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1) AYTOPH TEXHHYKOI PEIIEFA

o B. mpod. np Anexcangap Casuh, murui. rpal). wmxk., Yausepsuter y bBeorpany.,
I'pahesunckn Qakynrer, bynesap kpaiba Anexcanapa 73, beorpan

o Hp Hdparu Antonujesuh, HayuyHH CaBETHUK, JIUIUL. HHIXK. Malll., Y HUBep3uTeT y beorpany,
Mnosaunonu nentap Mamunckor ¢axynrera, Kpassuie Mapuje 16, Beorpa

° Jp WBana Jenuh, nayuynu capagHuk, Tumi. xem., MTHCTUTYT 3a HykieapHe Hayke Bunua,
WHCTHTYT OJI HallMOHaJIHOI 3Hauaja 3a PenyOmuxy CpOujy, YHuBepsuter y beorpamy, Muke
IlerpoBuha Anaca 12-14, Bunua, beorpan

° B. mpod. np Jmmwurpuje 3axuh, mumin rpal). wmxk., YuuBep3uter y beorpany,
I"'paheBuncku paxynrer, byneBap kpasba Anexcanapa 73, beorpan

2) HA3HUB TEXHHYKOI" PEIIEA

TEPMOUM3OJAIMUOHHU ITAHEJU HA BA3U BUJbHUX BJIAKAHA Miscanthus x
giganteus

Texunuko pememe y kareropuju M85 - HOBO TEXHHUYKO pemiee y (asud peanusanuje,
TECTHPAHO y oBJaIiNeHO0j HHCTUTYIH]H, IIOTOHY, IPOM3BOIHO) IHHUJH WITH JTA0OPATOPHjH, HIIH j&
TECTUpaHoO Ha oapehenom objexTy.

3) KIbYYHE PEYH

Tonnorna uzonamnuja, Eneprercka edukacuoct, bruoxommosutu

4) 34 KOI'A JE PELIEEHDE PABEHO

Texnmuko pememe je paheno 3a rpaheBuncky pupmy I'mkoHT 1.0.0. Beorpan,ca cenumrem Ha
anpecu:Kocmajcka 29a, 11251 Octpyxuuna, O0penosan. OBa rpaleBuncka ¢upma 6aBu ce
M3paJoM MOHT@XHUX Kyha u3paleHux oz apMupaHOr GeToHa ca yrpaljeHOM TepMOM30JIaIld]oM,
INTO MX YMHHU JYTOBEYHHMM M eHepreTrcku eduxacHuM kyhama. Y CBOJCTBY JI0Ka3a TEXHUYKOT
pelierha MpUlake ce MOTBpJa O NpUXBaTamy IIPY)KEHE yCIyre oJ crpaHe rpaljeBHHCKe (pupme
['MKOHT 11.0.0., Ka0 ¥ JOKa3 O IIyOJIMKOBamY pelleha y Yaconucy kareropuje M21a:

Savic, A., Antonijevic, D., Jelic, L., Zakic, D. (2020). Thermomechanical behavior of bio-fiber
composite thermal insulation panels. Energy and Buildings, 229, 110511, 1-7.
https://doi.org/10.1016/j.enbuild.2020.110511

5) I'O4HHA KAJ[A JE PEIIIEFhE KOMITJIETHPAHO

2022. ronuHa (00jaBJEEHH PE3yNTaTH UCTpaXKuBama y M21a myOiuKaujm)

6) I'O4HHA KAJ]A JE PEIIIEFHE ITOYEJIO JJA IIPHMEB YJE H O] KOI'A
ITnanupana npumena - 2022. roguHa, I ukoHT 1.0.0. beorpan

(TEXHUUKO pElICHe y pealu3alliju)




7) ObJIACT H HAYYHA JIHCLHIIJITHA HA KOJY CE TEXHUYKO PELIEILE OJHOCH

Obunact: Texunuko-TexHojoOlKe Hayke. Yika obnacT (Hayuna aucuuniumpa): I'paheBuHckn
Marepujaliu.

8) I1POBLJIEM KOJH CE TEXHHYKHM PEIIEHEM PEIIIABA

Eneprerckn onpxua rpaama IpeJicTaBiba CMarbehe SHEPreTCKuX norpeda y 3rpagapcTBy 6e3
CMamema KpanurTera rpahema M craHoBama [1]. OnHa je jeman o] 3HAYajHUX CerMeHaTa
OJIPXKMBOT pasBoja M YKJbydyje yrnorpedy rpaleBHHCKHX MarepHjaia KOju HHUCY IUTETHH IO
OKOJIMHY M KOJU 4yBajy pecypce, PeKOHCTPYKIH]jy OCTOjehuX M U3rpajrby HOBHX EHEPreTCKH
e(puKacHMX 3rpaja, Kao M PaIMOHAIHO yKiamame moctojehux objekara W MOHOBHY ymnoTpeOy
MarepHjaja HaKOH CaHallije MJIM IIpecTanka Kopuinherma u pyinema rpaljeBuHa.

Jleuenujama ynasan, Hajpeha konuumHa (QuHANTHE e€Hepruje TpomM ce Yy 00JacTH
rpaleBuHapcTBa, OCEOHO y 3rpalapcTBy 3a 3arpeBame, Xjaleme, BEHTHIAIH]y U OCBETIHEHE
npocropa. Crambenu cexrop y Eponckoj Vumuju (EVY) je u3Bop ckopo ueTBpTHHE eMucHje
YIJbCH JIMOKCHUJIA, TI€ Ce EHEepruja 3a rpejame KopucTr yak 60—-80%. Ykomuko Ou ce eneprercka
NOTPOIIHa cMambuia 3a 20%, To O J0BEIO U 10 CMakeha EMUCH]E YIJbCH JTHOKCHIA U JPYIUX
racosa 3aciIy’KHHX 3a edexar cTakiene Oarire 3a oko 12,5% [1].

Bynyhu wu3azoB  eneprerckum eduxacHe Tpalime  INPEACTBa/bajy  HOBH  E€KOJOIIKH
TEPMOU30JIAMOHN  MaTepujaiid, IPBEHCTBEHO Oa3WpaHW Ha NPUPOJHUM  OPraHCKUM
Mmarepujanuma. Taxole, MHTEH3MBaH pacT CBETCKE INOIyJAlMje W HEJOCTATaK CHPOBMHA 32
IPOM3BO/IbY I'pal)eBUHCKOT Marepujajia, BOJAE Ka NOBPATKY yHoTpebe CKOpO 3a00paBIbeHUX
IPUPOJHUX MaTepHjajia y 3rpaaapctsy [1].

MMnepatuBu TepMOM30JAIIMOHUX MaTepujaia cy (yHKIMja OuyBamba EHEPrHje CMaFbeHheM
TOIUIOTHUX I'yOHTaka (Mam JoOuTaKa KaJjia je TO MOTPeOHO), KOHTPOJIA TeEMIIEpaType NOBPIINHA,
CIpevaBam¢ MPOTOKA Iape M KOHJEH3allMje BOJE Ha XJIQJHUM IOBpIIHHAMA, Ka0 M IO3UTHBAH
yrunaj Ha pan 13B. HVAC cuctema (Heating, Ventilation, & Air Conditioning). Tlopen
oarosapajyhux TepMOM30JIAIIMOHUX CBOjCTaBa, OBAKBH MaTepHjald MOpPajy Ja 3a70BOJbe U HU3
Jpyrux OUTHMX KapakTepUCTHKA M 3axTeBa Kako OW OwiM eQuKacHM ¥ KOHKYPEHTHH Ha
TpxkuiuTy. To cy, Ha mpumep, 3an0BoJbaBajyha uBpcroha, BHCOKA MOPO3HOCT, MAjo YIHjaHme
BOJIE, 3a/10B0JbaBajyha MpoBOAJBUBOCT IIape M racoBa, OTIIOPHOCT HA JIEjCTBO Mpasa, XeMHjcKa |
Ouosonika I0CTOJaHOCT, HETOKCHYHOCT, 3al0BOJbaBajyhia OTIOPHOCT Ha JEjCTBO I10XKapa,
IpUXBAT/bUBA II€HA, MOTYhHOCT penuKIiIaxe u CIUJHO [2].

