé¢nb@]standard

test pi eicse tbheef oweei gihm
on, also expressed in
e number and di mensi o

of tests carried out, standard associ at e

Tabdddype
red fowvecthhei gaysiteaslt s.

requi

Di mensi ons

Test Nor mati ve Number of . .

specimen [
Swel | Thnge kinEN 317 (18 50 x 50 x ¢
Water absotEN 317 (18 50 x 50 x =2
Surface so/EN 311 (28 50 x 50 x =
I nternal B'EN 319 (18 50 x 50 x ¢
Thrppepei nt beEN 310 (16 300 x 50 x
The data were statistically analyzed wusing tt
whet her t he means of t he meacoameasinmec hmat €
significantly different from each other. For
di fference between means is considered signif
i mpl emented usi ng[eMia]jtab v. 18 softw
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4 3. 3 Results

4. 3. 3.1 Geometric study of <chips

TheDparticles were shredded using a mechanical

same particle size distributi opnaratsi ctlbeebeoraer &y g lu
3khows the recycled wood parti8hlespwiatpdsh inphseh e
across various paArst icalne bei mse edi Strrdibbh d hieard p gutr
size distribution that includes an additional
i's IsBecdalhe company does not wuse chi psardriedtedro:

(b) (c) (d)
FigBdSei zpanficltsaofionaved particles of wood recy
0.5 < d < 1 mm; (c) between 1 < d < 2 mm; (d) bet

(a)

(b) (c) (d)

FigBfsi ze of spiaduMeact esnafed particles of Arundo do
0.5 < d < 1 mm; (c) between 1 < d < 2 mm; (d) bet

The mean values with their respect(ilwergdgthdndcadrc
rati o) and aspectfpopattbe(rencgtAPai ehbbalp @aht ®d¢
25.

Tab258verage values and standard deviati ongr dmdo s
donarnxd recycled wood.

Si efvreact i Aver age

Materi Particl cthe part SR AR
d < 0. 5.54 (N 39.(8\19. 12.85 (
0.5 < d 9. 7B4.4 64.31 (F 20.74 (°F
AD 1 < d <« 11.(586.€¢€ 65.04 (F 20.98 (F¥F
2 < d <« 24.(3M14. 41.26 (F 13.31 (F
4 < d « 27 .(4NB)4 46.K3A.(4 14.R83.(0
d < 0. 1.081.1 18.97 (F 6.12 (N
0.5 < d 3.pgR1.6 16.46 (F 5.31 (K
Recycled d - 5.082.6 16.31 (f 5.26 (N
2 < d <« 12.(7N5.¢ 14.92 ( 4.81 (N
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FigBrengl4d | l ustrate the trends of the sAkamder ne

recycled wood, providing a better understandi |
70,0 20,0
60,0 180 \—‘\‘
16,0
50,0 14,0
., 400 . 12,0
)] %) 10,0
30,0 8,0
20,0 6,0
4,0
10,0 20
0,0 0,0
d<05 05<d<l 1<d<2 2<d<4 4<d<8 d<0.5 0.5<d<l 1<d<2 2<d<4
(a) (b)
FigB8B8Terend of Slenderness Ratio (SR) with the gran
25,0 7,0
6,0
20,0
570 ‘\'—’\'
15,0 4,0
% %
10,0 3,0
2,0
5,0
1,0
0,0 0,0
d<05 05<d<l 1<d<2 2<d<4 4<d<8 d<0.5 0.5<d<1 1<d<2 2<d<4
(a) (b)

Fig@dlerend of Aspect Ratio (AR) with the granul ome

The first observat i o3nkre3dss |tyh avti sti hbd eg & aneent rFii og
parti AIDeag e o fmuch more spread compawbdshowst ho
homogeneityADex hitihkei tre stuilgser values of sl ender
for intermediate particle sizes, specifically
of the other particle sizes.

Anot her i mportant consiAdDareat s iogmarsd rtdoehrtalny h B op
of wblids was already easily verifiable 8hroug
an3dpThe slenderness ratio (SR) for AD ranges f
92 to 18.97.

s dat a, which aligns wifhl@a, pdbiti,joad@ifr ash
rease in mechanical resi stanceAsD oBsgheedva
SR and AR should correspond to ,gre@aamerbeain
at i nter medi aADes hpaid tdi celnes usiez eesheofbest me c h
par t i colveebroaalrld.

