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EuqaristÐec

Jèlw na euqarist sw apì kardi�c ton kajhght  mou kÔrio E.E.Jeotìkoglou pou
mou empisteÔthke autì to ìmorfo jèma kai  tan dÐpla mou diark¸c, me idiaÐterh ègnoia
kai di�jesh, gia na me bohj sei. K�je stigm  pou dÐstaza, mou èdine ¸jhsh kai fusik�
ta aparaÐthta episthmonik� efìdia gia thn ekpìnhsh aut c thc ergasÐac.

EÐnai proswpik  an�gkh na euqarist sw thn oikogènei� mou gia ìsa èqei k�nei gia
'mèna. Gia ta idanik� me ta opoÐa me meg�lwse kai gia ìla ta efìdia pou mou èdwse
gia na pragmatopoi sw tic spoudèc mou. Mou èmaje na mh lugÐzw stic duskolÐec kai
na suneqÐzw na agwnÐzomai, ìpwc èkana kai me thn ergasÐa aut .

Tèloc, jewr¸ qrèoc mou na anafèrw to shmantikì rìlo tou d�skalou kai
epist mona Dhmosjènh Mpartz¸ka, kat� th di�rkeia twn spoud¸n mou. MporeÐ na
èfuge nwrÐc apì th zw , ìmwc prìlabe na mac did�xei thn oloklhrwmènh antÐlhy 
tou gia to rìlo tou epist mona sthn koinwnÐa.
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Eisagwg 

H diplwmatik  ergasÐa èqei wc stìqo thn arijmhtik  melèth thc sumperifor�c
enìc sandwich ulikoÔ me thn onomasÐa eco-core, kat� th di�rkeia enìc peir�matoc
di�tmhshc kai enìc peir�matoc k�myhc.

Ta peiramatik� dedomèna sta opoÐa basÐsthke h arijmhtik  melèth, antl jhkan
kurÐwc apì to ”Structural Performance of Eco-core Sandwich Panels” twn Kunigal
Shivakumar kai Huanchun Chen.[1] Miac kai den up rqe h dunatìthta na promhjeu-
toÔme to ulikì   na to kataskeu�soume, epiprìsjeta stoiqeÐa pou  tan aparaÐthta
sthn exèlixh thc diplwmatik c, anakt jhkan apì �lla �rjra pou aforoÔn sto ulikì
autì.[2-5] H arijmhtik  melèth pragmatopoi jhke me th mèjodo twn peperasmènwn
stoiqeÐwn. Jewr jhke skìpimo na gÐnei h Ðdia melèth gia dÔo akìmh sandwich uli-
k� me diaforetikì pur na (balsa,pvc) ètsi ¸ste na eÐnai efikt  h sÔgkrish kai sth
sunèqeia h exagwg  sumperasm�twn gia th sumperifor� tou eco-core ulikoÔ.

Sto Kef�laio 1 gÐnetai mia eisagwg  sqetik� me to eco-core ulikì miac kai den eÐnai
èna eurèwc gnwstì ulikì.

Sto Kef�laio 2 anafèrontai k�poia basik� stoiqeÐa tìso gia ta sÔnjeta ulik�
ìso kai gia th mèjodo twn peperasmènwn stoiqeÐwn.

Sto Kef�laio 3 parousi�zetai h dom  twn dokimÐwn pou upobl jhkan se dokima-
sÐec di�tmhshc kai k�myhc, kaj¸c kai o trìpoc paraskeu c twn sandwich ulik¸n.

Sto Kef�laio 4 gÐnetai h jewrhtik  melèth sqetik� me ton trìpo astoqÐac twn
dokimÐwn kat� tic dÔo dokimèc. Akìma dÐnontai ta peiramatik� dedomèna kai apotelè-
smata twn dokim¸n.

Sto Kef�laio 5 perièqetai h arijmhtik  an�lush me th mèjodo twn peperasmènwn
stoiqeÐwn. Arqik� parousi�zetai mia sÔgkrish diafìrwn plegm�twn pou mporoÔn na
qrhsimopoihjoÔn sthn an�lush, me skopì thn epilog  tou bèltistou plègmatoc. Sth
sunèqeia, ekjètontai ta apotelèsmata pou proèkuyan apì thn arijmhtik  melèth kai
ta sumper�smata pou proèkuyan apì aut�.

Sto Kef�laio 6 emfanÐzontai sugkentrwmèna ta sumper�smata thc ergasÐac kai
proteÐnontai k�poia jèmata gia mellontik  èreuna.
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1 Sqetik� me to eco-core

To eco-core eÐnai èna anjektikì ulikì sth fwti�, mh toxikì kai me polÔ kalèc
mhqanikèc idiìthtec. Eco-core onom�sthke to sÔnjeto ulikì pou kataskeu�sthke
apì to Kèntro 'Ereunac SÔnjetwn Ulik¸n tou PanepisthmÐou thc Nìtiac KarolÐnac
( North Carolina A & T State University) kai o pur nac tou èqei wc pr¸th Ôlh to
apìblhto proðìn thc kaÔshc �njraka twn jermohlektrik¸n stajm¸n. [3]

H ipt�menh tèfra (fly ash) eÐnai èna paraproðìn thc kaÔshc gaianjr�kwn se jermo-
krasÐa megalÔterh twn 1000oC. H ipt�menh tèfra sullègetai apì ta fÐltra kausae-
rÐwn twn jermohlektrik¸n stajm¸n, se morf  pou jumÐzei di�trhto gualÐ   keramikèc
fusalÐdec. Met� th sullog  kai thn kat�llhlh epexergasÐa thc, diaqwrÐzetai apì
barÔterec kai �qrhstec ousÐec kai anameignÔetai me kat�llhlh rhtÐnh pou èqei to
rìlo sundetikoÔ ulikoÔ. 'Etsi kataskeu�zetai ènac qamhloÔ kìstouc suntaktikìc
afrìc (syntactic foam) me qamhl  axÐa kaÔshc. Se perÐptwsh fwti�c o afrìc autìc
par�gei el�qisto   kajìlou kapnì kai den apeleujer¸nei toxik� aèria. [3]

To sandwich ulikì, pou dhmiourg jhke me epifaneiak� fÔlla apì gualÐ/ binu-
lestèra kai pur na ton parap�nw suntaktikì afrì, melet jhke kai diapist¸jhke ìti
oi mhqanikèc tou idiìthtec se di�tmhsh, jlÐyh kai k�myh eÐnai sugkritik� kalèc   kai
kalÔterec apì parìmoia sandwich ulik�.

Ta ulik� me pur na qrhsimopoioÔntai idiaitèrwc sth biomhqanÐa sÔnjetwn ulik¸n
gia thn paragwg  qamhloÔ b�rouc dÔskamptwn ulik¸n. H sun jhc qr sh twn ulik¸n
me pur na eÐnai se sandwich ulik�, ta opoÐa apoteloÔntai apì duì ìmoia epifaneiak�
fÔlla, sthn koruf  kai sth b�sh, kai sth mèsh to ulikì tou pur na. H Ôparxh tou
pur na prosfèrei aÔxhsh mÐac t�xhc megèjouc thc kamptik c duskamyÐac (flexural
stifness) se sÔgkrish me ta polÔstrwta sÔnjeta ulik� qwrÐc pur na. Enallaktik�,
gia na petÔqoume Ðsh kamptik  duskamyÐa se èna polÔstrwto ulikì qwrÐc pur na ja
eÐqame polÔ meg�lh aÔxhsh tou b�rouc tou ulikoÔ sunolik�. Ta epifaneiak� fÔlla
eÐnai sqetik� lept� kai eÐnai ftiagmèna apì ulikì meg�lhc antoq c kai duskamyÐac.
O pur nac eÐnai sugkritik� megalÔteroc kai prosfèrei arket  antoq  kai duskamyÐa
se dieÔjunsh par�llhlh ekeÐnhc twn epifaneiak¸n fÔllwn. 'Allwste stic sandwich
kataskeuèc, ta epifaneiak� fÔlla fèroun thn orj  t�sh en¸ o pur nac th diatmhtik 
t�sh.

Oi efarmogèc tou eco-core eÐnai akìma peiramatikèc kaj¸c den èqoun kleÐsei
oÔte 10 qrìnia apì thn kataskeu  tou. KrÐnontac ìmwc apì tic idiìthtèc tou, to
eco-core ja mporoÔse na qrhsimopoihjeÐ se arketèc jal�ssiec efarmogèc ìpwc sthn
kataskeu  narkalieutik¸n, par�ktiwn prostateutik¸n ploÐwn k.a. all� kai stic epÐ-
geiec kataskeuèc ìpwc ktÐria. H uperoq  tou ègkeitai sthn exairetik  antoq  tou sth
fwti�, antèqei èwc 75kW/m2 (apotèlesma peir�matoc sÔmfwna me th mèjodo ASTM
E1354) [2] kai sto gegonìc ìti den ekpèmpei toxik� aèria kat� thn èkjes  tou sth
fwti�. Ektìc apì tic polÔ kalèc mhqanikèc idiìthtec, to eco-core eÐnai kat�llhlo
gia sqhmatik� perÐplokec kataskeuèc, afoÔ o suntaktikìc afrìc tou pur na mporeÐ
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na morfopoihjeÐ kat� thn ègqus  tou sto kaloÔpi.
O kÐndunoc ekd lwshc purkagi�c eÐnai èna basikì prìblhma pou prèpei na lam-

b�netai up' ìyin kat� thn sqedÐash tìso twn kinht¸n kataskeu¸n (metaforèc xhr�c
kai j�lassac) ìso kai twn akÐnhtwn kataskeu¸n (kt ria kai qersaÐec upodomèc).
Ta teleutaÐa qrìnia, me thn eureÐa qr sh polumerik¸n sÔnjetwn ulik¸n, o kÐndunoc
autìc èqei auxhjeÐ. H ekd lwsh purkagi�c en ¸ra pt shc  tan h 5h pio janathfìra
aitÐa suntrib c aeropl�nwn, th dekaetÐa 1987-1996 [6]. To Noèmbrh tou 2002 ènac
norbhgikìc narkosullèkthc kataskeuasmènoc kat� kÔrio lìgo apì sÔnjeta ulik�,
bujÐsthke lìgw fwti�c pou eÐqe xesp�sei sto prowjhtikì tou sÔsthma. To gegonìc
autì upenjÔmise pìso eu�lwta eÐnai sth fwti� ta ploÐa apì sÔnjeta ulik�. 'Oson
afor� tic epÐgeiec kataskeuèc, qarakthristikì par�deigma twn teleutaÐwn et¸n  tan
to xèspasma purkagi�c stouc dÐdumouc pÔrgouc kai h kat�rreus  touc, Ôstera apì
th suntrib  twn aeropl�nwn. Aut� eÐnai mìno merik� apì ta gegonìta pou upogram-
mÐzoun thn anagkaiìthta qr shc ulik¸n me exairetik  anjektikìthta sth fwti�.
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2 Eisagwg  sta SÔnjeta Ulik� kai sta

Peperasmèna StoiqeÐa

2.1 SÔnjeta Ulik�

SÔnjeto ulikì onom�zoume èna ulikì pou èqei prokÔyei apì thn an�meixh se ma-
kroskopik  klÐmaka dÔo   perissìterwn ulik¸n kai èqei dhmiourghjeÐ èna nèo ulikì
me telikèc idiìthtec diaforetikèc apì tic antÐstoiqec twn ulik¸n pou to apoteloÔn.

Stic mèrec mac, h qr sh twn sÔnjetwn ulik¸n èqei auxhjeÐ dramatik� kaj¸c oi
apait seic gia elafrÔterec kai anjektikìterec kataskeuèc, aux�nontai diark¸c kai
ta sÔnjeta ulik� ikanopoioÔn tic an�gkec autèc. To 1950 xekÐnhse h antikat�sta-
sh twn met�llwn me sunjetik� polumer  ulik�. PolÔ argìtera to aloumÐnio kai o
q�lubac antikajÐstantai apì in¸dh sÔnjeta ulik� enisqumèna me Ðnec �njraka kai
aramid. IdiaÐterh efarmog  twn sÔnjetwn ulik¸n parathreÐtai stic aerodiasthmikèc
kai aeroporikèc biomhqanÐec, sth nauphgik  kaj¸c kai stic biomhqanÐec paragwg c
eid¸n ajlhtismoÔ. Par' ìla aut� h kataskeu  kai h qr sh twn sÔnjetwn ulik¸n
mìno sÔgqronh den eÐnai wc idèa. Ta pr¸ta enisqumèna polumerik� ulik� faÐnetai
na èqoun qrhsimopoihjeÐ apì touc Babul¸niouc kat� thn perÐodo 4000p.Q.-2000p.Q
en¸ sthn AÐgupto kai th MesopotamÐa, gÔrw sto 3000p.Q. kataskeÔazan sqedÐec
apì kal�mia papÔrou embaptismèna me pÐssa. Tèloc, shmantikì eÐnai na anaferjoÔn
kai dÔo fusik� sÔnjeta ulik� exèqousac shmasÐac sthn kajhmerinìthta mac ìpwc to
qartÐ kai ta ost�.

2.1.1 Pleonekt mata SÔnjetwn Ulik¸n

To megalÔtero pleonèkthma twn sÔnjetwn ulik¸n eÐnai ìti kataskeu�zontai ètsi
¸ste na diathroÔn tic kalÔterec idiìthtec twn ulik¸n apì ta opoÐa apoteloÔntai
all� kai na emfanÐsoun nèec idiìthtec tic opoÐec den èqoun ta epimèrouc ulik�. Oi
idiìthtec autèc pou k�noun ta sÔnjeta ulik� na uperèqoun ènanti twn apl¸n ulik¸n
eÐnai: oi �ristec mhqanikèc idiìthtec (meg�lh antoq  kai duskamyÐa), to mikrì b�roc, h
an�lhyh fortÐou met� thn astoqÐa, h diat rhsh bèltistwn aerodunamik¸n epifanei¸n
kai h apìsbesh se talant¸seic (kurÐwc sta sandwich ulik�), h meÐwsh tou arijmoÔ
twn tmhm�twn thc kataskeu c, h antÐstash se di�brwsh, h meg�lh di�rkeia zw c, h
mikr  euaisjhsÐa se egkopèc, to qamhlì kìstoc kai h antoq  se kroÔseic uyhl c
enèrgeiac.
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2.1.2 KathgorÐec SÔnjetwn Ulik¸n

Par' ìti up�rqoun di�foroi trìpoi na taxinom soume ta sÔnjeta ulik� me di�fora
krit ria, mporoÔme na diakrÐnoume treic kÔriec kathgorÐec, ìson afor� sth morf 
twn ulik¸n pou eÐnai mèsa sth m tra:

• Ta kokk¸dh sÔnjeta ulik� (particulate composites) apoteloÔntai apì kìkkouc
enìc ulikoÔ mèsa se m tra enìc �llou.