OCHOBHH 1MJb OBOI TEXHMYKOI pEIICHa je IPHMEHa BlakaHa eKOpeMeIMjaluoHe OxoMace
Miscanthus x giganteus, Xoja TOKOM M HaKOH CaHAILlHje IEBACTHPAHUX 3€MJBHINTA, HA IIPHMEp
JalOBUINTa M IENENHIITa, NPEACTaB/ba HYC-IIPOU3BOMA, 3a IPOU3BOLAEY TEPMOM30JAIMOHOT
MarepHjana. 3aXTeB KOPHCHHKA, OCHM YHOTpeOe eKkopemenmjanmuoHe Ouomace Miscanthus x
giganteus, TIOApasyMeBao je M HU3paly MEXaHHUYKM OTIIOPHHX, JAKHX 3a MaHUIYJIALU]y H
yrpaliby TEPMOU30JAlMOHUX IaHeNa, CTAOMJIHUX KapaKTepHCTHKa, Kao M 3al0BoJbaBajyhe
€KOHOMCKE WCIUIATHBOCTH M OJPKMBOCTH. Ilopen Tora, 6umo je morpeGHO na maHenu Oymay
IIOTOJIHH 3a foMahe BpeMeHCKe IIPUITHKE, OTHOCHO TEMIIEPATYPHE YCIIOBE.

[Ipou3BOAKO0M ¥ IIPUMEHOM OBAaKBOI' MaTepHjalia OUeKyje ce 3HAYajHO CHUIKABAME TPOLIKOBA Yy
ofHOCY Ha BellMHYy KOHBEHIMOHATHUX TEPMOM3OJALMOHUX MaTepHjajia, y3 BEIUKH JONPHHOC
3aXTeBHMa OJIP>KUBOT pa3Boja.




9) CTAILE PEHIEHOCTH I1POBIIEMA Y CBETY

Jenan ol HajBOXHU]MX U3a30Ba 3rpajapcTBa y OyayhHOCTH IpejicTaB/ba CMambehe MOTPOLIH-E
CHEpIruje y CBUM JKMBOTHMM (azama objexrta, 0]l M3rpajime jo pyuiera. Ilpema Ilporpamy
Yjenum-eHux HallMja 3a )KUBOTHY CPEAMHY HPOIECHEHO je JIa Ce Yy 3IpafapCTBy MCKOPUCTH OKO
40% enepruje Ha riobalIHOM HMBOY, JIOK je OBaj CEKTOp OAroBopaH 3a mpeko 30% emucuje
racopa craxinene Oawre [3]. I'paheBuHCKM CeKTOp TpPEHYTHO MpOJa3u Kpo3 JayboKe
Tpancdopmanuje Tako ga he OMTH y HO3MIMjH Ja Npelulake Peliermha y CKIaay ca HOBHM
IPOIKUCHMA U 3aXTE€BMMa KOPMCHMKA KOJU CE€ THUY yTHIlaja Ha YKUBOTHY CPEJMHY W 3pPaBJbeE.
Pa3zpoj mHOBaTMBHUX rpalleBUHCKMX Marepujajia, 3BaHHX €KO- WM OMO-Marepujaim, KOju
IOILITY]y 3ApaBJbe M BOJIE Ka MoO0sbIIamy KoM(Oopa y 3rpajapcTBy, ca CMalbEHUM YTUIIAjeM Ha
’KHBOTHY CPEIMHY, IPEJICTaBIba BEIMKH U3a30B [4].

Y EBponu je MHHIMPAaHO HEKOJMKO EKOJIOIIKHX IIOJHUTHKA, HIp. [[MPEKTHBA O €HEPreTCKUM
nepdopmancama 3rpana u JJMpeKkTHBa 0 HepreTcKoj ePUKacHOCTH, KOje MMajy 3a IIHJb CMACHHE
IOTPOLIILE €Hepruje 3a rpejame n xiaheme 3a 12% mo 2030. rox., omxsocHo 17% mo 2050.
roguae 'y mopehemy ca 2005. rogmHOM. 3aXTeBH Cy NOCEOHO yCMEpEHH Ka I1000JbLIAH:Y
TEPMOM30JIallkje, OJJHOCHO TEPMHUUKHX CBOjcTaBa oMorada 3rpaze [3]. Yuanpeleme TomaoTHe
H30Jlallkje 3rpaja je jeJaH oJ Haje(MKaCHHjUX HAYMHA YINTEJE €HEPIHje, KPO3 CMaIbCHhe
TOIUIOTHUX I'yOuTaKa Kpo3 TepMHUKH OMOTad4 3rpaze [5].

Konmenr oapXuBOCTH y CEKTOPY 3IpajiapcTBa, I0Jpa3yMeBa IPOU3BOILY TEPMOM30IAMOHIX
MaTepHjana o IPUPOJHHMX HIM PEIUKIHPAaHUX Martepujana. OBakas HNPHCTYN Moxe ja Oye
I0CEOHO KOPHUCTaH y 3eMJbaMa y pPa3Bojy, KOje 4YecTO y IpakCH Hemajy J00po CIpOBeseHE
MOJIMTHKE PELUKIIAaXKE, Kao M yclie]| IpobiieMa o/jiaramba BeIMKUX KOJIHMYAHA MOJLONPUBPEIHUX
¥ MHJYCTPUJCKHMX HyCIpom3Bojga miu otnana [3]. Behuna mocrojehux TepMoM3onanuoHuX
MaTepujana IpecTaB/ba HEOOHOBIEMBE CHPOBHHE (HIIP. OHU KOjH IIOTHYY O HETPOXEMH)CKUX
IPOU3BOJA Kao IUTO je IOJUCTUPEH), Te Cy OOHOBJEHUBH, €KOJIOIKH PHXBAT/EUBU, EKOHOMUYHU
U BHCOKO-TOIUIOTHO OTIIOPHM M30JIAMOHH MaTepHjad Beoma TpaxkeHH [S5]. Pememe 6u Morio
Ja 0yne xopuinheme 0OHOBJBUBUX CHPOBHHA [4].

VY MHOruM 3emibama y pasBojy, nomyT Kume, Mumuje, Bpasuna, 6p3 pact moJb0npHBpenHe
IPOU3BOJILE Y KOMOMHAIIMJU Ca CMamEHeM HOTpOLIke Ouomace 3a rpejame (rae je 6uomaca
YeCTO 3aMEeH-CHa IPUPOJHUM IacOM MJIM TEYHOM Ha(TOM) CTaBJbajy Ha pacIiojiarame BeHKe
KojuuuHe Omomace, koje Tek Tpeba na Haly anexkBaTHO uckopmiiherse. Crora, Kopumheme
OroMace Kao TEpMOM3OJAIMOHOI MaTepHjajia IOCTaje BeoMa MHTEpPECAaHTHA OIIHUja Koja
UCTOBpeMEHO omoryhaBa u3beraBame in sifu caropeBamba.