Once the mean and standard deviation of the S
si zA&f oift was decided to calcul ate the mean an
combi naADpang icfl e si zes used to produce the va
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in T22blTehe combi ned mean and combined standard
are repor2.ed in Tabl e

TabdeAverage values and standard deviations fo
for the diff eAlursté oprartthiec |de sf foefr ethnite t ypes of pa

NomenclFractions retained on

of the 0.50 1.00 2.00 4.00 °R AR

B20 50 % 50 % 65.19 21.03
B35 50 % 50 % (N49. 2(N15. ¢
C20 100 % 66.08 21. 13
C35 100 % (N58. C(N18. 7
D20 50 % 50 % 53.67 17.31
D35 50 % 50 % (N49. 1(N15. €
E20 100 % 41.26 13.31
E35 100 % (N38. 1(N12. 2
F20 33.3 33.3 33.3 51.25 16.53
F35 33.3 33.3 33.3 (N57.5(N18.¢E

Fi gsuBr5e (a) sapoalv grbadphi cal representati2gaf of he h
slenderness ratio ¢(SR)hepdirhsegeettomradiso ( AR)

70,0 25,0
60,0
20,0
50,0
40,0 15,0
X a4
n <
30,0 100
20,0
5,0
10,0
0,0 0,0
B c D E F B c D E F
(a) (b)

Fi gBrhega) Sl enderness Ratio @ASRYr amnleg(riba dAfspreer
particleboards.

The panels showing the best slenderness resul

4. 3 .P3h.y2si cal and mechanical properties

Tab2Zrrereports the aver agaea eargdhtisa,kamedsasr dsavileelvli,iarbgs 0 |
surface soundness and internal bond for the s
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Tab2748verage val ues anddesntdaimtid@ak mle € vs wdwialdireryg fazbrsho r(pT
2 h (VAur2f hgdness and internal bond.
Densit¥y TS 2 h WA 2 h [ Surface [sMRi I B [ MP
AO 793.108.((12. 417. 4 39. 33. &) 1.00.N) 0.49.08
B20 691.107 (€15. 717. § 62. 52. 4N 0.49.38R8) 0.16.01
B35 691.106.(713. 317. § 59. 130. §N) 0.838.0R) 0.38®.(@NRN
C20 753.D2 .(«12. 014. Q 46. 438. 1) 1.28.0R) 0.48®.08
C35706.109.(511. 94. 7 53. 3. Q) 0.86.Q2K8) 0.289.(@R
D20 665.22 .(z17. 03.. § 64. 7122 (41 0.8D.@R8”) 0.30.0K
D35 781.01.(:10. 9%. § 40.58. 4 0.5D. A1) 0.28®.08
E20691.205.(¢14. 913. § 68. 5170 .(9N9 0.19.ad) 0.19.0R
E35746.207.(:13.22. 47 . 468. QN) 0.7D.36R) 0.2D.Q0N
F20678.107.(¢12. 107. 4 60. 680. Q&) 0.640.RK) 0.2D.0R1
F35684.202.(i14.218. 9 55. 977. 1X) 0.80.Q2K) 0.2H.0R
For a better representat bon hoef <alpeee deasitaletds i me
3avhere the black dashed Itihree rierf ceiwmhantceas stplee ewy
to the panel without any modification.
18,0 800
16,0 70,0
14,0 60’0
=120 T
%10,0 %50'0
N 80 < 40,0
2 60 g 300
4.0 20,0
2.0 10,0
0,0 0,0
B c D E F B c b E F
20% —&—35% 20% —&—35%
(a) (b)
< 1,40 0,60
= 1,20 0,50
él,oo 2040, N
g 0% k‘_‘\/l/‘ S 0,30
80'60 'E'
© 0,40 =020
£ 0,20 0,10
? 0,00 0,00
B C D E F B C D E F
20% —&a— 35% 20% —&—35%
(c) (d)
Fi g@blerend of average values for (a) thickness swe
(c) surface soundness and (d) I nternal Abcnodt(elnB).,
The black dot I ine represemdchanhiec avlalpureo poefr ttyh ea sssj
sSspecl men
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As can be observed omo tthree gd aipsh se viind entg uwiet |
the gran@Domieps yi e core of the panel. Thi
To confirm this the NOVA (Analysis of Vari anc
Fi gBreen3dl§ or the physical and mechanical prope.l
surface soundness I nternal bond (I B). On
the bottom and op dge of tAétbhoypercentat e;g
whi skers extend 0 he most extreme data poin
are pilnodtitveiddual |y ng a red cross marker.
' ' ' ' ' of ' T ]
22
75 i
20 - 70 F - A
18} _65¢F ]
:%, 360'% —= 4
6 =
55 = q
14 + |
0 e 50 1
£[] — ; ; ; ; or I L L L
B20 C20 D20 E20 F20 B20 C20 D20 E20 F20
(a) (b)
1.8 T
0.55 —
16
0.5
14+
= 045
g 12t === %
= 04t
§ 1 — 1 7 T
5 ‘ & 035
So0s8f \ J =3
? @ 03f
Q06 L H
£ 025f i
@ 04r g 8 ozk ﬁA
0.2
| = -
BéO C;O D‘ZO E;O FéO » BéO C;O D‘20 E;O FéO
(c) (d)
FigB87Box pl ots ADoaontteéret 20f & physical and mechanic
2 h; (b)) WaterSuwurbfsogetds mnn®ness;(c)d) I nternal bon
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65