• Ta polÔstrwta sÔnjeta ulik� (laminated composites), sta opoÐa kai h m tra
kai to ègkleisma èqoun thn morf  fÔllwn. Sthn kathgorÐa aut  mporoÔme na
katat�xoume loipìn ta sandwich ulik� pou ja mac apasqol soun.

• Ta in¸dh sÔnjeta ulik� (fiber-reinforced composites) apoteloÔntai apì ègklei-
sma upì morf  in¸n mèsa se mÐa suneq  m tra. [4]

2.2 Mhqanik  An�lush miac sandwich dokoÔ

Gia èna polÔstrwto ulikì, sto kÔrio sÔsthma thc k�je str¸shc isqÔei o nìmoc
tou Hooke: σ1σ2

σ6

 =

Q11 Q12 0
Q12 Q22 0
0 0 Q66


k

ϵ1ϵ2
ϵ6


k

(1)

ìpou h akamyÐa dÐnetai apì touc tÔpouc:

Q11 =
E1

1− ν11ν21

Q12 =
ν12E2

1− ν12ν21
=

ν21E1

1− ν12ν21

Q22 =
E2

1− ν12ν21
(2)

Q66 = G12

  antÐstoiqa se èna tuqaÐo sÔsthma suntetagmènwn gr�fetai:σxσy
τxy

 =

Qxx Qxy Qxs

Qxy Qyy Qys

Qsx Qsy Qss


k

 ϵxϵy
γxy


k

(3)

me Qij na dÐnetai apì tic parak�tw sqèseic, sunart sei twn m = cosθ, n = sinθ
dhlad  thc gwnÐac j pou sqhmatÐzoun oi �xonec x kai y me to kÔrio sÔsthma thc k�je
str¸shc:

Qxx = m4Q11 + 2m2n2(Q12 + 2Q66) + n4Q22
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Qxy = m2n2(Q11 +Q22 − 4Q66) + (m4 + n4)Q12

Qyy = n4Q11 + 2m2n2(Q12 + 2Q66) +m4Q22

Qxs = m3n(Q11 −Q12) +mn3(Q12 −Q22)− 2mn(m2 − n2)Q66

Qys = mn3(Q11 −Q12) +m3n(Q12 −Q22) + 2mn(m2 − n2)Q66

Qss = m2n2(Q11 +Q22 − 2Q12 − 2Q66) + (m4 − n4)Q66

Oi dun�meic (Nx, Ny, Nxy) kai oi ropèc (Mx,My,Mxy) pou askoÔntai se k�je str¸sh
p�qouc t dÐnontai:

(Nx, Ny, Nxy) =

t/2∫
−t/2

(σx, σy, τxy) dz (4)

(Mx,My,Mxy) =

t/2∫
−t/2

(σx, σy, τxy)z dz (5)

Gia èna sandwich ulikì me epifaneiak� fÔlla Ðsou p�qouc (tf ) kai pur na p�qouc
(tc), met� thn parap�nw olokl rwsh, oi exis¸seic aplopoioÔntai shmantik� kai ètsi
lamb�noume se mhtrwðk  morf  tic dun�meic (Nx, Ny, Nxy) kai tic ropèc (Mx,My,Mxy)
pou askoÔntai sto ulikì:Nx

Ny

Nxy

 =

A11 A12 A16

A12 A22 A26

A16 A26 A66

 ϵ0xϵ0y
γ0xy

 (6)
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Mx

My

Mxy

 =

D11 D12 D16

D12 D22 D26

D16 D26 D66

 κxκy
κxy

 (7)

ìpou Aij = 2Qijtf , Dij = (
tc+tf

2
)2Aij me i, j = x, y, s.

Gia tic katakìrufec dun�meic Qx, Qy, upologÐzontac ta oloklhr¸mata:

(Qx, Qy) =

tc/2∫
−tc/2

(σx, σy, τxy)z dz (8)

gia to p�qoc tc tou pur na, lamb�noume tic sqèseic:

Qx = tcGxz(ψx +
∂w

∂x
) (9)

Qy = tcGyz(ψy +
∂w

∂y
) (10)

efìson jewroÔme pwc ta epifaneiak� fÔlla eÐnai lept� sugkritik� me ton pur na
tface << tcore kai brÐskontai se kat�stash epÐpedhc èntashc (σz = τxz = τyz = 0).

Gia tic ropèc pou emfanÐzontai kat� thn k�myh miac dokoÔ èqoume:

Mx =M/b (11)

Nx = Ny = Nxy =My =Mxy = 0 (12)

kai sunep¸c apì thn exÐswsh (22) lamb�noume: Mx = D11κx +D12κy +D16κxy.

Jewr¸ntac pwc sta epifaneiak� fÔlla den parousi�zetai zeÔgoc kamptik¸n rop¸n
kai pwc h Mx den prokaleÐ strèyh sth dokì, katal goume pwc h kampulìthta thc
dokoÔ dÐnetai:

κx = d11Mx (13)

me d11 =
D22

D11D22−D2
12

en¸ gnwrÐzoume pwc isqÔei

κx =
dψx

dx
(14)

H orj  trop  ϵx kai h diatmhtik  trop  γxz upologÐzontai apì touc tÔpouc:

ϵx = ϵ0x + zκx, (15)

γxz = ψx +
dw

dx
(16)

ìpou w eÐnai h metatìpish ston �xona z.
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H egk�rsia di�tmhsh dÐnetai apì thn exÐswsh (24) en¸ tèloc sunupologÐzontac th
rop  Mx paÐrnoume th diaforik  exÐswsh thc k�myhc:

d2ψx

dx2
− (ψx +

dw

dx
)tcGxzd11 = 0 (17)
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2.3 Peperasmèna StoiqeÐa

H mèjodoc twn peperasmènwn stoiqeÐwn eÐnai mia apì tic arijmhtikèc mejìdouc pou
qrhsimopoieÐtai sthn upologistik  mhqanik  gia thn prosomoÐwsh kai thn epÐlush
diafìrwn fusik¸n problhm�twn, me ikanopoihtik  akrÐbeia. H mèjodoc xekin� na dia-
morf¸netai sth dekaetÐa tou 1950 lìgw thc ragdaÐac an�ptuxhc twn aeronauphgik¸n
kataskeu¸n. BasÐzetai sth mhtrwik  an�lush kai suneqÐzei na exelÐssetai mèqri tic
mèrec mac par�llhla me thn exèlixh twn upologist¸n. H majhmatik  thc jemelÐwsh
mporeÐ na  rje Ôstera apì thn efarmog  thc sth statik  kai th dunamik  an�lush twn
kataskeu¸n all� epèfere th dunatìthta qr shc thc se diaforetikoÔc kl�douc thc e-
pist mhc ìpwc sthn embiomhqanik , sthn kbantomhqanik , sth mhqanik  twn reust¸n
kai ston hlektromagnhtismì.

Se k�je prìblhma statik c an�lushc miac kataskeu c pou antimetwpÐzetai me th
mèjodo twn peperasmènwn stoiqeÐwn, arqik� gÐnetai h prosomoÐwsh thc kataskeu c
kai h diakritopoÐhsh thc se peperasmèno arijmì stoiqeÐwn pou sundèontai me pepera-
smèno arijmì kìmbwn. Epeid  stic suneqeÐc kataskeuèc pou up�rqoun sth fÔsh, den
up�rqoun fusikoÐ diaqwrismoÐ, gÐnetai teqnhtìc diaqwrismìc se stoiqeÐa pou sundè-
ontai kat� m koc twn pleur¸n touc. Ta stoiqeÐa aut� eÐnai sun jwc tetragwnik�  
trigwnik� kai oi kìmboi brÐskontai stic pleurèc touc. Me ton trìpo autì, epitug-
q�noume thn metatrop  tou suneqoÔc probl matoc, pou sun jwc apaiteÐ polÔplokec
diaforikèc exis¸seic me kat�llhlec sunoriakèc sunj kec   isodÔnama mia oloklhrw-
tik  exÐswsh me sunj kh stasimìthtac gia thn epÐlus  tou, se èna diakritì prìblhma
pou eÔkola epifèrei mia ikanopoihtik  proseggistik  lÔsh.

H mèjodoc twn peperasmènwn stoiqeÐwn eÐnai mÐa proseggistik  mèjodoc kai ètsi
ta apotelèsmata pou paÐrnoume apì aut  perièqoun k�poio sf�lma. Gia na elaqi-
stopoi soume loipìn to sf�lma, epilègoume na aux soume to pl joc twn stoiqeÐwn,
kurÐwc se shmeÐa ìpou èqoume ragdaÐec metabolèc twn t�sewn.

2.3.1 Aplì orjogwnikì stoiqeÐo

Sth sugkekrimènh diplwmatik  ergasÐa h an�lush èqei pragmatopoihjeÐ me okta-
kombik� tetragwnik� stoiqeÐa. Par' ìla aut� eÐnai skìpimo na parousiasteÐ to aplì
orjogwnikì stoiqeÐo, tou opoÐou epèktash eÐnai to stoiqeÐo pou qrhsimopoi jhke.

'Ena aplì orjgwnikì stoiqeÐo eÐnai èna stoiqeÐo me 4 kìmbouc ìpwc faÐnetai sto
Sq ma 1.
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Sq ma 1: Aplì orjogwnikì stoiqeÐo

Oi metatopÐseic k�je kìmbou èqoun dÔo sunist¸sec. To stoiqeÐo èqei okt¸ baj-
moÔc eleujerÐac, 2 se k�je kìmbo kai sunep¸c to pedÐo twn metatopÐsewn se mhtrwðk 
morf , sto topikì sÔsthma dÐnetai wc ex c:

d(x, y) =

{
u(x, y)
v(x, y)

}
=

[
1 x xy y 0 0 0 0
0 0 0 0 1 x xy y

]


a1
a2
a3
a4
a5
a6
a7
a8


(18)

Oi ìroi ai eÐnai oi genikeumènec suntetagmènec kai o arijmìc touc eÐnai Ðsoc me
ton sunolikì arijmì twn kombik¸n paramètrwn tou stoiqeÐou. Antikajist¸ntac sthn
exÐswsh (1) ìpou x, y tic suntetagmènec twn kìmbwn kai lÔnontac wc proc to di�nusma
twn genikeumènwn suntetagmènwn a prokÔptei:

a1
a2
a3
a4
a5
a6
a7
a8


=



1 0 0 0 0 0 0 0
− 1

a
0 1

a
0 0 0 0 0

1
ab

0 − 1
ab

0 1
ab

0 − 1
ab

0
−1

b
0 0 0 0 0 1

b
0

0 1 0 0 0 0 0 0
0 − 1

a
0 1

a
0 0 0 0

0 1
ab

0 − 1
ab

0 1
ab

0 − 1
ab

0 −1
b

0 0 0 0 0 1
b





u1
v1
u2
v2
u3
v3
u4
v4


(19)

Qrhsimopoi¸ntac tic exis¸seic (1) kai (2) kaj¸c kai tic adi�statec suntetagmènec
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ξ = x
a
, η = y

b
ja prokÔyoun oi okt¸ sunist¸sec twn metatopÐsewn tou stoiqeÐou:

d(x, y) =

{
u(x, y)
v(x, y)

}
=

[
N1(ξ, η) N2(ξ, η) N3(ξ, η) N4(ξ, η)

]


u1
v1
u2
v2
u3
v3
u4
v4


(20)

ìpou

Ni(ξ, η) = νi(ξ, η)

[
1 0
0 1

]
, i = 1, 2, 3, 4 (21)

Oi sunart seic sq matoc νi exart¸ntai apì th gewmetrÐa tou stoiqeÐou kai apì to
polu¸numo parembol c, kai dÐnontai stic exis¸seic (5):

ν1(ξ, η) = (1− ξ)(1− η)
ν2(ξ, η) = ξ(1− η)
ν3(ξ, η) = ξη
ν4(ξ, η) = η(1− ξ)

(22)

en¸ to polu¸numo parembol c dÐnetai akoloÔjwc:

u(x, y) = a1 + a2x+ a3xy + a4y
v(x, y) = a5 + a6x+ a7xy + a8y

(23)

H exÐswsh (3) dÐnei kateujeÐan tic metatopÐseic mèsa sto stoiqeÐo (e) sunart -
sei twn metatopÐsewn twn kìmbwn tou stoiqeÐou. Epeid  den eÐnai p�nta dunat  h
antistrof  tou mhtr¸ou pou prokÔptei apì thn exÐswsh (1), sun jwc eis�goume tic
sunart seic sq matoc kateujeÐan qwrÐc th qr sh twn genikeumènwn suntetagmènwn.
ParathreÐtai ìti oi metatopÐseic u kai v metab�llontai grammik� kat� m koc twn pleu-
r¸n tou orjogwnÐou. Sunep¸c up�rqei sumbibastìthta twn kombik¸n metatopÐsewn
twn koin¸n koruf¸n dÔo stoiqeÐwn pou ef�ptontai kai �ra up�rqei sumbibastìthta
metatopÐsewn kai sthn koin  pleur� touc. Oi metatopÐseic loipìn eÐnai suneqeÐc stic
koinèc pleurèc twn stoiqeÐwn.