HcrpaxuBarme U pa3Boj T3B. OMOM30JIallMja 3a IPUMEHY y 3TPalapCTBy MMa PEaTUBHO KPaTKy
ucropujy. IIpema ucTpaxcuBamy ayTopa Ha OBY TeMy, BellMHA HCTpaKMBamba CIPOBENEHA je
nocie 1998. romume, amu ce Beoma Op30 pa3BHja y TOCHENHUX 15 roauHa, NPUBYKAaBIINA
MHTEPECOBAC UCTPAKMBAYA U3 pasHUX 3eMasba [5]. ¥ mocnenmux 30 roguHa paljene cy 6pojue
CTyIMje y LIujby pa3Boja ymoTpeOe OMJBHMX Biakada (HIp. JiaH, CHCAl W KOHOIUBA) Y IHIBY
ojauama Ipal)eBUHCKHX MaTepHjaia Kao 3aMeHE 3a KOHBEHIMOHAJIHA CHHTETHYKA BJIAKHA
(MeTanHa, MHUHEpalHa MM IIOJIMMEpHA). YOUCH je BEIUKM IOTEHIMjall OBMX BJIAKaHA 3a
CMameme IIIACTHYHOI CKyIU/bama M II00OJBbIIANE yHAapHE YBPCTOhie M AYKTHUIHOCTH KOJ
LEMEHTHUX KOMIIO3MTa, MaKO Ce HEKHM JeTaJbuMa W Jajbe Tpeba I03a0aBHTH, II0CEOHO
TpajHOmNy IPUPOTHUX BIAKAHA y aJIKAIHO] CPSAUHMA MHHEPATHOT MaTpHuKca [4].

TomnorHa wu3omamMoHa CBOjCTBA HEKHX 3€JIEHHX (MPUPOJHMX) MaTepHjaia M HEKHX
HOJbONIPUBPEIHUX U MHITYCTPH]CKHX HYCIIPOM3BOJIA MU CE PETKO KOPUCTE Y CABPEMEHO] IPAKCH
HaKo Cy y MPOIIIOCTH HUMaly LIMPOKY yImOTpeOy MM HHCY JIOBOJFHO HCIHUTaHA. Ymorpeba
OBaKBHMX IIPOM3BOJA HHUj€ IIMPOKO PpACHpPOCTpamECHA M, BPJIO 4YeCTO, OIPaHUYEHa je Ha
naboparopujcka UCIUTHBARKA [3].




Y nocienme Bpeme CBe je Behe MHTepecoBame 3a TEPMOM30JallMOHE Mmarepujaie Ha Oasm
Ouomace. Ha npumep, cTabsbyka MIIEHUIIE M KYKypy3a Wiy Oase ciame JIyro Cy ce KOpUcTe Kao
rpal)eBUHCKM M30JIALIMOHM MaTtepujaind 300r CBOje IIYIUbe CTPYKType, HHMCKE LeHE, Maje
3alPEMUHCKE Mace U HUCKE TOIJIOTHE IIPOBOJHLUBOCTH [5].

ITossonpuBpeinyu Hycipou3Boau 61 Takohe moruu jia 06e30es1e jake arperare Koju Ou MOIIIN J1a
Oyxy yrpahenn y MuHepalHe MaTpUKCEe Kao 3aMeHa 38 KOHBCHIIMOHAJIHE MUHEpAJHE arperare.
CrpoBelieHO je HEKONMKO CTyJIuja O pa3Bojy ymnorpebe rpal)eBHHCKOr Marepujana, HIIp.
cTaOJbUKE KOHOIJbE, JIPBEHACTH arperatm eKCTpaXxoBaHW H3 CTabJbUKE KOHOIUbE, Kao W
HYCIIPOM3BOJ IIpolleca eKCTpaKlije BlakaHa KOHOIUbe. Beoma JI00pH pe3ynTaTu ¢y IIOCTUTHYTH
ca OeTOHOM OJi KOHOIUbE, J00MjeHMM y3 Kopuiiheme Kpeua kao BesuBa [4]. Tomnorna
IIPOBOJBMBOCT OMJIa je KOMIATHOWIIHA TOIUIOTHO] IPOBOJIJBMBOCTH U30JAlMOHOT 3114, i Ou
IbEroBe eHeprercke nepdopmance Morie ga Oyay jom Oosbe 3axBabyjyhu cremuduunom
XUTPOTEPMAJIHOM IIOHAIIAKkY YM]U MEXaHU3aM jOIIl HUje MPeru3Ho objarnmen [4].

Cpenme BpeIHOCTH TOIUIOTHE HPOBOJIJBMBOCTH YHCTHX IIEIYJIO3HHX MarepHujajia, IpeMa
JUTEpaTYpHUM Nojanuma, yriaaBHoM ce kpehy y omcery 0,030 — 0,040 W/(m-K) [1,3], wro
yKasyje Ha IIOTEHLHMjaJHO BeoMa J00pe KapaKTepuCTHKE TEPMOHM30JIAIMOHUX MaTepujaia
CaYMH-EHHUX YIIOTpeOOM OBHMX cHpoBHMHA. OCHM ToOra, Kjaca 3ala/bHBOCTH OBHX MaTepujaja je
najuemhe b2 y3 nozmatak OOpHMX COJM, INTO 3HAYM Ja MPUIANA]Yy HOPMAJIHO TOPHBO] IPYIIH
Mmarepujana [1]. BpemHocTw TOIIOTHE TNPOBOMJBMBOCTH UYMCTUX —IENYJIO3HHMX, OJHOCHO
JIMTHOLIENYJIO3HUX MaTepujajla Kpehly ce y MHTepBaly HHUCKHX M 3aJ0BOJbaBajyhux BpemHocTH
[1], mTo yka3syje Ha IOTEHIMjaJHO BeoMa J00pa TepMOHM30JAlMOHA CBOjCTBA MaTepHjaia
cauMm-eHuX Ha 6asu Miscanthus x giganteus-a. Ha ocHoBy noctynHe snuteparype (TabGena 1)
Ipema JIocaJlalllbuM UCKYyCTBUMA ca TPAAUIIMOHATHIM MaTepHjaiiMa Ha 0a3u OMJBHMX BIaKaHa,
Kao M Ha OCHOBY HOBHMX MCTpa)kKMBama ca CIMYHOM OMoMacoM (HIp. TpcKa, ciama, poros, JiaH,
KOHOILJBA, jyTa, KyKypy3, CyHIOKPET, Heke Bpcte Miscanthus-a u ci.) [3,6-11], ouexusano je na
he Tepmousonanuja GoraTa mENyI030M, OAHOCHO JIMTHOIENYJIO3HHM BJIAKHHMA Kao IUTO je€
Miscanthus x giganteus 6utn noce6Ho koprucHa y Penyonuim Cpbuju, Ha bankany, aiu u mmpe.