| T
6L ] 60 -
150 |\ —— T 1 551
S4r T 1 S T
513» q %(50»
2+ [ e a5t
1
"t E L w0l
1
10
1
‘ ‘ ‘ ‘ ‘ B i i i i
B35 C35 D35 E35 F35 B35 C35 D35 E35 F35
(a) (b)
o5F
121
—+ -/ 045
11+F - |
E 1F ‘ 0.4 ==
=
70_9> 0.35
%0.8' g gogy p—— il
50-7' E0.25 4
8 ‘ L
§0.6' e e 02k i
D o5t .
| 0.15
04F L \
1 0.1F
0.3 : i i 1 | | | ] ]
B35 C35 D35 E35 F35 B35 C35 D35 E35 F35
(c) (d) | |
FigB8BBox plots ADoantteéret 35f & physi cal and mechanic
2 h; (b)) Water absorption 2 h; (c) Surface soundn
TabXBeresents the outputs ofmetchhea PAINCOVIA precperf toir
I n the tabl e:

T

1
1
1

6 2

SS ndi c &tuaers otf hlegSeqt uwaereens gr oup s, representing
to differences between group means.
d.ifndi c Dteagg etelse dbfe t Awreeeend ogmm o u p s .

MSr epr esMad s S$bhdegaweeen groups.

Fis the ratio between the variability betw
hi ghervatlhuee, Ft he greater the variabgrlaoupy b
variability.

prepresents the prodvabiulkei tyual observigmegaa
value. I f p is |l ess than 0.05, it indicates
from the others.



Tab28est ANOVA for the results of the tests.

Quant

OfAD[%}Factor Prope SS d. f MS F p
TS 2 58. 51 4 14. 62 3.64 0.044
WA 2 947 84 211.9 2.95 0.075
[ %]
Gr anul ¢
20 SIZ'@DO]‘Surfa
sound 2. 48 4 0.619 9.54 0.000
[ MPa]
I B [ M0.23 4 0.058 27.270.000
TS 2 20. 65 4 5.162 1.86 0.194
}Nﬁ/o]z 650. 1 4 162.54.53 0.024
Gr anul ¢
35 sizADofoUrfa
sound 0. 22 4 0.0551.07 0.407
[ MPa]
I B [ MO. 05 4 0.012 2.14 0.149

From Z&ibtl ecan be observed thaADihendei xaagesbD
significant difference between the groups of
ADi s aentnalufactor for these variabl es, part
bond. Fr3mhsBpiegcuirmreens s howi ngi i hteerbre saf psurffoa oma
nt er naarle btomodse of C20, where the fract ADn r el

[

chips meaning thehehRPpemmpaseed &ahdowghe retai:r
series of specimens that performed well were
the propertiesy A®p a&rhtei aglreasn uil momrega s e s .

Il n the caseADnfo uwstianng sx35 c%lly significant di ff
of specimens studied, aal seenaia@ ¢gheatabl ©hamh
except for WA. TherefADre,suilncr @éasiand otstse od mo u r
on the panel properties.

4. 3 .T3h.r-geceibretn di ng t est

TabXPepresents the mean values and standard dev
t hfpeoe Nt bendi negrtoecets.silnmg tpheasggstspeci mens wh
from the referef)cevedensiotty c0h0&0 dieg/er .

Tabd9%verage values and standard deviations, hn br e
Modul us ofraprtdashecdegpsEty for the different types

ParticlMaxi mum Lc, [ MPa] Eu[ MPa] Densit¥ [kg
A0 846.098(M:11.919. 11752 .18B2.(683.38.LKN)
B20 844.01.6K)14. 712. 5§1739.146.(732. 103 3(5N
B35 850. 8®. 0M)12.218. 1617 .%8B. Y 683.396.4R/)
C20 759.398(R!10.713. 31536.16X3.(668. 1469 89N
C35 820.8381(KN:13.8D. 2058.2887.(666. 150 6(7N
D20 877.8601(R!12.91. 41602.28067.(694.398. BH)
D35 789.06.8R)11. 74. 31521 .BJ3.(707.28.08)
E20 984.688. 0K)15. 614. 3 2284.1308.( 707.38. 6R)
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E35 676. 282(K!10.906. §1485.155318.(667. 23.(F¢R)

F20 752. 5@.6R)10.2M. M11431.1020.(671.89.6H)
F35 903.88.4K)12.01. (1513.19135.(657. 98.6R)

FigB&sdows t heaBememnago,f tarnedn g(tbh) Modul W)s foofr etlha
percenAlogdge 20f %% (orange | ine) and 35 % (bl ue |
value of the associated with the AO speci men.