To pedÐo paramorf¸sewn orÐzetai wc ex c:

e =


∂u
∂x
∂u
∂y

∂u
∂x

+ ∂u
∂y

 =

 ∂
∂x

0
0 ∂

∂y
∂
∂x

∂
∂y

{
u
v

}
= B1d

e (24)
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ìpou,

B1 =

 −1−η
a

0 1−η
a

0 η
a

0 −η
a

0

0 −1−ξ
b

0 − ξ
b

0 ξ
b

0 1−ξ
b

−1−ξ
b

−1−η
a

ξ
b

1−η
a

ξ
b

η
a

1−ξ
b

−η
a

 (25)

To pedÐo twn t�sewn dÐnetai apì th sqèsh:

σ̃ = De = DB1d
e (26)

ìpou, D eÐnai to mhtr¸o twn elastik¸n stajer¸n sthn perÐptwsh thc epÐpedhc enta-
tik c kat�stashc. 'Ara to σ̃ upologÐzetai apì th sqèsh:

σ̃ = E
1−ν2

×

 −1−η
a

−ν 1−ξ
b

1−η
a

−ν ξ
b

η
a

ν ξ
b

−η
a

ν 1−ξ
b

−ν 1−η
a

−1−ξ
b

ν 1−η
a

− ξ
b

−ν η
a

ξ
b

−ν η
a

1−ξ
b

− (1−ν)(1−ξ)
2b

− (1−ν)(1−η)
2a

− (1−ν)ξ
2b

(1−ν)(1−η)
2a

(1−ν)ξ
2b

(1−ν)η
2a

(1−ν)(1−ξ)
2b

− (1−ν)η
2a




u1
v1
u2
v2
u3
v3


(27)

To mhtr¸o akamyÐac tou stoiqeÐou sto topikì sÔsthma suntetagmènwn dÐnetai
apì thn parak�tw sqèsh:

ke =

∫
V e

B1
TDB1dV = t

∫ a

0

∫ b

0

B1
TDB1dxdy (28)

ìpou t to p�qoc tou ulikoÔ. 'Etsi an jèsoume c = a
b
telik� paÐrnoume thn exÐswsh

12
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k
e
=

E
t

1
2
(1

−
ν
2
)
×

            2
[ 2 c

+
c(
1
−

ν
)]

3 2
(1

+
ν
)

[ −
4 c
+

(1
−

ν
)c
] −

3 2
(1

−
3
ν
)

[ −
2 c
−

(1
−

ν
)c
] −

3 2
(1

+
ν
)

2
[ 1 c

−
c(
1
−

ν
)]

3 2
(1

−
3
ν
)

3 2
(1

+
ν
)

2
[ 2
c
+

1 c
(1

−
ν
)] 3 2

(1
−

3
ν
)

2
[ c

+
1 c
(1

−
ν
)]

−
3 2
(1

+
ν
)

[ −
2
c
+

1
−
ν

c

]
−

3 2
(1

−
3
ν
)

−
4
c
+

1
−
ν

c
[ −

4 c
+

(1
−

ν
)c
] 3 2

(1
−

3
ν
)

2
[ 2 c

+
c(
1
−

ν
)] −

3 2
(1

−
ν
)

2
[ 1 c

−
c(
1
−

ν
)] −

3 2
(1

−
3
ν
)

[ −
2 c
−

(1
−

ν
)c
] 3 2

(1
+

ν
)

−
3 2
(1

−
3
ν
)

2
[ c

+
1 c
(1

−
ν
)]

−
3 2
(1

−
ν
)

2
[ 2
c
+

1 c
(1

−
ν
)] 3 2

(1
−

3
ν
)

[ −
4
c
+

1
+
ν

c

]
3 2
(1

+
ν
)

[ −
2
c
−

1
−
ν

c

]
[ −

2 c
−

(1
−

ν
)c
] −

3 2
(1

+
ν
)

2
[ 1 c

−
c(
1
−

ν
)]

3 2
(1

−
3
ν
)

2
[ 2 c

+
c(
1
−

ν
)]

3 2
(1

+
ν
)

[ −
4 c
+

(1
−

ν
)c
] −

3 2
(1

−
3
ν
)

−
3 2
(1

+
ν
)

[ −
2
c
+

1
−
ν

c

]
−

3 2
(1

−
3
ν
)

[ −
4
c
+

1
−
ν

c

]
3 2
(1

+
ν
)

2
[ 2
c
+

1 c
(1

−
ν
)] 3 2

(1
−

3
ν
)

2
[ c

+
1 c
(1

−
ν
)]

2
[ 1 c

−
c(
1
−

ν
)] −

3 2
(1

−
3
ν
)

[ −
2 c
−

(1
−

ν
)c
] 3 2

(1
+

ν
)

[ −
4 c
+

(1
−

ν
)c
] 3 2

(1
−

3
ν
)

2
[ 2 c

+
c(
1
−

ν
)] −

3 2
(1

+
ν
)

3 2
(1

−
3
ν
)

−
4
c
+

1
−
ν

c
3 2
(1

+
ν
)

[ −
2
c
−

1
−
ν

c

]
−

3 2
(1

−
3
ν
)

2
[ c

+
1 c
(1

−
ν
)]

−
3 2
(1

+
ν
)

2
[ 2
c
+

1 c
(1

−
ν
)]            
(2
9
)
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Gia na upologÐsoume to mhtr¸o akamyÐac tou stoiqeÐou sto kajolikì sÔsthma
suntetagmènwn, qrhsimopoioÔme to mhtr¸o strof c a1 kai thn parak�tw sqèsh:

ke = aT
1 k

e
a1 (30)

a1 =


T1 0 0 0
0 T1 0 0
0 0 T1 0
0 0 0 T1

 (31)

kai

T1 =

 lx mx nx

ly my ny

lz mz nz

 (32)

ìpou (lx,mx, nx), (ly,my, ny), (ly,my, ny) eÐnai ta dieujÔnonta sunhmÐtona twn axìnwn
x, y, z tou topikoÔ sust matoc wc proc to kajolikì sÔsthma suntetagmènwn X, Y, Z.
[9]

2.3.2 Orjogwnikì stoiqeÐo okt¸ kìmbwn

To oktakombikì stoiqeÐo pou, ìpwc anafèrjhke parap�nw, qrhsimopoi jhke sthn
ergasÐa, èqei th morf  tou aploÔ orjogwnikoÔ stoiqeÐou all� èqei ènan epiplèon
kìmbo sto mèsh k�je pleur�c tou. O k�je kìmboc èqei dÔo bajmoÔc eleujerÐac kai
sunep¸c k�je stoiqeÐo èqei 16 kombikèc paramètrouc. To deuterob�jmio stoiqeÐo o-
kt¸ kìmbwn an kei sthn oikogèneia stoiqeÐwn serendipity. To polu¸numo parembol c
dÐnetai:

u = a1 + a2x+ a3y + a4x
2 + a5xy + a6y

2 + a7x
2y + a8xy

2

v = a9 + a10x+ a11y + a12x
2 + a13xy + a14y

2 + a15x
2y + a16xy

2 (33)

en¸ oi sunart seic sq matoc gia thn perÐptwsh aut  eÐnai:

N1 =
1
4
(1− x

a
)(1− y

b
)(−x

a
− y

b
− 1)

N2 =
1
4
(1 + x

a
)(1− y

b
)(x

a
− y

b
− 1)

N3 =
1
4
(1 + x

a
)(1 + y

b
)(x

a
+ y

b
− 1)

N4 =
1
4
(1− x

a
)(1 + y

b
)(−x

a
+ y

b
− 1)

N5 =
1
2
(1 + x

a
)(1− x

a
)(1− y

b
)

N6 =
1
2
(1 + x

a
)(1 + y

b
)(1− y

b
)

N7 =
1
2
(1 + x

a
)(1− x

a
)(1 + y

b
)

N8 =
1
2
(1− x

a
)(1 + y

b
)(1− y

b
)

(34)
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Sq ma 2: Oktakombikì StoiqeÐo

To mhtr¸o paramorf¸sewn dÐnetai apì th sqèsh:

[
u,x//v,y//u,y + v,x

]
=

 N1,x 0 N2,x 0 . . . N8,x 0
0 N1,y 0 N2,y . . . 0 N8x

N1,y N1,x N2,y N2,x . . . N8,y N8,x




u1
v1
. . .
u8
v8


(35)

  antÐstoiqa
e = B1d

e (36)

[13]
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3 Dom  sandwich dokimÐwn

Sq ma 3: Dom 

To dokÐmio apoteleÐtai apì èna elafrÔ ulikì ston pur na, to opoÐo kalÔptetai p�nw
kai k�tw apì dÔo epifaneiak� fÔlla. Sto Sq ma 3 faÐnontai oi perioqèc tou dokimÐou.
O sumbolismìc pou qrhsimopoieÐtai sto sq ma all� kai parak�tw, èqei wc ex c: tc
eÐnai to p�qoc tou pur na, tf eÐnai to p�qoc tou k�je epifaneiakoÔ fÔllou, kai d
eÐnai to p�qoc tou sandwich ulikoÔ (pou eÐnai h apìstash metaxÔ twn dÔo kèntrwn
twn epifaneiak¸n fÔllwn d = tc + tf ). To pl�toc tou dokimÐou sumbolÐzetai me
b. H antoq  se jlÐyh, to mètro elastikìthtac, h antoq  se di�tmhsh kai to mètro
di�tmhshc tou pur na dÐnontai antÐstoiqa apì ta parak�tw sÔmbola σc, Ec,tc, Gc. H
antoq  se jlÐyh kai to mètro elastikìthtac twn epifaneiak¸n fÔllwn sumbolÐzontai
σf , Ef antÐstoiqa.

Ta epifaneiak� fÔlla pou qrhsimopoi jhkan eÐnai FGI 1854 glass/ Derakane
510A-40 vinyl ester composite me puknìthta 1.23g/cm3. Ta ulik� pou qrhsimopoi-
 jhkan gia ton pur na eÐnai: Eco-Core me puknìthta 0.5g/cm3, Balsa SB100 me
puknìthta 0.15g/cm3, afrìc PVC Divinycell H100 me puknìthta 0.1g/cm3. Ston
parak�tw pÐnaka (PÐnakac 1) faÐnontai oi mhqanikèc idiìthtec twn ulik¸n tou pur na
kai twn epifaneiak¸n fÔllwn.[1] To pl�toc tou pur na kai twn fÔllwn eÐnai 25.4
mm kai 1.27 mm antÐstoiqa.
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Efelkusmìc JlÐyh Di�tmhsh
Mètro Mètro Mètro

Ulikì Elastikìt. Antoq  Elastik. Antoq  Elastik. Antoq 
(GPa) (MPa) (GPa) (MPa) (GPa) (MPa)

Epifaneiak�
fÔlla 29.2 512.5 31.9 363.4 4.0 77.1

Eco− core 2.54 6.46 1.14 21.85 0.97 4.61
Balsa 3.5 13 3.92 12.67 0.16 2.94
PV C 0.13 3.5 0.135 2.0 0.035 1.6

PÐnakac 1

3.1 Kataskeu  twn sandwich ulik¸n

To k�je epifaneiakì fÔllo thc sandwich kataskeu c apoteleÐtai apì mon c dieÔ-
junshc trÐfulla FGI 1854 glass/Derakane 510A-40 vinyl ester composite pou
kataskeu�sthkan me thn Vacuum Assisted Resin Transfer Media mèjodo. To p�qoc
tou k�je epifaneiakoÔ fÔllou eÐnai 1.4mm. O pur nac sundèjhke me ta epifaneiak�
fÔlla me epoxeik  kìlla Loctite Hysol E-90FL. EÐnai mÐa enisqumènh kìlla, mèsou
ix¸douc, me ìrio antoq c se efelkusmì 13MPa, ìrio antoq c se di�tmhsh 5.6MPa
(lap shear strength) kai epim kunsh 64%. Gia th sÔndesh twn ulik¸n qrhsimopoi jh-

Sq ma 4: MorfologÐa sÔndeshc epifaneiakoÔ fÔllou-pur na

ke s�koc kenoÔ (vacuum bag) kai h pÐesh pou ask jhke  tan 0.068MPa. To kaj' èna
apì ta sÔnjeta ulik� parèmeine mèsa sto s�ko kenoÔ, se jermokrasÐa dwmatÐou, gia
8 ¸rec ¸ste na sugkollhjeÐ swst�. H morfologÐa thc sÔndeshc tou pur na faÐnetai
sto Sq ma 4. To koll¸dec str¸ma èqei p�qoc perÐpou 100µm. EpÐshc parathroÔme
ìti èna str¸ma mikrofusalÐdwn p�qouc perÐpou 700µm èqei empotisteÐ me thn kìlla.
Tèloc, ta sÔnjeta ulik� kìphkan se dokÐmia gia thn pragmatopoÐhsh twn dokim¸n
di�tmhshc kai k�myhc.
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4 Jewrhtik  Melèth kai Peiramatik� apote-

lèsmata

Gia th sugkritik  melèth twn mhqanik¸n idiot twn twn tri¸n sandwich ulik¸n,
ègine èna peÐrama di�tmhshc kai èna peÐrama k�myhc [1]. Sto kajèna apì ta peir�mata,
katapon jhkan 9 dokÐmia sunolik� (3 me k�je pur na). Oi dokimèc èginan se mÐa
mhqan  Instron 4202 me 10kip loadcell. Kat� th di�rkeia twn dokim¸n, to fortÐo pou
epibl jhke sto dokÐmio kai h metatìpish tou dokimÐou katagr�fontan diark¸c apì èna
sÔsthma sullog c dedomènwn. Oi astoqÐec twn dokimÐwn magnhtoskopoÔntan apì
yhfiak  k�mera kai se k�poiec peript¸seic, apì mia fwtografik  mhqan  meg�lhc
taqÔthtac.