Tabena 1. I'iaéne xapaxmepucmuxe KOHGEHYUOHATHUX U MEPMOUZONAYUOHUX MAMEPUJaNd Ha
oaszu duomace [3,6-11]

Marepujan | 3anpeMHHCKa TomsioTHa Cnenmnduuna | u ¢pakmop | 3anabHBOCT
maca [kg/m3] | npoBombHBOCT TOIIOTA - (Ha ocHOBY
[W/(m-K)] [kJ/(kg'K)] | oTrmopHocT EN 13051 1
"3 | DIN4102)
nadysujy
BOJIEHE
nape
Kamena Byna 30-200 0,033-0,041 0,8-1,0 <1 Al
ExcTpynupanu 30-45 0,029-0,037 1,45-1,70 80-200 E
MIOJTUCTUPEH
(XPS)
Excnanmupanu 15-35 0,028-0,037 1,25 80-200 E
MIOJIUCTUPEH
(EPS)
Penuknupano 100-165 0,038-0,05 1,0 Beoma Al
CTaKJIO BHCOK




Marepujan | 3anpemuncka Tonmorna Cneunuduuna | u pakmop | 3anamuBocr
maca [kg/m3| | nposommbuBoOCT TOIIOTA - (Ha 0CHOB
[W/(m-K)] [kJ/(kg-K)] | ornopHocT EN 13051 2;
"2 | DIN 4102)
nudysujy
BO/ICHE
nape
Penuxnupana 15-60 0,034-0,039 1,2 3 B2
PET
ambanaxa
Penuxnupanu 25-45 0,039-0,044 1,6 1-2 E
namyK
Crabspuke 150-450 0,059-0,082 N/A* N/A N/A
namyka
bana ciname 80-120 0,06-0,10 0,6 <1 B2
HpBo 550-900 0,14-0,70 2,4-2,8 50-70 B2
JlpBena nyBa 300-350 0,08-0,14 N/A 3-5 B2
Tpcka 130-190 0,045-0,056 1.2 1-2 E
Lenynoza 30-60 0,033-0,04 1,3-2,1 1-5 B2
(ducra)
Konomma 20-90 0,04-0,05 1,5-1,8 1-2 B2
[Tnoye ox 130-220 0,04-0.045 1,7-2,1 N/A B1
IJIyTe
Kykypy3uu 170-330 0,10 N/A N/A N/A
KJIATI
[TupuHUane 105-115 0,05 N/A 3 B2
JbyCKe
MuckaHTyc 1050-1270 0,06-0,11 1,4-1,8 N/A B1
nasenu (ca
MUHEpATHUM
BE3UBOM)

* N/A — muje noctymnHo (eHr. not available)




10) OITHC TEXHHYKOI PEIIE A
10.1. CacTaB n npunpema marepujaja

HoBn KOMIIO3UTHM TEPMOM30JIALMOHN HEKOHCTPYKIIMOHH MATEPHjall IPUIIPEMILEH j€ MELIabeM
pa3MuIuTHX ojHoca Oumomace Miscanthus x  giganfeus, YBPCTHX MHHEPAIHUX BE3MBA,
IYIIOJIAHCKUX MaTepujaja 1 oJiropapajyhe KoJMuuHe BOJE 3a yrpaiiby, y3 HITO Marby KOJMYUHY
[IEMCHTHOT BE3MBa C 003MPOM J1a j& IEMEHT HUCKOOAPKHB ¥ EHEPreTCKH HeepuKacan MaTepujall
ycnen kopuihema Bellke KOJIMYMHE TOIIOTE 38 BeroBy npoussoamy (Cruka 1) [12].

Cnuxa 1. Ilpomomun mepmousonayuonoe nawena [12]

Miscanthus x giganteus cnaja y IOpoAuIly TpaBa ca OpOjHAM KapakTepucThKama Tpcke [12].
Miscanthus x giganteus je XuOpua HacTao yKpIuTameM Bpcra Miscanthus sinensis u Miscanthus
sacchariflorus [12]. YV Toxy BereTaTUBHE CE30HE MOJXKE Jia HApACTe M JI0 BUCHHE OJ OKO 3 m | y
TOM TIEPHOIY IIOCTHXKY C€ IIPBH IPUHOCH, JOK je 3a IMOTIYHO YCIOCTaBJ/haihe INIAaHTaXa
noTpedHo ox 3 1o 6 roguua. HakoH oBor meprosa MOCTHXKE Ce KOHTHHYyaIHa CTOIA IPUHOCA
nepuoay M a0 25 roguHa 0e3 MKaKBHX 3aXTEBHHX TEXHOJIOIHMja KyJITHBAlHje TOKOM JIATOT
neprosa, YnHehn oBy 6UJbKY H3y3€THO EKOHOMHYHOM H jeJIHOCTABHOM 3a rajeme [12-13].

Crabuka oBe Omibke BeoMa je Oorara JIMTHOLCIYJIO3HHM BJaKHWAMA. Ycien Mop(oomke
CTPYKTYpE, OJHOCHO IIOCTOjama IIyIUbUHA y cTabjbukama, 06e30eheH je KOHTHHYAIHH IIPOLIEC
MHKPO-KOHJIEH3alMje M HCllapaBama, T€ OBO IIPUPOJHO BIAKHO uMa oxapehjeHn HuBo
camMoperyJalHje, MTOo je TEMKO TOCTHNH KOJI CHHTETHUYKHUX Marepujana [14].

C 003upoM Ha TO 1a je IPOM3BOJHHU IIPOIIEC, OAHOCHO KYNTHBANUja ¥ npunpema Miscanthus x
giganteus BlaKaHa 3a Jajbe Kopumheme, BeoMa jEHOCTaBaH M KpaTak, €MHCHja YIJbeH
JUOKCHIA J€ H3Y3eTHO Maja y3 MHHHMAIHY NOTPOIIEY eJEKTPHYHE WM JPYIMX BHJIOBA
eHepruje, ITO IIpeJCcTaB/ba NaTeKO Marmd yTPOIIak IpUMapHe eHepruje y mnopehemy ca
IPOM3BOAKOM MHHEPAJHE ByHE MIM HEKMX CHHTCTHYKHX OPraHCKuX (MOJHMEPHHMX)
M30JIallMOHUX Matepujana [1].

Ha ocHOBY MHOroOpOjHHUX HCTpaXKMBama, TEIIKE METajle M3 OBAKBHX 3eMJbUINTA Miscanthus x
giganteus 3aJpXaBa y BEIUKO] MEPH y pu3oMy (MUHHMAaIHE KOJIMYMHE TELIKHX MeTasa
JocreBajy 10 CTabJbuKke OMJBKE M TO y MEpH aJeKBaTHO] aKyMyJjlallWjd Ha HeJeBaCTUPAHHM
semspHInTEMA) [15]. OBO ympaBo omoryhasa xopuiheme HaJ3eMHUX IEI0BA YMECTO H-UXOBOT
JaJber KaTeropucara W TPETMaHa Kao OTIAaJHHUX MaTepHja YUMe C€ CMamyjy TPOIIKOBU
NOTEHIHMjaIHe Jajke ymorpebe. OBo ce moceOHO omHOCH Ha IpaljeBUHCKY MHIYCTPH]Y, C
003UpOM Jla He IOCTOjU IPABUIHHUK KOjH oapelhyje MakCuMaiHo 103BoJbeHe konumuune (MJIK
BPEIHOCTH) TEIIKMX MeTaja y rpaljeBHHCKIM MaTepujaiuma. TpeGa iMaTh y BUy YHE-EHUITY 1a
rpaleBUHCKU MaTepHjald YeCTO cafpske oApeljeHe KoInurHe Temkux Metana. Haume, 063upom
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Jla OHM IIPETEKHO ITOTUYY 0J1 MaTepujalla 3acTyIJbEHUX Y TIPUPOJIN, CAAPIKa] OJEUHUX TEIIKNX
MeTalia y ’buMa Bapupa y 3aBUCHOCTH OJ1 TUIIa CUPOBHHE.