18,0 2500,0
16,0
14,0 2000,0
12,0
ElOO '51500,0
= g0 Z
o= 6.0 uF 1000,0
40 500,0
2,0
0,0 0.0
B c D E F Y B c D E F
20% —a&— 35% 20% —a&—35%
(a) (b)
FigB8B8&ea) Bendingarsd rEem)gtModuldisfofr @Da%t (ofrawgéeEl.I
l i néA) umd o cdoorntaexnt . The black dot 1| ine megxrheasmd ctad
property associated with the AO0O speci men.
|l n Fs3fua)e and (b) no trend is evident wWADh re
chips in the core of the panel . To confirm t
empl oyed.
Box plots aFriegstrGep4dtr tBadhdinng ,str dgrbgt Modul us of
(® . On each box, the red Iine is set at the
indicat e, respectively, the 25th and 75th per
data points which are nooutt |Icioenrssi daerree dp looutttleide ris
cross marker.
18 T T T T T 26 T T T T
7E T 4 24l
6 1 22} 1
15 . ‘
2r 1 q
— 14F i 1 T -
& L & 18t i
= 13+ [ —I- : o,
£ ! Eme»H ﬁ 1
° 12t ‘ . w
1F | 141 | | ﬁA
1 1
1ol ﬁ 12+ L
9t L LA 1F
8 - - - - 08 - - - - -
B20 C20 D20 E20 F20 B20 C20 D20 E20 F20
(a) (b)

Fi gdtBox pl ot s Afwndd bbbnre@x %: (a) ,Ben@ibhgMetuéenogt bf
(8 .
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[MPa]

0-I'TW
S

I
|
1

T
1 24+ 4
] 221 —— 1
15+ A \
+ 2F } 4
14+ . —_
B & 18+ ‘ \ s .
131 q < s
T E 16 ]
L 4 1T}
1
nr o \ 1 -+

8 L L L L L 0.8 L L L L
B35 C35 D35 E35 F35 B35 C35 D35 E35 F35

(a) (b)
FigddaeBox pl ot/ ulmadmo ctblet a&3n5t :% (a) ,Ben@dbhgMetduoueogt bf
(8 .

Tab3ggr esents the outtphie sp dibhretd dien d NO¥AtTf or

Tab3d0Fest ANOVA for the results of the tests.

Quant

OAD[%}Factor Prope SS d. f . MS F p

’0 Granul cA [MPg104.5 4 26.14 11.730.000
sizRDofE [ GPal.91 4 0.477 14.220.000

a5 Granul cA [ MPe33.66 4 8.4153.23 0.028
sizRDofEg, [ GPal.73 4 0.4336.34 0.001

From the ANOVA test, results consistentADvith

content of 20 %, a statistically significant

However, no trend is evi APmdr tiinclreel @itz e nwittoh it

panel, the group of specimens that demonstrat

E20

n the caseADnfo wstianng s35 c%l |y significant diff
f speci metnesrods Beéineld ngn.strength

4. 3.4 Di scussi on

ob | Wau eavas® o o0 é vtaH eu ait neffl utehnec eg r d rmAeDcohmagdstt ¢ d otf o
cor e oonf tthhee-npphaymsaihd acla | properties of the p.
|l owing the granul ometry analysis of the ma
t entf rodctsii erveet Abb ep avetainddOensd @afn d abnétk wwre m | d

i bit the best performahncemadadultes msf odl detidd
d duleB)t o their gh val ues of bifemdie mmges s

hi er
| i[tledrOgt Wrld |, 1009, 96

—_

Il n the case AOD AdOMAganrRd®dlwy 9 fs revealed a stat
mechani cal properties based on granul ometry,;
addition of 35% AD the ANOVA analysis did not
groups, and no trend could be defined in this
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nstrated the feasibility of produc
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Despite theoretical assumptions suggesting a
mechani cal properties of the particleboard,
patterns. Specifically:

T ANOVA analysis showed statisticalinéghasnigcnal
properties of the particleboard with chang

but only in the case of a 20% AD a«ddirteil arn.
were identified between AD particle size a
T Adding 35% AD did not resul t -menc hsaing nciafli cpa no
among t haen ad rycsuepds.
T No direct or indirect correlations emerged
mechani cal properties of the particleboard
This outcome suggests that complex physical a
particle size alone. For instance, the intertf
compatibility, could play a critical rol e in

This research demonfsDasata@mn &lhtee rpnoatteinvtei aa ndofs
particleboards, opening new opportunities for
from Wave 2 emphasise the complexity of mater
approadbdlRttt er under stand t he nmmecchhaanniscrasl ipnrfad puee

boar ds.