4.1 Dokim  di�tmhshc braqeÐac dokoÔ

4.1.1 Jewrhtik  melèth

H dokim  di�tmhshc twn sandwich dokimÐwn sqedi�sthke ètsi ¸ste na metrhjeÐ h
antoq  tou ulikoÔ tou k�je pur na. Epilèqthke na gÐnei k�myh tess�rwn shmeÐwn.
Sto Sq ma 5 anaparist�tai to dokÐmio pou qrhsimopoi jhke gia th di�tmhsh. L eÐnai

Sq ma 5: Dokim  Di�tmhshc

to m koc tou dokimÐou, S eÐnai h apìstash metaxÔ twn dÔo sthrigm�twn kai S/2
eÐnai h apìstash metaxÔ twn fortÐwn pou efarmìzontai sto dokÐmio. H ektÐmhsh tou
fortÐou astoqÐac Pf eÐnai sun�rthsh thc diatmhtik c antoq c tou pur na all� kai
thc gewmetrÐac tou ulikoÔ kai dÐnetai apì th sqèsh:

Pf = 2τcdb (37)

H sun jhc astoqÐa s' autèc tic dokimèc eÐnai rwgm  klÐshc ±45o, ìpwc faÐnetai sto
Sq ma 5. Sto Sq ma 6, parousi�zontai ta diagr�mmata kamptik¸n rop¸n M(x) kai
tèmnouswn dun�mewn Q(x) pou askoÔntai sth dokì kat� th dokim  di�tmhshc.
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Sq ma 6: Diagr�mmata M(x), Q(x)
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4.1.2 Peiramatik� apotelèsmata

H dokim  di�tmhshc pragmatopoi jhke sÔmfwna me touc Amerik�nikouc kanoni-
smoÔc ASTM C393 − 00. Ta dokÐmia eÐqan m koc 152mm, pl�toc 51mm kai p�qoc
28.2mm. Efarmìsthke fìrtish tess�rwn shmeÐwn. To di�keno metaxÔ twn sth-
rigm�twn  tan 102mm, en¸ to di�keno metaxÔ twn p�nw fortÐwn  tan 61mm. Ta
dokÐmia fortÐzontan apì thn kefal  tou embìlou me taqÔthta 0.5mm/min. H dokim 
epanal fjhke se ennèa dokÐmia. Analutik� ta stoiqeÐa twn dokimÐwn kaj¸c kai to
fortÐo astoqÐac touc pou prokÔptei apì th sqèsh (37) faÐnontai ston PÐnaka 2.

FortÐo AstoqÐac Pf (N)
Pur nac S b tc tf S/d M.O. Sqèsh

(mm) (mm) (mm) (mm) PeÐrama Peir�matoc (37)
50.9 11,085 12,577

Eco− core 102 50.6 25.4 1.4 3.8 12,206 12,064 12,503
52.5 12,900 12,973
50.3 6,348 7,926

Balsa 102 51.0 25.4 1.4 3.8 7,958 7,203 8,037
51.0 7,304 8,037
50.9 5,209 -

PV C 102 50.7 25.4 1.4 3.8 5,298 5,286 -
51.0 5,298 -

PÐnakac 2

Sto Sq ma 7 faÐnetai h sumperifor� kajenìc apì ta ennèa dokÐmia kat� to peÐrama
thc di�tmhshc. Gia ta eco-core kai ta Balsa dokÐmia parathreÐtai mia xafnik  meÐwsh
tou fortÐou kat� thn astoqÐa touc, ìpwc sumbaÐnei sta yajur� ulik� se jraÔsh. Ta
PVC dokÐmia ufÐstantai diarro  kai meg�lh topik  paramìrfwsh mèqri thn telik 
astoqÐa. To mègisto fortÐo prin thn pr¸th apìtomh meÐwsh, jewreÐtai wc to fortÐo
astoqÐac tou ulikoÔ gia ta dÔo pr¸ta ulik�. Gia to PVC, h astoqÐa parathr jhke
me th dhmiourgÐa esoq c (indentation) kai ètsi to mègisto fortÐo den eÐnai sugkrÐsi-
mo me to fortÐo astoqÐac se di�tmhsh, en¸ den up�rqei exÐswsh pou na ektim� sthn
perÐptwsh aut , to fortÐo astoqÐac enìc dokimÐou kat� th di�tmhsh tess�rwn sh-
meÐwn. O mèsoc ìroc tou fortÐou astoqÐac pou proèkuye apì thn exÐswsh (37) gia
ta peiramatik� mac dedomèna,  tan 12684N gia to Eco-core kai 8000N gia to Balsa.
Oi timèc autèc eÐnai perÐpou 5% kai 12% megalÔterec ap' to mèso ìro pou proèkuye
peiramatik� gia to fortÐo jraÔshc twn eco-core,balsa dokimÐwn antÐstoiqa. H diafor�
ìmwc eÐnai sta plaÐsia thc peiramatik c diaspor�c.
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Sq ma 7: Di�gramma FortÐou - Metatìpishc

Sto Sq ma 8 faÐnetai o trìpoc astoqÐac twn diafìrwn sÔnjetwn ulik¸n. Sto Eco-
core dokÐmio sqhmatÐsthke mia 45o rwgm  tou pur na, an�mesa sto shmeÐo fìrtishc
sto p�nw mèroc tou ulikoÔ kai sto shmeÐo st rixhc sto k�tw mèroc. Amèswc met�
dhmiourg jhke parìmoia rwgm  kai sthn �llh pleur�. To Balsa dokÐmio parousÐase
katakìrufec rwgmèc ston pur na. To PVC emf�nise mÐa esoq .
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Sq ma 8: Trìpoi astoqÐac kat� th di�tmhsh
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4.2 Dokim  k�myhc

4.2.1 Jewrhtik  melèth

To Sq ma 9 deÐqnei to test k�myhc tess�rwn shmeÐwn. Kat� th dokim  k�myhc se
sandwich dokÐmia parathreÐtai astoqÐa me treic trìpouc : diarro  twn epifaneiak¸n
fÔllwn (face yielding), di�tmhsh tou pur na (core shear)   emf�nish ptuq c (face
wrinkling) sta epifaneiak� fÔlla. H seir� katagraf c eÐnai tuqaÐa, ìmwc o trìpoc

Sq ma 9: Dokim  k�myhc

astoqÐac touc exart�tai apì to lìgo S/d dhlad  to lìgo thc apìstashc twn dÔo
sthrigm�twn proc thn apìstash twn dÔo kèntrwn twn epifaneiak¸n fÔllwn, to lìgo
p�qouc twn epifaneiak¸n fÔllwn proc to p�qoc tou pur na tf/tc kai tic idiìthtec
twn ulik¸n tou dokimÐou. Sto Sq ma 10 faÐnontai oi trìpoi astoqÐac, en¸ me tic
parak�tw sqèseic mporoÔme na upologÐsoume to fortÐo astoqÐac se kajemÐa apì tic
peript¸seic:

• Diarro  epifaneiak¸n fÔllwn (face yielding)

'Otan parathreÐtai h diarro  sta epifaneiak� fÔlla, h t�sh sto epifaneiakì
fÔllo σf eÐnai megalÔterh tou orÐou diarro c se jlÐyh. To fortÐo astoqÐac
mporeÐ na upologisteÐ:

Pf =
12D0σfb

SdEf

(38)

me

D0 = Ef
tfd

2

2

• Di�tmhsh tou pur na (core shear)

To fortÐo astoqÐac gia th di�tmhsh tou pur na upologÐzetai apì thn sqèsh:

Pf = 2τcdb (37)
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Sq ma 10: Trìpoi astoqÐac kat� thn k�myh

• Emf�nish ptuq c sta epifaneiak� fÔlla(face wrinkling)

'Otan emfanÐzetai k�poia ptuq  sthn epif�neia tou dokimÐou, h t�sh sta epifa-
neiak� fÔlla σf eÐnai Ðsh   megalÔterh thc oriak c antoq c se ptÔqwsh σcr
tou sandwich pou dÐnetai apì ton tÔpo:

σcr = 0.5(EfEcGc)
1/3 (39)

en¸ to antÐstoiqo fortÐo astoqÐac upologÐzetai:

Pf =
6D0(EfEcGc)

1/3

SdEf

b (40)

To fortÐo astoqÐac Pf gia touc treic diaforetikoÔc trìpouc astoqÐac upologÐ-
sthke kai gia ta trÐa diaforetik� sandwich ulik� sÔmfwna me tic parap�nw sqèseic
kai dÐnetai sto Sq ma 11 wc sun�rthsh tou lìgou S/d.

Sto Sq ma 11 faÐnetai mìno mia kampÔlh gia th diarro  twn epifaneiak¸n fÔllwn
kai gia ta trÐa ulik�, kaj¸c exart�tai apokleistik� apì tic idiìthtec twn epifa-
neiak¸n fÔllwn kai ìqi apì autèc tou pur na. Ptuqèc sta epifaneiak� fÔlla tou
Eco-core kai tou Balsa dokimÐou ja emfanistoÔn kat� thn epibol  meg�lou fortÐou
kai me meg�lh apìstash metaxÔ twn sthrigm�twn tou dokimÐou. ProtoÔ ìmwc sumbeÐ
autì, ja èqei parousiasteÐ diarro  twn epifaneiak¸n fÔllwn. Sunep¸c, oi pio pija-
noÐ trìpoi astoqÐac se k�myh tess�rwn shmeÐwn sto Eco-core kai sto Balsa sandwich
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Sq ma 11: Trìpoi astoqÐac sunart sei tou lìgou S/d

eÐnai h di�tmhsh tou pur na (gia S
d
≤ 12.4 kai S

d
≤ 19.4 antÐstoiqa) kai h diarro  twn

epifaneiak¸n fÔllwn (gia megalÔterec timèc tou lìgou S
d
). Gia to PVC sandwich

to fortÐo astoqÐac pou qrei�zetai gia na parathr soume diarro  twn epifaneiak¸n
fÔllwn eÐnai megalÔtero apì autì pou qrei�zetai gia na emfanisteÐ ptuq  sta epifa-
neiak� fÔlla. Epomènwc oi pio pijanoÐ trìpoi astoqÐac tou PVC sandwich dokimÐou
eÐnai h di�tmhsh tou pur na gia lìgo S

d
≤ 24.5 kai h emf�nish ptuq c sta epifaneiak�

fÔlla gia S
d
> 24.9.
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Upologismìc kamptik c duskamyÐac kai fortÐou astoqÐacsandwich
ulikoÔ

H olik  kamptik  duskamyÐa EI wc proc ton kentrobarikì �xona x, enìc sandwich
ulikoÔ upologÐzetai wc ex c [8]:

EI = EcIc + 2EfIf (41)

me rop  adr�neiac tou pur na kai tou k�je epifaneiakoÔ fÔllou gia orjogwnik 
diatom  na upologÐzetai:

Ic =
btc

3

12
(42)

If =
btf

3

12
+
btfd

2

4
(43)

o deÔteroc ìroc sto If prokÔptei apì efarmog  tou jewr matoc metafor�c tou �xona
kat� d

2
.Sunep¸c h kamptik  duskamyÐa an� mon�da pl�touc upologÐzetai:

Dx =
ExI

b
=
Ex

c tc
3

12
+ 2Ex

f (
tf

3

12
+
tfd

2

4
)

=
Ectc

3

12
+
Ef tf

3

6
+
Ef tfd

2

2

= Ex
f tfd

2[
tc

3

12tfd2
(
Ex

c

Ex
f

) +
1

6
(
tf
d
)2 +

1

2
] (44)

O pr¸toc ìroc mèsa sthn parènjesh, dÐnei th suneisfor� tou pur na sthn kam-
ptik  duskamyÐa. H suneisfor� eÐnai mikr  afoÔ o lìgoc Ec

Ef
eÐnai idiaÐtera mikrìc.

Sto sugkekrimèno peÐrama, gia ìla ta ulik� isqÔei: Ec

Ef
≤ 0.12. O deÔteroc ìroc en-

tìc thc parènjeshc, ephre�zei shmantik� thn kamptik  duskamyÐa mìno se sandwich
ulik� me epifaneiak� fÔlla meg�lou p�qouc. Gia ulik� pou ikanopoioÔn thn anÐswsh:
tc
tf

≥ 5.35 o deÔteroc ìroc thc parap�nw exÐswshc, den suneisfèrei sto apotèlesma

perissìtero apì 1%. Ta dokÐmia pou qrhsimopoi jhkan èqoun tc
tf

= 18.14. O trÐtoc

ìroc eÐnai autìc pou kajorÐzei thn kamptik  duskamyÐa. Sunep¸c oi idiìthtec twn
epifaneiak¸n fÔllwn Ef , tf kai h apìstash twn kèntrwn twn fÔllwn aut¸n eÐnai pou
kÔria kajorÐzoun thn kamptik  duskamyÐa D. [8]

• Gia to eco-core isqÔei:

Deco = 29361.7 · [0.11815 + 0.00046 + 0.5] = 29361.7 · 0.61861 = 18163Nm

• Gia to balsa isqÔei:

Dbalsa = 29361.7 · [0.16296 + 0.00046 + 0.5] = 29361.7 · 0.66342 = 19479Nm

• Gia to pvc isqÔei:

Dpvc = 29361.7 · [0.00543 + 0.00046 + 0.5] = 29361.7 · 0.50589 = 14854Nm
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Upologismìc tou fortÐou astoqÐac

Me th qr sh twn parap�nw tÔpwn paÐrnoume:

• Gia to Eco-core:

Di�tmhsh tou pur na: Pf

b
= 247.1N/mm

Diarro  epifaneiak¸n fÔllwn: Pf

b
· S
d
= 3053N/mm

Emf�nish ptuq c sta epifaneiak� fÔlla: Pf

b
· S
d
= 17472N/mm

me ìrio antoq c se ptÔqwsh: σcr = 2.08GPa

• Gia toBalsa:

Di�tmhsh tou pur na: Pf

b
= 157.6N/mm

Diarro  epifaneiak¸n fÔllwn: Pf

b
· S
d
= 3053N/mm

Emf�nish ptuq c sta epifaneiak� fÔlla: Pf

b
· S
d
= 10660N/mm

me ìrio antoq c se ptÔqwsh: σcr = 1.27GPa

• Gia to PVC:

Di�tmhsh tou pur na: Pf

b
= 85.76N/mm

Diarro  epifaneiak¸n fÔllwn: Pf

b
· S
d
= 3053N/mm

Emf�nish ptuq c sta epifaneiak� fÔlla: Pf

b
· S
d
= 2143N/mm

me ìrio antoq c se ptÔqwsh: σcr = 0.26GPa

Sq ma 12: Dokim  k�myhc sto eco-core dokÐmio
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Sto Sq ma 13, parousi�zontai ta diagr�mmata kamptik¸n rop¸n M(x) kai tè-
mnouswn dun�mewn Q(x) pou askoÔntai sth dokì kat� th dokim  k�myhc.