KopumhemeM oBakse Onomace 3Ha4ajHO ce yMarbyjy TPOIIKOBH NPOU3BOJIGE MOTEHIIN]aHOT
TEPMOM30JIAIIMOHOT  MaTepujaia y OJHOCY Ha CTaHJApAHO KOpuImheHe TepMOU30JalMOHe
MaTepujalie Kao IITO Cy CTakJieHa M KaMeHa BYyHa WJIH OPraHCKH TOJMMEpH (EKCHaHAMPaHu U
eKcTpypann nonuctupenn). C apyre crpane, ynorpeba TEpMOH30JIAIMOHUX Marepujaja Ha
0asum exopemenMjalMOHMX OMJPHMX BJIaKaHa JONPUHOCH IPHHIMIIAMA OJPKHMBOI pasBoja,
II0CEOHO €KOJIOIKMM HapaMeTpuMa, Kao IITO Cy CMambehe MM paludoHalHMje Kopuinheme
IPUPOJIHUX pecypca W TeHepucame M TpeTMaH oTnajxa, Kao W nosehame eHeprercke
e(pUKaCHOCTH IpoIieca MPOU3BO/IIbE.

Y ¢BpXy OBOI HCTpakuBama xopuinhene cy crabisuke Miscanthus x giganteus-a, ¢ 063upoMm z1a
X KOPHCHHK HMMa Ha paclioyiaramy y BEIMKUM KOJHMYHHAMa, KOje JKeJIH Jia yInoTpeOu 3a
IPOU3BOJIILY EKOJIOIIKK IPUXBATIEUBOI, EKOHOMCKM HCIUIATHBOT W TEPMHUYKH e(pUKACHOT
MarepHjalia 3a U30JIallijy cTaMOeHHX oOjekaTa Ha jjomaheM 1moaHebby.

Kopumhena cy mmHepaiHa Be3uBa Ha 0a3W IleMEHTa M XHJparvcaHor kpeda. Komepuujanno
IIEMCHTHO BE3MBO, IPUMER-EHO € y YETHPU CMelle, J0K je y ocranux 12 y3opaka kopuiiheno
BE3MBO Ha 0a3u Kpeuya.

VY npunpemMu KOMIIO3UTa KOPHIINEHO je LeMEHTHO Be3uBo npousBohaua Lafarge — Beouun, 1o
crienuQpuKaImju cacTapa:

1. I'nnc (xanuujym cyngar auxuapar, CaSO4 2H20) — 3-5%,

2. Kpeumax (xamut, CaCO3 ca npumMecama) — 35-45%,

3. 3rypa Bucokux nehu — 5-10%,

4. IlemenTHH KIMHKEp — ocTartak g0 100%,

5. Aepantu/agutusu — 1000-1500 g/t (BomeHH pacTBOp OPraHCKUX CYICTAHIM).

OBaxko NpHUIPEMJLEHO BE3HMBO, 3a PAa3lIMKy OJ YHCTOT LIEMEHTHOI KJIHHKEpa, CaApKd Marby
KOJIMYHUHY CHPOBHMHE KOja ce 3arpeBa 1o Temneparype o1 1450°C, Ha K0joj MOYMH-E €HEPIeTCKU
3axTeBaH INpoLEC CHHTepoBama. C Ipyre cTpaHe, IPOIEC MPOU3BOIIE IPHMEEEHOr BE3MBA
NOJpasyMeBa M Mamy €MHCH]y YIJb€H IHOKCHJA, YIPaBo 300r KopHinhema MambuX KOJTHYHMHA
¢docunnaux ropusa [16].

Kpeuno Be3uBo, KopumheHo y OCTAIM CMelIama, IPUIIPEeMIbEHO je noaaBarmeM 30% (MaceHuX)
BOJIe IpemMa clenuduKanuju Npou3Bohada, a OBaj IIPOLEHAT je EKCIICPHMEHTAIHO IPOBEPEH
CYLICHEM H MEPEHmeM CyBor ocraTka. C 003MpOM J1a KpEYHH MalTepH WMajy HHXKE TOILIOTHE
nposojsbusocty (0,81 W/(m K)) on nementaux manrepa (1,40 W/(m K)) [17], pasmarpano je
Kopumhere KpeYHOr Be3KBa Kao MOBOJBHHjET y OJHOCY Ha EHEpreTckKy e()MKacHOCT Ipolieca
NPOU3BOJME, Al M epHKACHUJeI y HCIyHaBamwy 3aaThx musbeBa. OcuM Tora, ymorpeba
XMIpaTHCAHOT Kpe4ya Kao Be3uBa crabunusyje Miscanthus x giganteus CTBapameM
MHHepanu30BaHe MemOpane, mTHTehn OMO-BIakHa O IPOIanara, 3allabUBOCTH WM YTHIAja
WHcekaTa u rinojapa [18].

VYnorpeba NDpUPONHUX MM BEIITAUYKUX, OJHOCHO CHHTETHYKHX IyI[0JaHa Kao IeIMMUYHE
3amene IlopTinany neMeHTa uMa BpJIo IO3UTUBAH CKOHOMCKHU ¥ eKOJIOIKHU edekar. Mako o6udHo
HeMajy Be3uBHa (IIEeMEHTHA) CBOjCTBa, NOompuHOCce mMoBehamy 0OpamMBOCTH M CIIOCOOHOCTH
BE3MBamka CMEINE IIPU XEMH)CKOj peaKklHUjH ca KaIIUjyM XHIPOKCHIOM Yy IIPUCYCTBY BOJE,
no0oJpIIaBajy CTPyKTypy Iopa u mnosehaBajy TpajHOCT, OJHOCHO OTIIOPHOCT KOMIO3UTa Ha
pasnmuudre yrunaje [2]. Y mpumpeMH NaHena, Kao ITYIOJIAHCKHA MaTepujaid KopuinheHH cy
CHHTETHYKH 3€0JIUT U JieTehu mermeo.




Kpucranm 3eonmnra cacroje ce 01 MHOWITBA 1opa M (PMHUX KaHAJa, IITO PE3YJITHPA PEIaTUBHO
BeJIMKOM crnenduunom noppunnom [19]. 3eonuty nokasyjy jgo0pa myrosiaHcka cBOjCTBA y
ankanuuM - cycnensujama  [20]  y3  oxarosapajyhy ancopmimjy Bose wm  racosa [19],
MuHMMH3KMpajyhu pusux o crBapama IlecHH W ociobahama HempujaTHUX Mupuca [21].
3eonutu Takolje 1okasyjy M30JallMOHA CBOjCTBA M MOTY Jla C€ KOPUCTE 3a TEPMOM30JalMOHE
npemase [22]. Y 0BOM UcTpakuBamby KOPHUIINEH je CHHTETHUKH 30T Ipanyamnuje o1 4 o 10
mm ca cieehoM XeMHjCKOM CHeITH(HKAIIH]OM:

1) Bona (makc. 22%),

2) Anymunujym oxcuj (34-37%),
3) Harpujym oxcun (21-23%),

4) Cunmnnujym muoxcun (41-43%),
5) I'Boxhe (maxc. 150 ppm).

ITymonancka akTHBHOCT KOpHIINEHOr 3€0JIMTa IPETXOIHO je yTBphena npema craumapay SRPS
B.C1.018:2015 [23]. OBaj Tect je moxaszao ja je HaKOH TpeTMaHa JIOCTUTHyTa 4Bpcroha rpu
nputucky o 4,7 MPa, mto je 6uno Bpno Onu3y nome rpanumie oa 5,0 MPa 3a kiacy nmyiosnaHa
P5 nponucane HaBeIEHUM CTaHIAPJIOM.