Future phases of research, including the anal
to further i mprove particleboard performance
could contribute to envtihe nurseen toafl rseucsytcali enda bainld

A fudtuembdavhkel anal ysi smeacfhatnhe aphypsiopalrti es of
part of the recycled wood inAQ hesengerhal sdmeg
percentages applied in Wave 1.

The overall panel density wil/ be A8 @ pkgetmmen
percentage:

T The first type, without modifications, wil
this material.
T The second t ARe swielcli fiimccalludye usi ng the com
results in the previous two Waves.
No changes wil |l be made to the type of resin
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5. Bl NDERLESS PARTI CLESBOARD

5.1 I ntroduction

The project stems from a <coll aboration bet we
My . Fifbreorr s Modewmp, f acss@adton devel oping innovat
mat erli alsp.eci al i-fsrese imarkiincdeerboar d t hat i s er

compostabl e.

n the | ast decathesetdheomposioresf havootdaced t
ncreasing demand for roundwood in all wo od
egulraetgouriyr ement s t o r edmuased had huessei veefs pmeauter otl
mi ssibnke t He rumsad doefhywdreea esi n, Oemmorley tlhze &
n meeting industry benchmarks, formal dehyde
ontinues to be a major concern.
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Cc resins. Suc-basedgina aubsohmeoryent csal
i cant e[nlvli 5,0 ninle6n,t all1l 7c, 0 nlcle8r]n

s particleboards which are free of
ddress these issues. Many recent
ral wastee ptaa.tpTchdeksbeoed redckhi e @ vieat er
i dues t[rlela8 ,e dwiwijg hrlg SipcduwevaX 20 Jg a e
aflnhdt oa scaambcihnat i on dfl 2r2i]Tchea nsktsr atwo
ositions thbhede nmatperoipaelrd i easn udcawe:
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e. In addition to agricultural was
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n
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e of the most studied approaches to itnhper ovi
etreodt mantusadchfadretseam expl osi on This met
essure steam followed by a sudden rel ease
eakdown of fibrous structures. This gmdces
gradation of hemicellul ose, making these c¢h:
mati onrdefpiladg, hadamhBep <tiePdmsi on al so i ncreas
acdd bereh arddiersg oinnt St udi es have dem
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of 220 AC for 6 minutes and a fi
bility and [ilmMp&4Joved mechanical pro
act otrhdeceesithyey omfthenpbysical and |
rds. Recent studies have shown tha
and water resi[sit2abnjeer oif n vti amardeea | ey
with sorghum residues have demonstr a
making them suit abll2e5 Kmat hgeern efraad t carp pd fi fcead
hanical properties of Dbinderl ess M.arG@Ghen eedt
1 2feojlund t hat sm |l er particle sizes and opt
sity of 1.0 g/ j) achieved MOR valfulex6]of
se devel opment demonstrate the potenti al
ironmentally friendly alternative, reducin
y
r
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present stud fits wethanithIl spcopeexteby
binderl ess particleboard based on pretreat
production process remain confidential fo
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pur pose of the <coll a ration projegp bet
i c

bo
My . Fiabreeo sst udy the physi al and mechanical pr
an aggregate and hemp fibres ,prwittrlreadtedanw t a
chemica,l thhederestreated f i biMeys o.wedTphei ost aiderlt cé abensd s/
wi || pbai beddi s document for confidentiality
The studiceosn dauncdt etdemaErsa st hénose already perfor me
and 4.3.2 namely: thickness swelling, wa-ter a
point bewdi hgt hestaim of defining a posdebl es
partichebonmnEidNs @ 120 p7.@ahdar d

Regarding the aggregates ,Addeflf toemnthet ppesret
be wused: flax, AD, bamboo, hempd sthi gest gt dve A
aggregat-ewss taadaemrdelcigec | abl e

The fouagpes of aggregates have a high fibre
mechani cal perf oBBamhonoesbhvi heanpla e lhpe gerfaitdeecs rse
of t hiendwgstori al sector.