Sq ma 13: Diagr�mmata M(x), Q(x)
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4.2.2 Peiramatik� apotelèsmata

H dokim  k�myhc tess�rwn shmeÐwn ègine sÔmfwna me touc kanonismoÔc ASTM
C393 − 00. Ta dokÐmia  tan m kouc 500mm, p�qouc 28.2mm kai pl�touc 51mm.
Pragmatopoi jhkan ennèa dokimèc (treic gia k�je ulikì) kat� tic opoÐec to di�ke-
no metaxÔ twn shmeÐwn st rixhc  tan 394mm en¸ to di�keno metaxÔ twn fortÐwn
pou efarmìsthkan  tan 131mm. Ta dokÐmia fortÐzontan me cross-head taqÔthta
1.27mm/min. H metatìpish kai to fortÐo katagr�fontan diark¸c. Analutik� ta
stoiqeÐa twn dokimÐwn kaj¸c kai to fortÐo astoqÐac touc faÐnontai ston PÐnaka 3.

FortÐo AstoqÐac Pf (N)
Pur nac S b tc tf S/d M.O. Sqèsh

(mm) (mm) (mm) (mm) PeÐrama Peir�matoc (45)
50.7 3,643 3,130

Eco− core 394 51.0 25.4 1.4 14.7 3,452 3,658 3,153
50.6 3,879 3,124
49.3 5,476 4,553

Balsa 394 51.3 25.4 1.4 14.7 4,889 4,963 4,743
51.1 4,524 4,723
51.1 2,985 (4,365)

PV C 394 50.9 25.4 1.4 14.7 3,203 3,065 (4,348)
50.7 3,007 (4,374)

PÐnakac 3

Stic dokimèc k�myhc, o lìgoc thc apìstashc metaxÔ twn sthrigm�twn proc to
lìgo thc apìstashc twn kèntrwn tou dokimÐou (S/d)  tan 14.7. Kanèna apì ta eco-
core dokÐmia den astìqhse me k�poio apì touc pijanoÔc trìpouc pou faÐnontai sto
Sq ma 10. H astoqÐa parousi�sthke upì morf  orizìntiwn rwgm¸n ston p�to tou
pur na, an�mesa sthn perioq  pou orÐzoun ta dÔo shmeÐa fìrtishc. O trìpoc autìc
thc astoqÐac jumÐzei astoqÐa tou pur na se efelkusmì. Sto Sq ma 14 faÐnetai h
grafik  par�stash fortÐou-metatìpishc tou eco-core dokimÐou. K�je meÐwsh for-
tÐou sth grafik  par�stash, sqetÐzetai me th dhmiourgÐa miac rwgm c. Wc fortÐo
astoqÐac jewr jhke to megalÔtero fortÐo prin thn pr¸th meÐwsh tou fortÐou, lìgw
dhmiourgÐac rwgm c.

Oi rwgmèc diakrÐnontai sta Sq mata 15(a,b) pou trab qthkan apì fwtografik 
mhqan  uyhl c taqÔthtac 8,000 fwtografÐec/deuterìlepto (Photorn Fastcam MC2).
Oi rwgmèc eÐnai arijmhmènec sÔmfwna me th seir� emf�nishc kat� thn ektèlesh thc
dokim c. Sto Sq ma 15(b) diakrÐnoume thn telik  astoqÐa, dhlad  th diatmhtik 
rwgm  kai to diaqwrismì pur na-epifaneiak¸n fÔllwn pou emfanÐsthke sth sunèqeia.
H efelkustik  astoqÐa tou pur na den eÐqe anaferjeÐ, èwc t¸ra, wc tÔpoc astoqÐac
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Sq ma 14: Di�gramma fortÐou-metatìpishc

se sandwich dokÐmia. EmfanÐsthke efelkustik  astoqÐa tou pur na epeid  to eco-
core eÐnai sqetik� yajurì kai eÐnai pio anjektikì sth jlÐyh ap' ìti ston efelkusmì.

Sq ma 15: AstoqÐa eco-core kat� thn k�myh

To efelkustikì fortÐo astoqÐac tou pur na mporeÐ na upologisteÐ apì th jewrÐa
gia tic dokoÔc, dhlad  apì thn exÐswsh [1]:

Pf =
12Dσctb

StcEct

(45)

ìpou σct kai Ect eÐnai h antoq  se efelkusmì kai to mètro elastikìthtac, antÐstoiqa,
tou ulikoÔ tou pur na. Ston PÐnaka 3, katagr�fontai oi timèc pou upologÐsthkan apì
ton analutikì tÔpo (45), gia to fortÐo efelkustik c astoqÐac tou k�je dokimÐou. Sto
Sq ma 16, parousi�zontai ta peiramatik� dedomèna kai ta ektim¸mena fortÐa astoqÐac,
sunart sei tou lìgou S/d, gia k�je pijanì trìpo astoqÐac. Ta dedomèna thc dokim c
sumfwnoÔn arket� me ta fortÐa efelkustik c astoqÐac, ìpwc upologÐsthkan apì thn
exÐswsh (45). Sunep¸c, h di�tmhsh tou pur na eÐnai o epikratèsteroc tÔpoc astoqÐac
gia ta eco-core kai ta yajur� sandwich dokÐmia. H astoqÐa eÐnai efelkustik  gia
S/d > 4 kai di�tmhsh tou pur na gia S/d ≤ 4.
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Sq ma 16: Di�gramma fortÐou astoqÐac - lìgou S/d gia to eco-core

H apìkrish twn dokimÐwn wc proc th sqèsh fortÐou-metatìpishc gia ta di�fora
dokÐmia (gia lìgo S/d = 14.7) faÐnetai sto Sq ma 17. 'Omoia me ta dokÐmia tou
Eco-core , ta dokÐmia tou Balsa astoqoÔn me di�tmhsh tou pur na gia S/d ≤ 7.6 kai
efelkusmì tou pur na, gia S/d > 7.6 (Sq ma 18). To peiramatikì fortÐo astoqÐac
an� mon�da pl�touc  tan 98N/mm kai sumfwneÐ me to fortÐo astoqÐac an� mon�da
pl�touc pou proèkuye Pf/b = 92N/mm apì thn exÐswsh (45), gia ton efelkusmì
tou pur na .

Ta dokÐmia tou PVC astìqhsan emfanÐzontac mia esoq  topik� (indentation) sto
epifaneiakì fÔllo k�tw apì to shmeÐo fìrtishc, ìpwc faÐnetai kai sto Sq ma 19(b).
To peiramatikì fortÐo astoqÐac  tan mikrìtero apì autì pou problèfjhke gia th
di�tmhsh tou pur na kai thn ptÔqwsh twn epifaneiak¸n fÔllwn. Gia na apofeu-
qjeÐ autoÔ tou eÐdouc h topik  astoqÐa, proteÐnetai apì ton kanonismì ASTM C393
(2000) h topojèthsh sten¸n lwrÐdwn (narrow strips) sta shmeÐa efarmog c tou for-
tÐou kai sta shmeÐa st rixhc, an�mesa s' aut� kai sto dokÐmio. Stic dokimèc k�myhc
tri¸n shmeÐwn èqei melethjeÐ h montelopoÐhsh thc astoqÐac me esoq  [1,10,11]. Me-
tr¸ntac thn metatìpish twn shmeÐwn pou brÐskontai sthn epif�neia tou dokimÐou
p�nw apì ta shmeÐa st rixhc, mporeÐ na upologisteÐ h apìklish sth sumperifor� tou
sandwich lìgw thc dhmiourgÐac thc esoq s[8]. Ed¸ ìmwc èqei epilegeÐ k�myh tess�-
rwn shmeÐwn, kaj¸c kat� th di�rkeia k�myhc tri¸n shmeÐwn parathr jhke astoqÐa
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Sq ma 17: Di�gramma fortÐou-metatìpishc pou proèkuye peiramatik�

upì fortÐo 3643N en¸ anamenìtan astoqÐa upì fortÐo 8371N [12]. MÐa aplopoih-
mènh exÐswsh pou dÐnei to fortÐo astoqÐac se perÐptwsh dhmiourgÐac esoq c gia ta
elastik�-�kampta plastik� ulik� èqei protajeÐ apì ton Soden [10] kai dÐnetai apì
ton tÔpo:

Pcr =
4

3
btf

√
σysσc (46)

ìpou σys eÐnai to ìrio diarro c tou pur na (yield strength). K�nontac qr sh
autoÔ tou tÔpou, to ektim¸meno fortÐo astoqÐac gia to PVC eÐnai 52N/mm kai to
peiramatikì apotelèsmata eÐnai 60N/mm. H diafor� pou prokÔptei eÐnai sto 14% kai
mporeÐ na sqetÐzetai me touc periorismoÔc pou mpaÐnoun apì to montèlo tou Soden.
Oi trìpoi astoqÐac tou PVC sandwich dokimÐou sunart sei tou lìgou S/d kai tou
fortÐou astoqÐac an� mon�da m kouc Pf/b faÐnetai sto Sq ma 20.
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Sq ma 18: Di�gramma fortÐou astoqÐac - lìgou S/d gia to balsa

Sq ma 19: AstoqÐa kat� thn k�myh
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Sq ma 20: Di�gramma fortÐou astoqÐac - lìgou S/d gia to PVC
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5 Arijmhtik  an�lush me th mèjodo twn

peperasmènwn stoiqeÐwn

Kat� thn arijmhtik  an�lush me th mèjodo twn peperasmènwn stoiqeÐwn, ègine
disdi�stath montelopoÐhsh twn peiram�twn di�tmhshc kai k�myhc me qr sh tou pro-
gr�mmatoc ANSYS. Qrhsimopoi jhke to oktakombikì stoiqeÐo PLANE82 to opoÐo
prosfèrei arket� akrib  apotelèsmata akìma kai se akanìnista sq mata, kaj¸c ìtan
autì eÐnai anagkaÐo, sundu�zei tetragwnik� kai trigwnik� stoiqeÐa kat� th dhmiourgÐa
enìc plègmatoc. To stoiqeÐo autì kajorÐzetai apì 8 kìmbouc kai èqei dÔo bajmoÔc
eleujerÐac se k�je kìmbo, ènan ston �xona x kai ènan ston �xona y (sthn trigwnik 
tou morf , tautÐzontai 3 kìmboi). Parousi�zei plastikìthta, duskamyÐa, mporeÐ na
diastaleÐ kai na uposteÐ meg�lh paramìrfwsh.

H arq  twn axìnwn se k�je perÐptwsh tèjhke na brÐsketai sto k�tw aristerì
�kro tou dokimÐou, ìpwc faÐnetai sta Sq mata 21,22. ProsdiorÐsthkan 12 kìmboi
arqik�, oi opoÐoi orÐzoun ta �kra k�je ulikoÔ pou apoteleÐ to dokÐmio, ta shmeÐa
st rixhc, kai ta shmeÐa efarmog c twn dun�mewn. 'Ola ta dokÐmia sthrÐzontai se mÐa
�rjrwsh kai se mia kÔlish. Se k�je dokÐmio efarmìsthke h dÔnamh pou prok�lese
thn peiramatik  astoqÐa tou kai den ègine bajmiaÐa fìrtish ìpwc sunèbh kat� th
di�rkeia twn peiram�twn. To fortÐo moir�sthke se dÔo shmeÐa, stouc kìmbouc 8,9
ìpwc faÐnetai sta parak�tw sq mata. Oi diast�seic twn dokimÐwn kaj¸c kai oi
dun�meic pou efarmìsthkan se aut� faÐnontai stouc PÐnakec 2,3. Jewr jhke pwc ta
dokÐmia epikrateÐ kat�stash epÐpedhc èntashc.

Sq ma 21: Montèlo di�tmhshc

Sq ma 22: Montèlo k�myhc
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5.1 Plègmata peperasmènwn stoiqeÐwn

Gia thn swst  diakritopoÐhsh twn dokimÐwn, efarmìsthkan 4 diaforetik� plègma-
ta sth melèth tou peir�matoc di�tmhshc tou 1ou dokimÐou eco-core. Sth sunèqeia,
ègine sÔgkrish twn apotelesm�twn se di�forec tomèc me skopì na parathr soume an
sugklÐnoun oi timèc twn t�sewn.

To pr¸to plègma eÐqe 14 diamerÐseic sth di�stash tou p�qouc, to deÔtero 36
diamerÐseic, to trÐto 54 diamerÐseic kai to tètarto 82 diamerÐseic sth di�stash tou
p�qouc.