Jlerehn neneo je ¢uuu amopdHm mpax, BenuduHe dectuua oouuro ox 1 1o 150 um, nobujen
Kao HYCIIpOM3BOJI caropeBama yrijba y TepmoenekTpaHama [24]. Kao ormax, omnaxe ce Ha
JEIOHM]jaMa Koje ce OOMYHO Hajasze y OJNIM3MHH TePMOCJICKTpaHa M IIPECTaB/ba MOTEHIIM]aTHNA
xaszapa [25]. Hajuyemhe ce KOpHCTH Kao ITyIOJNIAHCKH Martepujai y Npou3BOMmbM IlopTians
nemenTa. IberouM kopuimhemeM cMamyje ce HOTPOIIEmA HEOOHOBJBMBUX IPHUPOIHUX
IyIoJiaHa, IMTO MMa W eKOHOMcKM 3Hauaj [25]. Kopummhenu nerehm memeo mopekiom je u3
tepmoenekrpane ,,Hukona Tecna b7, O6penosan, Peny6inka Cpbuja, ca cienehom xemujckom
crenuduKanujom:

1) Cununujym nuokeun (64,14%),
2) Anymunujym oxcup (19,22%),
3) I'soxhe(Ill) oxcun (4,35%),

4) Turanujym nuokeun (0,16%),
5) Kammujym okeunn (8,32%),

6) Maruesujym okcun (0,01%),

7) Harpujym oxcun (0,36%),

8) Kamujym okeunn (0,66%),

9) ®ocdop nenrokcun (0,17%).

OcuoBHH yci0B 3a ynorpeOy nereher menena kao nogarka ITopriann nementy [24] je ma 36up
CHJIMIIMjyM JHOKCHJa, amyMuHHjyM okcuna u rBoxbhe(Ill) okcuma mopa na Gyzne HajMame 70%
3a nerehu neneo kimace /' umm 50% 3a ximacy C mpema cranmapny ASTM C618 — 22 [26]. V
xopumhenom nerehem meneny 30UMp HaBeICHHX OKCHIA 3aI0BOJbABAO j€ TPONUCAHH YCIOB (>
70%). IlperxoaHu TECTOBM IIyHOJAHCKUX CBOjCTaBa, M3BENCHHUX IpeMa crapmapay SRPS
B.C1.018:2015 [23] moka3anu cy ma je uBpcTolia Ha mpUTHCAK JOCTHIIa BpeanocT o1 9,1 MPa,
IITO yKa3yje Ha BeoMa JoOpy IyIOJIAaHCKY aKTHBHOCT, 61m3y kinace PJ( mymonana ca 10 MPa
Kao TowoM Irpanuriom [20,23].
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10.2. ExcneppuMeHTAIHO HCIHTHBAK €

EKCHGpI/IMCHTaHHI/I JACO0 HCTpaKuBarmka HCOIXOJHHX 3a Ileq)I/IHI/IcaH)C ONITUMAJIHUX TlapaMeTapa
TEPMOU30JIALITMOHUX ITaHEJIa C&CTOjaO ce oa:

1) Ilpunpeme cepuje cmela KOMIIO3UTHOT TEPMOM30JIAIIMOHOT MaTepHjaia.
2)  OpnpehuBama TEPMUUKUX KapaKTEPUCTHKA TEPMOHM30JIAIIMOHKX TaHesa (u3pahenux o Tux
CMella).
3) Onpehuama Gu3MYKO-MEXaHNYKUX CBOjCTaBa [27] TEPMOH30IANMOHOT MaTEpHjaa:
e 3anpeMuHCKa Maca — YKynHa (¥), IOYeTHA, OJIHOCHO HAaKOH pacKalyIlbuama (3)) H
3alpeMMHCKa Maca HaKOH Cyllema BaH Kalyna y Tpajamwy oa 90 nana (9p);
e AIICOJIyTHA BJIQXKHOCT y30pakKa (/1,) HakoH 7 JjaHa CyllIeHma BaH Kalylia,
e Vnujame BoJie (u);
e Uppcroha maTepujana npu craTHukuM onrtepehemuma:
* Ugpcroha nmpu NpUTUCKY;
* Ugpcroha npu 3are3amy CaBHjamHEM.
4) llpoueHe TpajHOCTH TEPMOU30JIAIIMOHOT MaTepHjaia.

10.2.1. ITpunpema y3zopaka

Miscanthus x giganteus je Ipe MoYeTKa EKCIIEPHMEHTA ITOCEYCH M CYyLIEH Ha Ba3AyXy Mecel
Jlaga y JIETHEM Iepuoay. 3a 1moTpede eKkclepuMeHara OBako OCyllleHa BiakHa Miscanthus x
giganteus-a 3aTUM Cy yCHTH-eHa UM Ipocejana. Kopumheno je uBepje rpanynanuje 300 mm ca
npuMecama Jy)XKHX TambUX BlaKaHa, KOja Cy BepPTHKAIHO IIPOIIa KpO3 CHTO HaBEJAEHOT IIpoMepa
(Cimuka 2). Yenen Tora, y cMecH cy NIPHCYTHA M JIyXa BiakHa Miscanthus x giganteus-a, Koja
Mory ja obezbene Behy mOpo3HOCT Marepujana y3 3aipkaBame Behe KOJIM4YHMHE Baslyxa Kao
cyabor mpoBOJHHKA TOIIOTE, kao U Behy uBpcrohy Matepujana [28-29].

Cnuxa 2. Yecummenu Miscanthus x giganteus
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butHo je narmoMenyTu jaa ce y NpeTXOJHHM MCTpaxkuBambuMa Miscanthus x giganieus 1noKa3ao
OTIOPHUM Ha 0a3Hy CpeJIMHY M IPUCYCTBO CHIIMKATA, LITO je OJ1 U3Y3eTHE BAXXHOCTH C 003MpOM
Jla ce KOMIIO3HMT IIpUIIpeMa MelameM aare dunomace u 6aznor Besusa [30-31]. C npyre crTpane,
OTIIOPHOCT IIpEMa CHUJIMIM]YM JIMOKCHJIY je OuTHa 300T KacHHje ynorpebe naHeia U H-HXOBOT
KOHTAKTa ca CTaHJ1ap/iHuM rpa)eBUHCKUM MaTepujajiiMa Kao IITO Cy HIIP. MalTep Wil OETOH.

3a norpebe excrniepuMenaTa Kopuihene cy Tpu BpCTe Kallyna y ckiaay ca crapgapauma SRPS
EN 196-1:2018 [32] u SRPS EN 12390-1:2018 [33]:

e Jlanen crpanuna 500 x 500 x 60 mm;
e Kouxe crpanune 100 mm;
e [Ipusme crpanuma 160 x 40 x 40 mm.

Cpa (u3MuKo-MexaHHUKa MCIHUTHBAA Cy paljeHa y JyIUIMKary 3a y30pKe oOJIMKa KOIKE, a 3a
y30pKe 00JIMKa IIPU3MHU Y TPUIUIMKATY U PE3YJITaTH Cy MPEICTABILEHH Kao CPEIbe BPEIHOCTH.

Ha Cimuum 3. mpukasaHd cy HEKM OJ y30opaka KOpPHITNGHHX 3a (HU3MYKO-MEXaHHUKa
WCITUTHBAA.

Cnuxa 3. [Ipumepu y3opaka 061uka KOYKuU U RPUIMU UCHUMUGAHUX KOMNOSUMA

HanpapibeHe cy yeTHpu Ipyne cMellla, a CBaKka CE cacTojala Ol YETHPH CEepHje, YUME je
o0e36eheno ykynHo 16 cepuja. CMelne H30TalMOHUX KOMITO3UTA Pa3IHUMTHX CacTaBa J00HjeHe
Cy MewmameM Ouo-BnakaHa Miscanthus x giganteus (BF), uementaor (C) wnu kpeuror (L)
Be3MBa (B 3a cBa Be3UBa/CMelle IIyLoIaHa), 3eouTa (Z) unu nereher nenena (FA4) kao myronana
u Boje (W). Iloptnann meMeHT KOpHWINNEH je y caMo YeTHpU cepHje Kako 6u ce mosehana
€HepreTcka e(puKacHOCT IIPOU3BEICHE TOTUIOTHE M30JIallH]e.