Bamboo i s wel/l recognised for its rapid growt
making it a popular choice for various[ APl i c:
However, significant amounts of b aanbmbroo dwacsttieor

R. Ful exs3Jailiheduse of bamboob@rddd ch@mbds areta

Hemp shives from the hemp pl ant have a high

properties. However, i n the hemp -ptreoxdtuiclte asnedc t
material. After the extr gcatritoal bédbabtvésbers
to 75% of the stalk mass having a great poten
its chemical c omp on ¢ nlt2s8 Jlbhea nngo ssti npirl oadru cttoi wweo ohde
up tid0 1t5/ ha of dry shives mass, with the estir
reaching at | east 700, 000 (t[/1ysapr oxi rBOMBE ¢ sAtc@w
i ndustrial hemp shives in Europe artehiursde d sa su t:
for insulation in construction and as garden
viable altersnataindes ttorsprwdauei ng Vv eblaasteidl emaotregre
[ 130JAddi tionally, hemp shives have been ident
production using|[ §88aiHoevteiver PMDIi ndesil mss boarc
shives through thermoforming prock$32 demons
6 9



Digestapeodsesct by the anaer obamrcd drigprsas eomt o fa

for the circular economy and the ecological v
Digestate is divadedlidtantwa frgqgutdonBoth fr
soil quality and reducing the reliance on che
organic matter and can be used as a isdoiflr aacntein
on the other hand, contains a higher concent
potassium, is often used as a liquid fertilis
Current regulations impose specific |Iimits on
prevent eutrophication and water pollution. O]
or digestate i dnnadldongem,pdrhmi tstodd.d fractior
fertilisation and is also | ess rich in nutrie
This creates a maj or c hsailnceen gteh erne diisg easnt aet xec ent
cannot be wused in fertilizing the soil

When the solid digestate is not used 1 n agr.i
posing the risk of environment al poll uti on,

management . Additionall vy, its management can
treat ment requires advanced technol ogi es. Fo
solutions for the recycliahg aodhefbi citentval
buil di ng mat esrusatlai mab log hperro dewot s .

5 Manufacture and Met hods

Tab3ller ovi des the chemical compositions of the
The pretreated hemp fibres, hemp hurWMg., Ffbaxs
Thbeenfpi bres are extracted from the plant and
grinding, foll owed Blyensgtehv ifnigbrteos ifsrod natseh ometde r
The hemp hurds, flax and bamboo undergo mecha
particle size of |l ess than 2 mm.
The AD used was the same (Bar acdradp hdletbsc2 p bretdi c
di stribution is consistent with that used for
Tab3d3l€hemical of h empl, u nfd oa.xd, o nbaaxmb o o

. Chemical composition |
RefereMaterial CellulHemi cel|Ligni|Othe
[ 133] 67.0 16.1 3.3 3.6
[ 134] He mp 74. 4 17.9 3.7 1.7
[ 135] 74.0 18.0 4.0 \
[ 136] 76. 1 12.3 5.7 4.9
[ 137] Fl ax 76. 2 9. 4 9.1 5.3
[ 138] 68-78.916-34.0 |4 .-6. 1|\
[ 139] Bamboo 47. 2 23.9 25. 4 |0. 5
[ 140] 306820 (45250 33240\
[ 141] Arundo donaj/43.1 21.9 22.4 |112.6
Al | these materials were dried using an oven
variation of | ess th[a;k9]0. 1% after 24 h in the
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edMbgi ¢ihma agBolcadgnmn a)y a

The digestate was su ]
[ d and solid phases, e X

consi sted of bot h
component s.

ppl
qgui

Due todiascnloonsur e agr eerentankde ttwheee nUntihvee r $ti & ryt  «
possiibnicel ude in this document details .regardir
SeveralbitrypepralrogscWwebeapdsduced varying:

type .of aggregate
compaction pressure during the forming
ratio between Mytrill and the aggregat

E
— o~ —
> 5 T
D @D @D

Specifically, six differdmundtdygpedaabeonrop,g dhrue gas

di geanadtfl ax.

Three Ifovepirsiegopfure were applied: 0.2 MPa, 0.5

Forpatti ctlyepleeosMiyd @ gt egate ratio of phald/t@ Q| ved ¢

with compaction pr ewistule ghpuraldés 0Ohé& aqdr €dg dbPen. I

di fferenaaglylyegate ratios of 40/60 and 60/40 w
r
[

an increase in Mytril!/| content affects the p
The particleboards where the aggregate is d
pressure, 1 MPa because technical i ssues aros
For the particleboards i,nt wwvashdé¢ébedadgregmae
only with the 0.5 MPa |l evel of forming pressu
Theparti sl ehecaasuwr x ng.m30wer20produpgeesshngughoace
a pump with a dual function: removing excess
moul Juaoantee a better gquAaffterny wlietther miamg i gt
cured in an oven for 1 hour at 100AC to remo

binding properties.
Tab3Reol laddt ¢ hebipmddrulceesds amai t hehebaat &és i sti cs

Tabld 28y peparotfi cg eamelag d

Nomenclature of the panel Pressure [MPa]  Aggregate gﬂg;r'gé;?—e ratio [%
A2 0.2 AD