1o plègma : K�je sandwich dokÐmio apoteleÐtai apì 14 stoiqeÐa sth di�stash
tou p�qouc tou. K�je epifaneiakì fÔllo èqei mìno 1 stoiqeÐo sth di�stash aut . Ta
tetragwnik� stoiqeÐa tou pur na èqoun m koc 2.12mm, en¸ aut� twn epifaneiak¸n
fÔllwn èqoun m koc 1.4mm. Kat� thn diakritopoÐhsh tou k�je dokimÐou dhmiourg -
jhkan:

220 stoiqeÐa kai 1102 kìmboi sta epifaneiak� fÔlla
1308 stoiqeÐa kai 3729 kìmboi sto eswterikì ulikì

Sq ma 23: Plègma mesh14

2o plègma : K�je sandwich dokÐmio apoteleÐtai apì 36 stoiqeÐa sth di�stash
tou p�qouc tou. K�je epifaneiakì fÔllo èqei 2 stoiqeÐa sth di�stash aut . Ta
tetragwnik� stoiqeÐa tou pur na èqoun m koc 0.795mm, en¸ aut� twn epifaneiak¸n
fÔllwn èqoun m koc 0.7mm. Kat� thn diakritopoÐhsh tou k�je dokimÐou dhmiourg -
jhkan:

867 stoiqeÐa kai 3475 kìmboi sta epifaneiak� fÔlla
6912 stoiqeÐa kai 20367 kìmboi sto eswterikì ulikì
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Sq ma 24: Plègma mesh36

3o plègma : K�je sandwich dokÐmio apoteleÐtai apì 54 stoiqeÐa sth di�stash
tou p�qouc tou. K�je epifaneiakì fÔllo èqei 3 stoiqeÐa sth di�stash aut . Ta
tetragwnik� stoiqeÐa tou pur na èqoun m koc 0.53mm, en¸ aut� twn epifaneiak¸n
fÔllwn èqoun m koc 0.47mm. Kat� thn diakritopoÐhsh tou k�je dokimÐou dhmiour-
g jhkan:

1949 stoiqeÐa kai 7159 kìmboi sta epifaneiak� fÔlla
15552 stoiqeÐa kai 46103 kìmboi sto eswterikì ulikì.

Sq ma 25: Plègma mesh54
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4o plègma : K�je sandwich dokÐmio apoteleÐtai apì 82 stoiqeÐa sth di�stash
tou p�qouc tou. K�je epifaneiakì fÔllo èqei 5 stoiqeÐa sth di�stash aut . Ta
tetragwnik� stoiqeÐa tou pur na èqoun m koc 0.353mm, en¸ aut� twn epifaneiak¸n
fÔllwn èqoun m koc 0.313mm. Kat� thn diakritopoÐhsh tou k�je dokimÐou dhmiour-
g jhkan:

4863 stoiqeÐa kai 16555 kìmboi sta epifaneiak� fÔlla
34992 stoiqeÐa kai 104147 kìmboi sto eswterikì ulikì.

Sq ma 26: Plègma mesh82

Ta apotelèsmata twn t�sewn σxx,σyy,σxy se k�je orizìntia diatom , kaj¸c kai oi
epÐ toic ekatì diaforèc pou prokÔptoun kat� th sÔgkrish twn diafìrwn plegm�twn
(mesh) faÐnontai stouc parak�tw pÐnakec. DÐnontai kai oi antÐstoiqoi sumbolismoÐ:
m14 = mesh14, m36 = mesh36, m54 = mesh54, m82 = mesh82
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SÔgkrish t�sewn gia diaforetik c puknìthtac plegmatopoÐhshc sthn orizìntia
tom  y = 7.75mm apì thn k�tw epif�neia tou dokimÐou

PÐnakac 4: T�sh σxx (kPa)

PÐnakac 5: T�sh σyy (kPa)
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PÐnakac 6: T�sh σxy (kPa)

SÔgkrish t�sewn gia diaforetik c puknìthtac plegmatopoÐhshc sthn orizìntia
tom  y = 20.45mm apì thn k�tw epif�neia tou dokimÐou

PÐnakac 7: T�sh σxx (kPa)
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PÐnakac 8: T�sh σyy (kPa)

PÐnakac 9: T�sh σxy (kPa)
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SÔgkrish t�sewn gia diaforetik c puknìthtac plegmatopoÐhshc sthn orizìntia
tom  y = 24.5mm apì thn k�tw epif�neia tou dokimÐou

PÐnakac 10: T�sh σxx (kPa)

PÐnakac 11: T�sh σyy (kPa)
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PÐnakac 12: T�sh σxy (kPa)

Apì touc parap�nw pÐnakec parathroÔme sÔgklish tim¸n gia to plègma twn 54
diamerÐsewn sth di�stash tou pl�touc kai gia autì twn 82 diamerÐsewn. Mìno gia
tic timèc sta sÔnora den up�rqei sÔgklish stic t�seic σxx, σxy. 'Omwc to p�qoc
twn epifaneiak¸n fÔllwn eÐnai mikrì, kai ètsi parousi�zetai meg�lh idiomorfÐa se
aut�. Sunep¸c oi apoklÐseic sta sÔnora den lamb�nontai up' ìyin. SugkrÐnontac tic
t�seic sta plègmata 14, 36 kai 54 diamerÐsewn, parathroÔme sÔgklish tim¸n kat�
diast mata. Sthn 1h tom , pou apèqei perissìtero apì ta shmeÐa efarmog c twn
dun�mewn, parathreÐtai megalÔterh sÔgklish ap' ìti stic �llec tomèc. M�lista oi
timèc twn σxx sugklÐnoun gia k�je plègma sta shmeÐa pou brÐskontai an�mesa sta
shmeÐa st rixhc tou dokimÐou. En¸ sÔgklish parathreÐtai sthn t�sh σyy gia x > 7
kai gia ta mesh36−mesh54.

'Etsi epilèqthke h qr sh tou plègmatoc mesh54 gia thn an�lush twn ulik¸n me
th mèjodo twn peperasmènwn stoiqeÐwn, afoÔ dÐnei ikanopoihtik� apotelèsmata me
ènan ìqi kai tìso meg�lo ìgko apotelesm�twn.

AfoÔ ègine h antÐstoiqh sÔgkrish sto peÐrama thc k�myhc, an�mesa sta plègmata
mesh14, mesh36, mesh54, mesh82 parathr jhke parìmoia sÔgklish. 'Etsi epilè-
qjhke kai gia to peÐrama thc k�myhc, h diakritopoÐhsh tou dokimÐou me 54 stoiqeÐa
sth di�stash tou p�qouc tou. H sÔgkrish aut  den prosèfere nèa stoiqeÐa kai ètsi
den parousi�zetai ed¸.
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5.2 An�lush tou peir�matoc di�tmhshc me th mèjodo

twn peperasmènwn stoiqeÐwn

5.2.1 Epilog  antiproswpeutikoÔ dokimÐou gia to k�je ulikì

Gia to peÐrama thc di�tmhshc, up rqan dedomèna gia 3 dokÐmia apì k�je ulikì (Eco-
core, Balsa, PVC). 'Etsi loipìn epilèqthke pr¸ta na gÐnei mia sÔgkrish thc sum-
perifor�c twn dokimÐwn se di�tmhsh metaxÔ twn dokimÐwn tou Ðdiou ulikoÔ kai sth
sunèqeia na epilegeÐ èna dokÐmio apì k�je ulikì gia th sÔgkrish metaxÔ twn 3 diafo-
retik¸n sandwich ulik¸n. Ta dokÐmia fortÐsthkan me to peiramatikì fortÐo astoqÐac
touc, ìpwc autì parousi�zetai ston PÐnaka 2. Parak�tw paratÐjentai ta apotelè-
smata twn t�sewn thc sÔgkrishc twn 3 dokimÐwn me kÔrio ulikì to eco-core gia 3
orizìntiec tomèc. Oi diast�seic twn dokimÐwn kaj¸c kai to mètro twn dun�mewn me
tic opoÐec fortÐsthkan dÐnontai ston PÐnaka 2.

PÐnakac 13: T�seic (Pa) sthn orizìntia tom  y = 1.93mm apì thn k�tw epif�neia
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PÐnakac 14: T�seic (Pa) sthn orizìntia tom  y = 20.45mm apì thn k�tw epif�neia
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PÐnakac 15: T�seic (Pa) thn orizìntia tom  y = 26.27mm apì thn k�tw epif�neia

To dokÐmio eco-core 2 parousi�zei th mèsh sumperifor� kai sunep¸c autì epilè-
getai gia thn sÔgkrish metaxÔ twn sandwich dokimÐwn me diaforetikì pur na. Me
ton Ðdio trìpo epilèqjhke to 3o dokÐmio me Balsa pur na kai to 3o dokÐmio me PVC
pur na, sÔmfwna me th seir� pou katagr�fontai ston PÐnaka 2.

Sumperasmatik�, h sÔgkrish twn tri¸n ulik¸n gia to peÐrama thc di�tmhshc ègine
gia ta sandwich dokÐmia me ta parak�tw stoiqeÐa: m koc L = 153mm, p�qoc t =
28.2mm, di�keno metaxÔ twn sthrigm�twn S = 102mm, di�keno metaxÔ twn shmeÐwn
fìrtishc S/2 = 61mm

Eco-core: pl�toc b = 50.6mm kai fortÐo F = 12206N
Balsa: pl�toc b = 51mm kai fortÐo F = 7304N
PVC: pl�toc b = 51mm kai fortÐo F = 5298N

5.2.2 SÔgkrish twn t�sewn se di�forec tomèc tou dokimÐou

Parak�tw paratÐjentai oi grafikèc parast�seic pou proèkuyan kat� th sÔgkrish
twn t�sewn σxx, σyy, σxy gia di�forec tomèc twn dokimÐwn.
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Sq ma 27: Diagr�mmata t�sewn gia ton pur na, tom  y = 0.19cm
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Sq ma 28: Diagr�mmata t�sewn gia ton pur na, tom  y = 0.77cm
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Sq ma 29: Diagr�mmata t�sewn gia ton pur na, tom  y = 1.46cm
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Sq ma 30: Diagr�mmata t�sewn gia ton pur na, tom  y = 2.04cm
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Sq ma 31: Diagr�mmata t�sewn ton pur na, tom  y = 2.63cm
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Sq ma 32: Diagr�mmata t�sewn gia to k�tw epifaneiakì fÔllo, tom  y = 0.09cm

55



Sq ma 33: Diagr�mmata t�sewn gia to p�nw epifaneiakì fÔllo, tom  2.77cm
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Sq ma 34: Diagr�mmata t�sewn gia thn katakìrufh tom  x = 4.36cm
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Melet¸ntac ta parap�nw diagr�mmata, mporoÔn na exaqjoÔn ta ex c sumper�-
smata:

H genik  antÐlhyh pou dhmiourgeÐtai eÐnai pwc oi t�seic kai sta trÐa sandwich
ulik� metab�llontai me ton Ðdio trìpo kat� thn metabol  tou x. Autì ofeÐletai sto
gegonìc ìti ta dokÐmia èqoun thn Ðdia dom , sthrÐzontai sta Ðdia shmeÐa kai dèqontai
fortÐseic me ton Ðdio akrib¸c trìpo. Par�oti o rujmìc metabol c twn t�sewn all�zei
apì ulikì se ulikì, parathroÔme aÔxhsh (  meÐwsh) twn t�sewn sta Ðdia diast mata
tou x kai gia ta trÐa ulik�. p.q. sthn tom  y = 1.04cm parathroÔme pwc h t�sh
mei¸netai sta diast mata 2.4 < x < 3.8, 5.2 < x < 6.6, en¸ aux�netai sto di�sthma
11.4 < x < 12.8 kai sta trÐa ulik�.

O rujmìc metabol c twn t�sewn gia ta trÐa ulik� eÐnai polÔ diaforetikìc. Autì
eÐnai anamenìmeno kaj¸c to eco-core èqei megalÔtero ìrio antoq c se jlÐyh kai
di�tmhsh apì ta �lla dÔo ulik� kai megalÔtero ìrio antoq c se efelkusmì apì to
pvc. 'Etsi, ìpwc prokÔptei apì ta diagr�mmata, to eco-core anaptÔssei megalÔterec,
kat� apìluth tim , t�seic kat� to peÐrama di�tmhshc.

Epiprìsjeta, se ìla ta diagr�mmata twn t�sewn σxx, σyy parathreÐtai summetrÐa
wc proc to x = 7.6cm. Autì eÐnai apotèlesma thc summetrÐac pou èqoume sto dokÐmio
wc proc ènan nohtì �xona x = 76mm, kai afor� sthn efarmog  twn dun�mewn kai
sta shmeÐa st rixhc. K�poiec el�qistec diaforopoi seic ofeÐlontai sto gegonìc ìti
kat� thn montelopoÐhsh, to dokÐmio sthrÐqjhke se mÐa �rjrwsh kai mÐa kÔlish. Stic
kampÔlec twn diagramm�twn σxy parathreÐtai antisummetrikìthta me kèntro to shmeÐo
x = 76mm, ìpwc eÐnai anamenìmeno gia tic t�seic σxy.

Sq ma 35: Tomèc sto peÐrama thc di�tmhshc

Sthn tom  y=0.19cm (Sq ma 27), thn pio kontin  tom  tou pur na sth diepi-
f�neia pur na-epifaneiak¸n fÔllwn, parathreÐtai pwc oi t�seic σxx twn ulik¸n den
xepernoÔn ta ìria antoq c. Sto eco-core h mègisth t�sh eÐnai mìlic 4% mikrìterh
apì to ìrio antoq c tou ulikoÔ se efelkusmì en¸ sta �lla ulik� eÐnai arket� mi-
krìterh apì to antÐstoiqo ìriì touc. AntÐjeta, oi t�seic σyy pou anaptÔssontai sta
ulik� xepernoÔn kat� polÔ thn antoq  touc se jlÐyh, perÐpou 3MPa gia to eco-core,
3.5MPa gia to balsa kai 2.5MPa gia pvc kat� apìluth tim . EÐnai shmantikì na
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shmei¸soume pwc h aÔxhsh aut  gia to pvc eÐnai exairetik� meg�lh kaj¸c eÐnai thc
t�xhc tou 125% se sqèsh me thn antoq  tou. 'Oson afor� stic t�seic σxy, to eco-
core kai to balsa emfanÐzoun t�sh auxhmènh kat� 120% se sqèsh me thn antoq  touc
se di�tmhsh, pr�gma to opoÐo epifèrei kai th di�tmhsh tou pur na. Kai to sandwich
dokÐmio me pur na to pvc emfanÐzei t�sh megalÔterh kat� 45% apì aut  pou antèqei
se di�tmhsh. Tèloc, eÐnai shmantikì na anaferjeÐ pwc oi akraÐec autèc timèc twn
t�sewn emfanÐzontai se jèseic pou brÐskontai lÐgo parap�nw apì ta shmeÐa st rixhc
twn dokimÐwn. Gia tic t�seic σxx, emfanÐzontai meg�lec efelkustikèc t�seic gia to
mèso di�sthma tou dokimÐou, an�mesa stic dÔo sthrÐxeic.