MaceHnu ogHOCH KOMITOHEHTH JaTH ¢y y Tabemu 2.
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Tabena 2. Macenu oonocu koMnonenmu y30paa no cepujamd

Coja B €L EAL N BB e
° ® © ® © © © oanoc)  [%l]
MC1 200 600 - - - 300 600 800 33,33 0,67 25,00
MC2 400 420 - - 180 300 600 1000 66,67 1,33 40,00
MC3 300 480 - - 180 300 660 960 4545 0,91 31,25
MC4 200 480 - = 120 300 600 800 33,33 0,67 25,00
MIL1 300 - 880 - - 300 880 1180 34,09 0,68 25,42
MIL.2 400 - 680 - = 300 680 1080 58,82 1,18 37,04
MIL3 300 - 680 - - 300 680 980 4412 0,88 30,61
ML4 300 - 900 - - 300 900 1200 33,33 0,67 25,00
MILZ1 300 - 700 - 180 300 880 1 180 34,09 0,68 25,42
MILZ2 400 - 480 - 200 300 680 1080 58,82 1,18 37,04
MLZ3 300 - 500 - 180 300 680 980 4412 0,88 30,61
MILZ4 300 - 500 - 400 300 900 1200 33,33 0,67 25,00
MLFA1 300 - 700 180 - 300 880 1180 34,09 0,68 25,42
MLFA2 400 - 480 200 - 300 680 1080 58,82 1,18 37,04
MLFA3 300 - 500 180 - 300 680 980 44,12 0,88 30,61
MLFA4 300 - 500 400 - 300 900 1200 33,33 0,67 25,00

10.2.2. OnpehuBame TEPMUUKHX KapaKTEPUCTUKA

OnpebuBame TepMHUUKIX KapaKTEPHCTHKA TEPMOU30JIAIIMOHUX TIAHENa Ol BiakaHa Miscanthus x
giganteus-a, 1 TO TOIIOTHE MPOBOAIBUBOCTH, A [W/(mK)] u TormoTne audysusHocTH, a [m?/s],
u3BpIIEHO je mpema craHmapny ISO 8302:1991 [34]. Ilpema 3amaThM 3axTeBHMa HaBEISHUX
cranzapza, uspahen je yzopak aumensuja 500 x 500 mm, neGiprne 60 mm HaKOH CyLIEHa 10
xoHcranTe mace (Cnuka 1). Hakon cymema HaBeIeHH ITaHe] UCIUTUBAH je MeTonoM Hot Plate,
noMohy TOIIOTHHX (IyKcMeTapa, y KBa3H-CTallHOHAPHOM CTamby.

Kopumhena je cieneha MepHa 1 perynanuona omnpema:
* CTaHJapJHE UCIUTHE KOMOPE — TOILIA ¥ XJIaHa;

° TEpMOCTaT Ca BOOAOM;
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* pacxJsajiHa Tena;
+ tepMmo-naposu Cu-CuNi, npeunuka xuie 0,3 mm;

« tomnoruu Quykemerpu, TNO TH Delfi, 6poj F3g (rpejana crpana) u F5n (xnaamuja,
HerpejaHa crpasa);

* jqurutaaHu mV-merap, Keithley.

Haxon oxpehuBama TOIIOTHE POBOJUBMBOCTH Ha 0a3H IMOjeIMHAYHMX MEpEerha, H3padyHaBaHa
Jje nabopaTtopujcka cpejiiba BPEeAHOCT TOMIOTHE MPOBOIJEUBOCTH.

Tonnorna nudy3uBHOCT je TepMHMYKa KapaKTepHCTHKa Marepujajia Koja Mokasyje Kako OH
IPOMEHOM TeMIlepaType pearyje Ha IpoBoheme Tomaore. OHa ONMCYyje TOHAINAKmE Cloja
M30JIallMOHOT MaTepHjalia y yCIOBHMA HECTAIIMOHAPHOT MTPOoBOherha TOnIoTe (0JHOCHO HErOBOT
nporpeama MM oOxJahuBama), y CMHCIY JMHAMHKE KpeTama TOIUIOTHOI Tajaca Kpo3
IocMaTpaHy MaTtepHjai. BpeqHocT TomoTHe audy3uBHOCTH H30JAHOHOT MaTepHjaia KibydHa
je 3a onpehuBarme TepMHYKe MHEPIMje CIOJLHUX 3M0Ba 3rpajie U MOCTH3ame yeioBa Komdopa
YHYyTap 3rpaje.

Tomnorna nudysuBHOCT opehuBaHa je padyHCKH, Ha OCHOBY IPETXOIHO oJpeheHnX BpeHOCTH
TomwtotHe nposombuBoctd A [W/(mK)], sanpemmucke mace p [kg/m’] m cnemmpudmor
TOIIOTHOT Karanurera nocMmarpasnor yzopka ¢ [J/(kgK)], xao:

= (1)
c-p

10.2.3. OxpehuBama GpU3MIKO-MEXaHUYKHX KapaKTePHCTHKA
10.2.3.1. OnpehuBame 3alpeMUHCKUX Maca U BIXHOCTH y30pKa

Hakon onpehuBama numeHsuja y3opaka (WMpuHa, b; BUCHHA, 7 U JyXUHA, d) HAKOH CyIIEeHa
ToKoM 7 ¥ 28 nana Ha Basayxy, U3padyHaTe Cy 3alpeMHHCKE Mace y30paka W TO YKyIHa ()
3allPpEMHUHCKA Maca HaKOH yrpajm-e, Io4eTHa (39) 3allpeMHHCKa Maca (HaKOH pacKalyIlJbUBam-a
nocie 7 JaHa) W 3alIpeMHMHCKAa Maca HaKOH CyIIeHa BaH Kajlyna y Tpajamy onx 28 maHa (2s).
ITocrynak je u3BeneH mpema crangapauma SRPS EN 12350-6:2008 [35] u SRPS EN 12390-
7:2010 [36].

10.2.3.2. OnpehuBame BIOXHOCTH Y30pKa U YIIHjamba BOJIE

Jledunucana je u ancoilyTHa BIAXHOCT y3opaka H, HaKOH pacKalylUbHBama Iocye 7 JaHa Ha
ocHoBy cragnapaa ASTM C 642 — 97 [37].

3anpeMUHCKE Mace IipepadyyHare cy npema dopmyiaama [27]:

Yu = My /'V [kg/m3] (2)
Yo=mo/ V [kg/m’] (3)
Y28 = mos / V [kg/m?] 4)

e je:

my — YKyIIHa (Maca y30pKa HakoH yrpajme), [kg];
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mo — II0YeTHa Maca (HaKOH packanylbuBama nocie 7 gana), [kg];
mp2g — Maca HaKOH CyllIema BaH Kajlyna TokoM 28 jana, [kg].

ATICOJIyTHA BJIQXHOCT y30paka (/1,), 0OJJHOCHO KOJHMYMHA BOJIC KOjy Marepujayl caapiku y CBOM
cucremy nopa, ojipelena je Ha OCHOBY jejHaunHe [27]:

Wiy — Mg

H, = ——=x 100 [%] (5)
mg

one je:
Moy - Maca IPUPOJIHO BIAXKHOI y30pKa (YCBOjeHa BPEIHOCT HAKOH pacKalyllJbUBama 1ocie 7
nauna), [g];
mo - Maca IIOTIIyHO CYBOI' y30pka (yCBOjeHa BPEIHOCT HAKOH Cyllema TOKOM 28 jaHa Ha
Basnyxy), [g].