A A5 0.5 AD 40-60
Al10 1 AD
B2 0.2

B B5 0.5 Bamboo 40-60
B10 1
C2 0.2

C C5 0.5 Hemp hurds 40-60
C10 1

C/60 gggio ;).5 Hemp hurds 60-40

D D10 1 Digestate 40-60

L L5 0.5 Flax 40-60

71



The test cobhidndédpride § @l ebblvias d foll ows t he same
3.2.3 and33preégsesubmaminlnhegt eosft st hpeer f or med, t he nun
the specimens and the clo¥rOZ2]sponding reference

Tab3AHAype of tests carried out, standard assoc
speci mens r equi-meach admirc alh et eshtyss.i ¢ al

Number of Dimensions

Test Nor mati v . :
Speci mens speci men |
Swelling IiEN 317 ( 8 50 x 50 x
Water abscEN 317 ( 8 50 x 50 x
Surface scEN 311 ( 8 50 x 50 x
I nternal FEN 319 ( 8 50 x 50 x
Threei nt bEN 310 ( 6 300 x 50 X

53Resul t s
53. Physi cal properties

Tab¥pr estemmet saver age and dsetnasnluiays,ldn e £(s/T S&we loma trog r
absor(pwAbner 2 and 24 hours of i mmersion for

Tabld3dverage values and standard deviations for de
(WA) after 2 and 24 h of i mmersion.

Density [ TS 2 h [TS 24 h WA 2 h [CWA 24 h |

[l

A2 359(.807). 4 13 .(3® ) 6 14 . (8
B2 379.MB.)5 16 . (0K ) 6 18 .
c2 300(.%2). 6 1B(R)S5 16 .

KD )1 202(.fb1). 3 2120.80) 9
KB
&7
A5 36 5(.0B3) 7 15 . (3[4 % 17 .(6
KB
B
7
D

)5 183(.868). 4 19 7(.83). 9
)3 247(.80) 1 266(.[6.)3
)14 183(.800). 3 196(.82)3
)0 17 1(.M3) 8 18 3(.[B9) 8

)7 12 .(58.)19 15.(1R )3 257(.&) 8 28 1.fB1). 0
L5 330(.K4.)6 17 .(38 ) 9 18 .(8 ) 3 225.1.)9 2 4 6(.[D0). 4
C/ &0 42 0(.804). 2 18 . (30 ) 4 21(R.B6 154.8)2 17 1(.8)0
A10 40 1(.[B3). 4 17 .(9f ) 1 20( & )o0 17 4.8.) 3 189.M8)2
B10O 432(.88 )2 20( ®)o 22 (8 4) 154(.8B2). 2 16 7(.865). 4

~~ ~~
o O
B e

B R

B5 403(.08B ) 4 18 .(88.)25 20
C5 27 2(.R

=4}

cC10 322(.87) 18 . (9. )6 20 ( 03 222(.R0) 4 2 4 4(.KO7)

D10 390.242)BN 19.1 (N 20.8 (N 185.9 (N 208.9 (N

cC/e® 599.B9)(N 22.3 (N 28.2 (N 129.8 (N 142.5 (N

To better il 1l ustrat e34t hteh er essaunhet sd aptraé Faermet esdhei wir

and Fi3gar et he WA.

|l nspectidny nFa guireni f iidiaSntardei fodbesreernceeds among t
varying the type of aggregate added, not even
di fferent nature compared to the others).
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Figa®dbdows that the specimens with hemp hurds

2 hours and 24 hours for all three forming pr

with atdggrebhbhte ratio of a0/ 4 Ch,e shh gheesshta tTISo W
sur

forming pres e .
30,0 30,0
25,0 25,0
20,0 20,0
£ co '%0% = 150
(%)) ) )
[ [
10,0 10,0
50 50
0,0 0,0
A2 B2 C2 A5 B5 C5 L5 C/60-5
—8—24h —e—2h —8—24h —e—2h
(a) (b)
30,0
25,0
20,0
S
= 15,0
(%))
'_
10,0
5,0
0,0

A10 B10 C10 D10 C/60-10
—8—24h —e—2h
(c)

Figdrre Trend of average values of thickneéeises fsowaliln
pressurfeaMB&, (b)) O0.1BMPMPa and (c)

300,0 300,0
250,0 250,0
200,0 200,0

g g
g 150,0 g 150,0
100,0 100,0
50,0 50,0
0,0 0,0
A2 B2 C2 A5 B5 C5 L5 C/60-5
—8—24h —e—2h —8—24h —e—2h
(a) (b)
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300,0
250,0
200,0

150,0

WA [%]

100,0
50,0

0,0
A10 B10 C10 D10  C/60-10

—8—24h —e—2h

(c)

Fi gdB3Erend of average values of water absorption
pressuroeMBé; (B) O0O.1BMPMPa and (c)

Fi g4ea) and (b) present the TS and WA at 24 h
The red |[|strhee rsdparnedsaemdt | i mits associf[afné]d wi th
3 300