Sthn tom  y=0.77cm (Sq ma 28), h opoÐa brÐsketai perÐpou sto 1/4 tou
p�qouc tou sandwich ulikoÔ oi timèc twn t�sewn eÐnai mikrìterec kat� apìluth tim 
ap' ìti sunèbaine sthn prohgoÔmenh tom . Gia ta dokÐmia twn balsa, eco-core oi
t�seicσxx,σyy eÐnai mikrìterec apì tic antÐstoiqec timèc antoq c tou se jlÐyh kai
efelkusmì. Gia to pvc , h t�sh σyy eÐnai megalÔterh kat� 19%, se apìluth tim ,
apì thn antoq  se jlÐyh tou ulikoÔ autoÔ. Oi diatmhtikèc t�seic σxy kai twn tri¸n
ulik¸n eÐnai megalÔterec apì tic epitrepìmenec, gegonìc pou epibebai¸nei thn astoqÐa
twn ulik¸n. M�lista ta shmeÐa sta opoÐa parousi�zontai oi akraÐec timèc brÐskontai
perÐpou sto x = 3cm kai x = 12cm, dhlad  lÐgo pio mèsa apì ta shmeÐa st rixhc,
pr�gma pou sun�dei me th diapÐstwsh twn rwgm¸n kat� th di�rkeia tou peir�matoc.

Sthn tom  y=1.46cm (Sq ma 29), lÐgo parap�nw apì to mèso tou p�qouc tou
dokimÐou, oi t�seic σxx, σyy kai gia ta trÐa ulik� eÐnai se kal� epÐpeda sugkritik� me ta
ìria antoq c touc. H mègisth t�sh σxy pou emfanÐzetai sto eco-core eÐnai5.19MPa,
sto balsa 3.21MPa kai sto pvc 1.96MPa. Kai sthn tom  aut  epishmaÐnetai h
astoqÐa twn ulik¸n.

Gia thn tom  y=2.04cm (Sq ma 30) emfanÐzetai parìmoia entatik  kat�stash
gia tic t�seic σxy me aut  sthn tom  y = 0.77cm all� ta shmeÐa sta opoÐa emfanÐzontai
oi mègistec timèc eÐnai polÔ kont� sta shmeÐa efarmog c twn dun�mewn. Gia tic t�seic
σyy parathreÐtai astoqÐa tou pvc dokimÐou mìno. en¸ gia tic orjèc t�seic σxx den
parathroÔme kamÐa astoqÐa.

Sthn tom  y=2.63cm (Sq ma 31), thn teleutaÐa tom  pou brÐsketai entìc tou
pur na kai plhsÐon thc diepif�neiac �nw epifaneiakoÔ fÔllou-pur na, parathroÔme
meg�lec jliptikèc t�seic gÔrw apì thn perioq  pou efarmìzontai oi dun�meic. Sto
di�gramma σxx faÐnontai dÔo shmeÐa gia ta opoÐa isqÔei ìti σxx ≃ 0. To apotèlesma
autì den eÐnai axiìpisto kaj¸c ta shmeÐa aut� eÐnai ta shmeÐa efarmog c twn dun�me-
wn. Oi diatmhtikèc t�seic σxy gia ìla ta ulik� èqoun xeper�sei to ìrio antoq c (gia
to balsa kai to eco-core eÐnai 93% kai 109% antÐstoiqa). Se mÐa akìma tom , isqÔei
gia to pvc: σyymax > 1.35MPa.

Gia tic t�seic sto k�tw epifaneiakì fÔllo(Sq ma 32), parathroÔme
pwc den xepernoÔn ta ìria antoq c twn fÔllwn se efelkusmì, di�tmhsh kai jlÐyh.
Epiplèon, prèpei na epishm�noume tic meg�lec t�seic σxx pou emfanÐzontai sto pvc
dokÐmio kai parìti den xepernoÔn tic epitreptèc timèc, eÐnai pijanì na sqetÐzontai me

59



thn emf�nish thc esoq c sto dokÐmio.
Sto p�nw epifaneiakì fÔllo (Sq ma 33), ta diagr�mmata deÐqnoun pwc wc

epÐ to pleÐston, oi t�seic sthn tom  y = 2.77cm eÐnai mhdenikèc. T�seic emfanÐzontai
se mia periorismènh perioq  gÔrw apì ta shmeÐa fìrtishc. H mình tim  t�shc pou
xepern� ta ìria tou epifaneiakoÔ ulikoÔ, eÐnai h diatmhtik  t�sh sto eco-core dokÐmio.
'Opwc faÐnetai kajar� sto di�gramma, up�rqoun 4 kìmboi pou dÐnoun timèc σxx =
±82MPa en¸ h antoq  tou epifaneiakoÔ ulikoÔ se di�tmhsh eÐnai77.1MPa. An
kai h apìklish apì thn tim  aut  eÐnai perÐpou 9%, ja prèpei na to jewr soume wc
sf�lma kaj¸c peiramatik� to ulikì den astìqhse sto epifaneiakì fÔllo all� ston
pur na. H tim  aut  epibebai¸nei th jewrÐa ìti prèpei na paÐrnoume apotelèsmata
gia stoiqeÐa pou brÐskontai 3-4 jèseic makrÔtera apì tic jèseic epibol c dun�mewn.
Ed¸ jewr jhke skìpimo na parousiasteÐ to apotèlesma ìpwc dÐnetai apì to ANSYS
kai sth sunèqeia na aporrifjeÐ.

Apì ta diagr�mmata twn t�sewn thc katakìrufhc tom c x=4.36cm (Sq ma
34) mporoÔme na sumper�noume ta ex c: Sto σxx di�gramma faÐnetai xek�jara pwc
ta epifaneiak� fÔlla fèroun thn orj  t�sh anex�rthta apì to ulikì tou pur na.
Apì to σyy di�gramma diakrÐnoume pwc anaptÔssontai megalÔterec orjèc t�seic ston
�xona y′y sta mesaÐa diast mata tou dokimÐou kai proc ta p�nw. Tèloc, sto di�gramma
σxy axÐzei na parathr soume tic akraÐec timèc twn diatmhtik¸n t�sewn σxy sto pvc
pou marturoÔn th dhmiourgÐa esoq c.

Ston PÐnaka 16 faÐnontai oi mègistec t�seic (MPa) kat� apìluth tim  pou su-
nant¸ntai se k�je tom .

Tom  eco− core balsa PV C
se (cm) Sx Sy Sxy Sx Sy Sxy Sx Sy Sxy

y = 0.19 6.19 24.93 10.46 4.71 16.05 6.47 0.52 4.50 2.33
y = 0.77 3.03 7.33 5.71 2.30 4.55 3.47 0.31 2.38 2.09
y = 1.46 0.78 3.42 5.19 0.50 2.08 3.21 0.37 1.33 1.97
y = 2.04 3.80 7.52 5.74 2.80 4.68 3.50 0.47 2.39 2.10
y = 2.63 7.70 8.32 9.62 5.63 4.73 5.70 0.69 3.43 2.09
y = 0.09 64.44 64.91 43.63 35.54 38.40 24.82 79.98 19.16 25.66
y = 2.77 148.35 149.03 83.67 82.00 89.52 49.05 118.30 61.88 41.31

PÐnakac 16
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5.2.3 SÔgkrish twn t�sewn se ìlh thn epif�neia twn dokimÐwn

Parak�tw paratÐjentai oi entatikèc katast�seic sto sÔnolo thc epif�neiac tou
k�je dokimÐou, ìpwc proèkuyan apì ta contour plotstou progr�mmatoc ANSYS.

Sq ma 36: (a)eco− core σxx

Parathr¸ntac ta diagr�mmata σxx twn tri¸n ulik¸n, epibebai¸netai ìti ta epi-
faneiak� fÔlla fèroun thn orj  t�sh, anexart twc tou ulikoÔ tou pur na. Sto
eco-core h t�sh σxx eÐnai megalÔterh sto p�nw epifaneiakì fÔllo ap' ìti sto k�tw
epifaneiakì fÔllo. Ston pur na tou parathreÐtai sugkèntrwsh t�sewn gÔrw apì
ta shmeÐa st rixhc kaj¸c kai se èna komm�ti tou pur na pou brÐsketai kont� sto
k�tw sÔnoro tou kai an�mesa sta shmeÐa st rixhc. AntÐjeta ston pur na tou balsa
h sugkèntrwsh twn t�sewn parousi�zetai se èna pio stenì komm�ti tou pur na, to
opoÐo brÐsketai ìmwc kont� sto p�nw sÔnoro tou pur na. Ston pur na tou pvc , oi
t�seic pou anaptÔssontai eÐnai mikrèc. Gi' autì parathroÔme èna omoiìmorfo qr¸ma
se ìlh thn epif�neia tou pur na. Mìno se mÐa perioq  tou k�tw epifaneiakoÔ fÔllou
anaptÔssontai megalÔterec t�seic.
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Sq ma 36:(b) balsa σxx

Sq ma 36:(g) pvc σxx
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Sq ma 37:(a) eco− core σyy

Sq ma 37:(b) balsa σyy
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Sq ma 37: (g) pvc σyy

Sta diagr�mmata σyy parathroÔme mia an�logh entatik  kat�stash sta eco-core
kai balsa, dokÐmia me σyyeco ≈ 2σyybalsa . Epiprìsjeta, h perioq  pou emfanÐzontai oi
(kat� mètro) meg�lec t�seic eÐnai megalÔterh sto balsa dokÐmio ap' ìti sto eco-core..
Shmantik  diafor� parousi�zetai sto pvc dokÐmio. H perioq  sthn opoÐa èqoume
meg�lh sugkèntrwsh t�sewn èqei diaforetikì sq ma apì ta �lla dokÐmia. Oi t�seic
σyy susqetÐzontai me to diaforetikì trìpo paramìrfwshc tou pvc .
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Sq ma 38:(a) eco− core σxy

Sq ma 38:(b) balsa σxy
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Sqetik� me tic diatmhtikèc t�seic σxy, ta diagr�mmata parousi�zoun se k�je dokÐ-
mio mia perioq  meg�lhc sugkèntrwshc t�sewn. Parìmoiec perioqèc all� mikrìterec
se èktash brÐskontai gÔrw apì ta shmeÐa st rixhc. Epeid  ta qr¸mata antiprosw-
peÔoun meg�lo eÔroc tim¸n thc t�shc σxy, den faÐnetai sto di�gramma h antisumme-
trikìthta pou eÐdame sta sugkritik� diagr�mmata twn tom¸n. EÐnai ìmwc shmantikì
na parathr soume pwc to pvc dokÐmio anaptÔssei kai �llec perioqèc meg�lhc sug-
kèntrwshc t�sewn σxy se di�fora shmeÐa.

Sq ma 38: (g) pvc σxy
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5.2.4 Metatìpish twn dokimÐwn kat� th di�tmhsh

H metatìpish tou kìmbou pou brÐsketai sto mèso tou dokimÐou kai sthn k�tw
epif�neia eÐnai: 0.425mm gia to eco-core, 0.213mm gia to balsa, 1.38mm gia to pvc.
Ta peiramatik� apotelèsmata faÐnontai sto Sq ma 7 kai eÐnai perÐpou 0.5mm gia to
eco-core kai 0.7mm gia to balsa. H apìklish gia to eco-core eÐnai meg�lh (15%)
en¸ gia to balsa h ektÐmhsh eÐnai entel¸c lanjasmènh. Kai sta dÔo, shmantikì
rìlo èqei paÐxei ìti den montelopoi jhkan oi rwgmèc pou dhmiourg jhkan. Epeid 
sto balsa oi rwgmèc  tan katakìrufec, eÐnai pijanìn na epirre�zei perissìtero th
metatìpish tou dokimÐou. 'Oson afor� stopvc, epeid  astìqhse emfanÐzontac esoq ,
den eÐnai sugkrÐsimh h metatìpis  tou. Par' ìla aut� axÐzei na shmei¸soume pwc h
sqèsh fortÐou-metatìpishc gia to pvc paÔei na eÐnai grammik  ìtan h metatìpish gÐnei
perÐpou 1.4mm. Ta parak�tw diagr�mmata deÐqnoun th metatìpish twn dokimÐwn pou
proèkuye apì to dianusmatikì �jroisma −→ux +−→uy:

Sq ma 39: Metatìpish eco− core
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Sq ma 39:(b) Metatìpish balsa

Sq ma 39:(g) Metatìpish pvc

EÐnai emfan c h dhmiourgÐa esoq c sto pvc.

AxÐzei na parousi�soume xeqwrist� tic metatopÐseic ston �xona x kai y gia to pvc:
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Sq ma 39:(d) Metatìpish ux

Sq ma 39:(e) Metatìpish uy
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5.3 An�lush tou peir�matoc k�myhc me th mèjodo twn

peperasmènwn stoiqeÐwn

Gia to peÐrama thc k�myhc, up rqan dedomèna gia 3 dokÐmia apì to k�je ulikì
me m koc 0.5m. 'Ustera apì th metaxÔ touc sÔgkrish, aporrÐfjhkan ta dokÐmia pou
dÐnoun tic akraÐec timèc kai epilèqthke èna dokÐmio apì to k�je ulikì (Eco-core, Balsa,
PVC), to opoÐo dÐnei mia mèsh tim  thc sumperifor�c kai twn tri¸n. Analutik�, h
sÔgkrish twn tri¸n ulik¸n gia to peÐrama thc k�myhc ègine gia ta sandwich dokÐmia
me ta parak�tw stoiqeÐa: m koc L = 500mm, p�qoc t = 28.2mm, di�keno metaxÔ twn
sthrigm�twn S = 394mm, di�keno metaxÔ twn shmeÐwn fìrtishc S/2 = 131.3mm

Eco-core: pl�toc b = 50.7mm kai fortÐo F = 3643N
Balsa: pl�toc b = 51.3mm kai fortÐo F = 4889N
PVC: pl�toc b50.7mm kai fortÐo F = 3007N

5.3.1 SÔgkrish twn t�sewn se di�forec tomèc tou dokimÐou

Sth sunèqeia emfanÐzontai ta apotelèsmata twn t�sewn se di�forec tomèc twn
sandwich ulik¸n sunart sei thc apìstashc apì th jèsh x = 0 gia tic orizìntiec
tomèc kai apì th jèsh y = 0 gia thn katakìrufh tom . 'Etsi mporeÐ eÔkola na
prokÔyei h metaxÔ touc sÔgkrish.
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Sq ma 40: Diagr�mmata t�sewn gia ton pur na, tom  y = 0.19cm
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Sq ma 41: Diagr�mmata t�sewn gia ton pur na, tom  y = 0.79cm
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Sq ma 42: Diagr�mmata t�sewn gia ton pur na, tom  y = 1.49cm
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Sq ma 43: Diagr�mmata t�sewn gia ton pur na, tom  y = 2.03cm
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Sq ma 44: Diagr�mmata t�sewn gia ton pur na, tom  y = 2.63cm
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Sq ma 45: Diagr�mmata t�sewn gia to k�tw epifaneiakì fÔllo, tom  y = 0.09cm
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Sq ma 46: Diagr�mmata t�sewn gia to p�nw epifaneiakì fÔllo, tom  y = 2.77cm
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Sq ma 47: Diagr�mmata t�sewn gia thn katakìrufh tom  x = 1.48cm
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Melet¸ntac ta parap�nw diagr�mmata, mporoÔn na exaqjoÔn ta ex c sumper�-
smata:

Sto peÐrama thc k�myhc, ìpwc sunèbh kai sto peÐrama thc di�tmhshc, ta sandwich
dokÐmia pou perièqoun ta ulik� eco-core, balsa faÐnetai na diathroÔn mia analogÐa
sthn an�ptuxh twn t�sewn stic di�forec tomèc tou. 'Opwc eÐnai anamenìmeno apì ton
PÐnaka 1, to balsa èqei megalÔterh antoq  se efelkusmì ap' ìti to eco-core. Par' ìti
loipìn to eco-core mporeÐ na qarakthristeÐ wc yajurì ulikì, parathroÔme th meg�lh
apìklish stic t�seic pou anaptÔssontai sto PVC (to opoÐo eÐnai epÐshc yajurì)
se sqèsh me autèc pou anaptÔssontai sto eco-core. Sto peÐrama thc k�myhc, aut  h
diapÐstwsh gÐnetai pio eÔkola ap' ìti sto peÐrama thc di�tmhshc afoÔ parathroÔntai
megalÔterec efelkustikèc t�seic.

Sta diagr�mmata σxx, σyy emfanÐzetai summetrÐa stic orizìntiec tomèc twn ulik¸n.
Antisummetrikìthta qarakthrÐzei ta diagr�mmata σxy.

Sthn tom  y=0.19cm (Sq ma 40), thn pio kontin  tom  tou pur na sthn k�tw
diepif�neia tou me ta epifaneiak� fÔlla , parathroÔme pwc oi t�seic σxx twn eco-core
kai balsa dokimÐwn eÐnai polÔ megalÔterec apì to ìrio antoq c touc se efelkusmì. Se
antÐjesh me ta parap�nw, to pvc den anèptuxe t�seic σxx megalÔterec tou antÐstoiqou
orÐou tou. Sta diagr�mmata σyy, parathroÔme pwc oi t�seic eÐnai polÔ mikrèc se ìlh
thn epif�neia twn ulik¸n kai aux�nontai kat� apìluth tim  sta shmeÐa twn sthrÐxewn
lìgw thc idiomorfÐac tou pedÐou pou dhmiourgeÐtai. Gia ta diagr�mmata σxy, mìno to
eco-core xepern� lÐgo to ìrio antoq c se di�tmhsh.

Sthn tom  y=0.79cm (Sq ma 41), ìlec oi t�seic eÐnai meiwmènec kat� apìluth
tim  se sqèsh me autèc pou parathr jhkan sthn prohgoÔmenh tom  kai den parath-
reÐte poujen� t�sh megalÔterh tou orÐou. Sto di�gramma thc t�shc σyy parathroÔme
aÔxhsh thc jliptik c t�shc sta shmeÐa pou brÐskontai k�tw apì ta shmeÐa fìrtishc.

Sthn tom  y=1.49cm (Sq ma 42), h opoÐa brÐsketai sqedìn sto mèso tou
dokimÐou, parathroÔme pwc oi orjèc t�seic sta shmeÐa fìrtishc tou dokimÐou parou-
si�zoun shmantikèc metabolèc. M�lista h mègisth jliptik  t�sh kat� apìluth tim ,
emfanÐzetai sta shmeÐa aut�. Oi efelkustikèc t�seic s' aut  thn tom  èqoun meiwjeÐ
p�ra polÔ kai teÐnoun na mhdenistoÔn. Den parathreÐtai poujen� h t�sh na xepern�
to ìrio antoq c tou ek�stote ulikoÔ.

Kat� m koc thc orizìntiac tom c y=2.03cm (Sq ma 43), parousi�zontai mìno
jliptikèc t�seic kai ìqi efelkustikèc, ìpwc �llwste gnwrÐsoume kai apì th jewrÐa
gia thn k�myh dok¸n. Oi t�seic sthn tom  aut  arqÐzoun na aux�nontai kat� apìluth
tim  kont� sta shmeÐa efarmog c twn dun�mewn en¸ kai ed¸ den parathreÐtai k�poia
upèrbash tou orÐou antoq c twn ulik¸n.

Sthn tom  y=2.63cm (Sq ma 44), thn teleutaÐa tom  pou brÐsketai entìc
tou pur na kai k�tw apì thn diepif�neia epifaneiakoÔ fÔllou-pur na, emfanÐzontai
t�seic σxx, σxy sto balsa dokÐmio, megalÔterec apì ta antÐstoiqa ìri� tou. Autì den
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sumbaÐnei sto eco-core dokÐmio. Upèrbash tou orÐou antoq c thc orj c t�shc σyy
parathroÔme sto pvc.

Stic tomèc kat� m koc twn dÔo epifaneiak¸n fÔllwn (Sq mata
45,46) emfanÐzontai t�seic mikrìterec tou orÐou antoq c touc. Sthn tom  tou k�tw
epifaneiakoÔ fÔllou, oi efelkustikèc t�seic eÐnai megalÔterec sto di�sthma an�mesa
stic dÔo sthrÐxeic, en¸ sto pvc emfanÐzetai kai mia topik  aÔxhsh thc efelkustik c
t�shc sta shmeÐa st rixhc tou dokimÐou.'Oson afor� stic jliptikèc t�seic kai tic
diatmhtikèc, eÐnai idiaÐtera mikrèc se ìlo to m koc thc tom c ektìc twn shmeÐwn
st rixhc. Sthn tom  tou p�nw epifaneiakoÔ fÔllou epikrateÐ parìmoia entatik 
kat�stash gia tic t�seic σyy kai σxy, mìno pou ta mègista emfanÐzontai sta shmeÐa
efarmog c twn dun�mewn. 'Omoia, sto di�gramma σxx − x, parousi�zontai meg�lec
jliptikèc t�seic sthn perioq  an�mesa sta shmeÐa fìrtishc twn dokimÐwn all� kai
sta shmeÐa aut�.

Kat� m koc thc katakìrufhc tom c x=1.48cm (Sq ma 47), parath-
reÐtai pwc ta epifaneiak� fÔlla fèroun thn t�sh σxx. AntÐjeta, ta epifaneik� fÔlla
parousi�zoun mikrèc t�seic σyy,σxy. H efelkustik  t�sh σyy aux�netai ìso aux�netai
to p�qoc tou dokimÐou mèqri to shmeio x = 14.01mm, ìpou brÐsketai dhlad  to mèso
tou. P�nw apì to mèso autì, h efelkustik  t�sh arqÐzei na mei¸netai. Parìmoia
sumperifor� èqoume khai gia tic diatmhtikèc t�seic twn dÔo ulik¸n.

Sumperasmatik�, sto eco-core dokÐmio parathr jhke upèrbash tou orÐou antoq c
se efelkusmì (σxx) mìno sthn tom  pou brÐsketai kont� sto k�tw epifaneiakì fÔllo.
Sthn Ðdia tom  emfanÐzetai kai upèrbash thc epitrepìmenhc diatmhtik c t�shc σxy. Ta
apotelèsmata aut� sun�doun me ta peiramatik� apotelèsmata, sta opoÐa diapist¸jh-
kan 3 mikrèc rwgmèc sthn diepif�neia pur na-fÔllwn kai rwgm  ston pur na. Sto
balsa dokÐmio, shmei¸jhke t�sh σxx megalÔterh tou orÐou se efelkusmì sthn tom 
tou pur na pou brÐsketai pio kont� sto k�tw epifaneiakì fÔllo. EpÐshc shmei¸jhke
t�sh megalÔterh tou ìrÐou se jlÐyh (σxx) kai se di�tmhsh (σxy), sthn kontinìterh
tom  tou pur na sto p�nw epifaneiakì fÔllo. Sqetik� me to pvc dokÐmio, emfanÐsth-
ke upèrbash tou orÐou antoq c se jlÐyh (σyy) sthn tom  tou pur na pou brÐsketai
pio kont� sto p�nw epifaneiakì fÔllo.
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Ston PÐnaka 17 parousi�zontai oi mègistec t�seic (MPa) kat� apìluth tim  pou
sunant¸ntai se k�je tom .

Tom  eco− core balsa PV C
se (cm) Sx Sy Sxy Sx Sy Sxy Sx Sy Sxy

y = 0.19 9.37 7.60 3.09 15.82 10.89 4.29 0.50 2.59 1.28
y = 0.79 4.77 2.23 1.68 8.04 3.08 2.27 0.28 1.36 1.20
y = 1.49 0.69 0.88 1.53 1.13 1.19 2.09 0.15 0.67 1.14
y = 2.03 4.907 0.428 1.588 8.227 0.562 2.122 0.421 0.527 1.20
y = 2.63 9.99 7.56 3.10 16.85 10.82 4.25 0.80 2.59 1.28
y = 0.09 96.56 17.28 12.85 118.24 23.95 16.38 100.68 9.66 13.47
y = 2.77 124.99 45.31 25.56 153.15 60.43 33.30 152.11 35.85 23.83

PÐnakac 17
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6 EpÐlogoc kai prot�seic gia

melontik  ergasia

To eco-core kai paraskeu�sthke èntro 'Ereunac SÔnjetwn Ulik¸n tou PanepisthmÐ-
ou thc Nìtiac KarolÐnac ( North Carolina A & T State University) eÐnai èna oikolo-
gikì ulikì pou den èqei akìma qrhsimopoihjeÐ sthn paragwg  proðìntwn all� axÐzei
prosoq c kai melèthc. To eco-core eÐnai èna sandwich elafrÔ ulikì, anjektikì
ulikì sth fwti�, mh toxikì kai me polÔ kalèc mhqanikèc idiìthtec. Par� to gegonìc
ìti mporeÐ na qarakthristeÐ wc yajurì ulikì afoÔ èqei mikrìterh antoq  se efelku-
smì ap' ìti se jlÐyh, sth sandwich kataskeu  pou melet jhke, parousi�zei antoq 
sugkrÐsimh me aut  ìlkimwn ulik¸n se sandwich kataskeuèc kai ìqi yajur¸n. Autì
dÐnei to pleonèkthma sto eco-core na astoqeÐ parousi�zontac rwgmèc ston pur na
kai sth diepif�neia pur na kai epifaneiak¸n fÔllwn kai ìqi parousi�zontac astoqÐa
upì morf  esoq c.

To eco-core eÐnai èna oikologikì ulikì afoÔ èqei wc pr¸th Ôlh to apìblhto
proðìn thc kaÔshc gai�njraka apì touc jermohlektrikoÔc stajmoÔc. To ulikì autì
tou dÐnei thn exairetik  idiìthta na antèqei sth fwti� kai na mhn par�gei toxik� aèria
kat� thn kaÔsh tou.

Ta peir�mata sqetik� me thn antoq  tou eco-core eco-core se di�tmhsh, k�myh kai
jlÐyh sth di�stash tou m kouc tou èqoun pragmatopoihjeÐ. H diplwmatik  ergasÐa
aut  sunetèlese sthn arijmhtik  melèth twn t�sewn tou ulikoÔ kat� to peÐrama thc
k�myhc kai thc di�tmhshc. H melèth sqetik� me to eco-core ulikì mporeÐ na suneqisteÐ
¸ste na sumb�llei sth diapÐstwsh twn idiot twn, tou sqetik� nèou ulikoÔ kai kurÐwc
sth melèth gia thn axiopoÐhsh tou sthn paragwg  kai sthn ikanopoÐhsh twn laðk¸n
anagk¸n.

Merikèc prot�seic gia peraitèrw melèth:

* DhmiourgÐa trisdi�statou montèlou me th mèjodo twn peperasmènwn stoiqeÐwn
gia ta peir�mata k�myhc kai di�tmhshc me montelopoÐhsh twn rwgm¸n. Melèth
twn peiram�twn se kat�stash epÐpedhc paramìrfwshc.

* Arijmhtik  melèth gia thn ermhneÐa thc astoqÐac tou eco-core kat� thn k�myh
3 shmeÐwn.

* An�lush me arijmhtikèc mejìdouc sugkekrimènhc aeronauphgik c kataskeu c
apì eco-core.

* An�lush me th mèjodo twn peperasmènwn stoiqeÐwn tou peir�matoc antoq c
tou eco-core sth fwti�. An�lush tou peir�matoc lugismoÔ sandwich dokimÐou
me montelopoÐhsh twn diafìrwn morf¸n astoqÐac.
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