29 250

2@ 200

glm P4 ElS,ﬂD

Fim %(10,[])

50 5@

o0 A B Cc Cl6 0 00 A B c cls 0

B2 m5m10 m2 05810
(a) (b)

FigddG@ompari son with normative | imits for diAferer
24 Thhe redplgseheentsst andard | imits associated with ¢t}
I n Fd4garbeeancl eart pabbsrcvedsing the forming pr
in a higher TS and | ower WA . Since pressure
proportionality between TS and density, while
bet ween TS and WA are inversely proportional
swelling of the particleboard and the | ower t
This is because particleboards wivoiwdisbtven dhe
vol ume, which are filled with water upon I mm
weight but not its vol ume.
I n cont rdensi thy gpheerrt i cl eboards contain a great
within the same vol ume. When i mmersed in wat

saturation of fibres dee«epansuose,aasubetfdretcit 21d

Fi gddes)howwbsat al most all specimens exhibit ve
specified by the standard. This i ndiheeat es. aTa
ensure values below the maximum threshold spe
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specific treatments to the exte#dnmaelatmentacen
constituent el ements.

53. Mechani cal properties
53. 2.1 Surface Soundness and I nternal Bond

Fi gsvilfea) and (b) reported the sets@tobpg thleei stk
bond tests was4iFeported in Figure

(c)
Figdblea) Specimens setup; (b)) ;Sdtcyp Sfeamupt i desu rhfea c
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The mean values and standard deviations of t he
and internawvebendepgomBiledeish Tabl e

TabdbAverage values and standard deviations for su

Surface soundne | B [ MPa]
A2 0.23 (N 0.02) 014N 0.02)
B2 0.32 (N 0.04) 028§ N2p. 0
C?2 0.28 (N 0.01) 03@ N 2p. 0
A5 0.27 (N 0.07) 002N 50. 0
B5 0.33 (N 0.08) 02 N 1p. 0
C5 0.33 (N 0.10) 02 7 N010 .
L5 0.32 (N 0.06) 024 N20.0
C/ &0 0.46 (N 0.04) 026N 50. 0
A10 0.31 (N 0.06) 02§ N 4p. 0
B10O 0.23 (N 0.05) 03 N 1p. 0
C10 0.31 (N 0.04) 02 N 1p. 0
D10 0.31 (N 0.10) \
C/ a® 0.64 (N 0.05) 052 N 1p. 0
From the table above, it can be obseralemosttha
indepehdent ype of aggregate used, as previous
For a better representatdjdpheosambedatauvuhts pe
46The red Iines represent the standard | i mits
[ 7.6 ]
2 no
;0]0 050
S
CI.)0,60 '“‘0,40 _P2
:_(;0)40 %0,30 Pl
=il B 1 II

m2 =5m10 E2 =5m10

(a) (b)
FigdbGompari son with normative |limits for differei
test and (b) Theéeeredl | bnped (éBl)esent the standar
cl asses.
The | imit value associ atFead4Wienin itc | daosess hFOLt ieskirs
cl asparotfi cl ebeairrdoob@e nbecraalds f or use i n dry

particleboards were able to meet the minimum
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egarding theddB)yalaéel (pagturel eboards manuf a
MPa exceeded the minimum value for P1 cl ass
essing pressures used.

l'y particleboards capable of meeting th
s for interior fitments, including fur
|l eboards of the C/a Oprteyspsei,n gnapnruef sascu ruer eaodf
ype of particleboard exhibits significa
ot her cases, with increases of 86% and
% and 124% respectfi vielMPa.f olrhias pirse spsa rntg
y of these panels, which is 22.4% highe
sing pressurtepeaf t ilc WiPtab atoting as & mhe .TThree s s i
@ eagfc eMyttarge 4l ed pmemp fi bre) may ensure |
mechanical strength.

me o des optical microscope i mages of the
est, for a pressing pressure of 1 MPa and
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(h)

Fig4d7eOptical mi croscope images of the fracture s
pressing pressure of 1 MPa: aéd) t Aeuddf doBambopep
(f) He(p), Weghph a ratio o6O0Md0Ori x/ aggregate of

From the | magesursehawncainn be observed that th:

pretreatment process appear to be very short.
Mor eover, in traditional particleboards, suct
formedtbohimgemceptible film on the external s u
panel structure, with stresses being transmit
I n contrastt,hei nbitnhdiesr , c avsye ri | | compl etely e
preventing mutual contact between t hem.

53. 2. 2 pTohrnete bendi ng
Fi g4#8reported the-poaetnip befndtimeg ttlersdae

Fi gdB®et up ofpotimda tbhlkemedd ng t est

Tab¥presents the mean valuedi addprabreta scd aerbdo ad el
tested #proitnhte btenrdeeng t est .
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