Viujame Boje oapeheHo je T3B. METOJOM IIOCTENEHOI IMOTalama, Koja IPeicTaBlba
craniapau3oBany merony npema cranaapny ASTM C 642 — 97 [37]. Jlara metoia nmojpa3zymMeBa
JIONIMBak-e BOJIE y ojpeheHrM BpeMEHCKHM HHTEpBAIMMA y MOCYAY Y KOjoj Ce Hajlasd y30paK
OCyLIEH JI0 KOHCTAHTHE Mace M TO JI0 /4 BUCHHE y30pKa, 3aTHM JI0 Y2, ma JI0 ¥ W, Ha Kpajy, JI0
HOTIYHOT IIOTamama y3opka. JlonmuBame BOJE ce OOMYHO BPINM y JBOCATHUM BPEMEHCKHM
HMHTEpBAIUMA.

Viujame BoJie IpeJCTaB/ba OJHOC Mace yNHjeHe BOJE M Mace MOBPIIMHCKU CYBOI y30pKa H
MoKe J1a Oyzie u3pakeH y mporeHntuma [27]:

w == 100 [%] (6)

M,

roe je:
Moy - Maca BoJoM 3acuheHor y3opka, [g];

m, - Maca IIOTIIYHO CYBOI y30pKa (YCBOjeHa BpPETHOCT HAKOH CyIlela TOKOM 28 jaHa Ha
Basyxy), [g].

10.2.3.3. OnpehuBame uppcrohe mpu cTaTu4kuM onrtepehemuma

McnuTvBameM cuila JloMa MaTepujaja IpU CTAaTHYKUM omnrtepehemnMa, OIHOCHO TPaHUYHOT
Hanpesama IIpH IPUTHCKY M IIPH 3aTe3amby caBHjameM ozapelheHe cy uBpcTohe y3opaka KOIKU U
npusmu  [27]. Ilog yBpcrohoM wMarepwjaia moapasymeBa Ce HEroBa CIIOCOOHOCT 1a ce
CYINPOTCTAaBH JIEjCTBY YHYTPAIIBUX HAllOHA KOJH CE€ jaBJbajy MOJ YTHILAjEM CIOJbAIUbLMX CHIIA
WA HEKHX IPYyruX (akTopa (CKyIJbame, IPOMEeHa TeMIIepaType 1 CIL.).

Uspcroha MaTepHjana Ipyu IPUTUCKY, OTHOCHO IIPU HAIIPE3arby P MPUME-EHO] CHIIM 10 Tauke
JloMa u3padyHana ce npema popmymnu [27]:

fp=Pper/ So, [N/mm?, MPa] (7)

rae je:

fp—uBpcroha (npu nmputHCKy), [MPa];
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Pp.er — npumersena cuila 10 tadkxe Jioma, [kN];
: . .
So — noueTHa NOBPIIMHA MOIPEYHOT IIPECeKa, OJJHOCHO MOBPIIHHA Ha KOjy Jiesyje cuia, [cm?].

3a yrephusame uspcrohe npu nputHcky KopuiiheHH cy y30opiu OOJIMKaA KOILKE NOYETHHX
Jumensuja crpanuie 100 mm, kao u y3opiu npusmu auMensuja 160 x 40 x 40 mm (nonosune
y30paka IIpu3MH HaAKOH MCIIMTHUBAMba YBpcTohe IpH 3aTe3amy caBHjambeM, 0 YeMy he OuTH Buine
peun y jiasbeM TekcTy) npema crangapay SRPS EN 12390-3:2010 [38] 3a y3opke Koiike U nipema
cranaapay SRPS EN 196-1:2017 [39] 3a y3opke npusme.

Hcnntupame uBpcTohe MaTepujaia IIpu 3aTe3aiby CaBHjarbeM CIPOBEJICHO je TpeMa CTaHaapy
SRPS EN 196-1:2017 [39]. Ilpu ncnutuBamy yBpcrohe MaTepujayia IpU 3aTe3arby CaBUjarbeM,
O00MYHO Ce KOPHCTE y30pPIH HPU3MH KOjH CE ONTEPETE jeTHOM CHIIOM Yy CPEIMHM PAcIoHa MM
JBEMa KOHIEHTPHCAHUM CHIama y TpehmHama pacrona. Y oba ciydaja uBpctoha MaTepujaia
u3padyHasa ce npema popmyiu [27]:

fzs = Mg/ W, [kN/cm?, MPa] (8)

rae je:
Mgr — MOMeHar caBujama KOju 0JroBapa MakCUMaJIHOM (rpanudnom) onrepehemy, [kNcem];

W — OTIOpHH MOMEHAT MONPEYHOT ITpeceka y30pKa Ipusme, [cm?].

Y ciry4ajy MCIIUTUBaKka IPUMEHOM jeJiHe cuiie y cpeauun pacnona (Ciuka 4.) u3pas 3a MOMEHAT
caBHjam-a MOJXE Jla ce MPHUKaXe jeaHadynHoM [27]:

M =P, x [/ 4, [kNcm] 9)
OZHOCHO, Y TPAaHUYHOM CIy4ajy Kajia J0JIa3H 10 JIoMa:

Mer = Pysor ¥ 1/ 4, [kNem] (10)

rie je:

P35 or — IpuMemeHa rpannyHa cuia (10 Tauke joma), [KN];

[ — pacrion Tavaxa y xojuma je mpumenena cuia, [[ = 10,67 cm, npemMa cTasjaapay]|.

Ha Cnunm 4. npukaszaHa je 1emMa HCIIUTHBama 4BpCTONe IpH 3aTe3amy CaBHjameM IPHUMEHOM
JeIHe cuiie y cpeiuHu y30pka [27].
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Cnura 4. Henumuearbe uspcmohe npu samesarwy casujarem npumenom jeoue cune [27]

OTrnopax MOMEHAT IOIPEYHOr IMpeceka y30pKa IpU3Me UCTH je y 0ba ciydaja (mpuMeHa jeHa
WIIY JIBE CUJIC) U padyyHa ce IPEKO jeJHaunHe:

W=bxh?/6, [cm’] (11)
e je:
b — mupuna yzopka, [cm];

h — Bucuna y3opka, [cm].

Yb6auusamem jenmaumne (10) u (11) y jenmaumny uspcrolie Marepujana HpU 3aTe3arby
caBujareM (8) nobuja ce u3pas 3a JaKo IpepadyHaBare YBPCTONE NP 3aTe3amy CaBHjameM:

3 P d
fos = - 22—, [N/em?, MPa] (12)

10.2.4. Tlpouena Ttpajuocts Marepujana: OTIOPHOCT Ha 3aMp3aBame-OAMP3aBae U
KapOoHaTU3aIujy

TpenytHO He MoCTOje CTaHIApAM 3a IHPOLEHY TPAjHOCTH TOIUIOTHUX M30JAlMOHUX MaTepHjaia
Ha OCHOBY MeEpema OTIOPHOCTH Ha NHUKIMYHO 3aMp3aBambe-oIMp3aBame. 300r Tora je
HCIUTUBAkE H3BEJICHO IpemMa eBporckoMm cranzapny EN 15304:2010 [40] sa ompehusame
OTIIOPHOCTH Ha 3aMp3aBarbe-0JMp3aBarb€ ayTOKJIAaBUPAHOI rac-0eToHa. J[eBeT Mecelw cTapu
y30pLM IIPU3MHU IOJBPTHYTH Cy 3aMp3aBamby H OJMp3aBaiby TOKOM 7 mukiyca usmely mBe
temneparype: -20°C (18 caru) u +60°C (6 catn) y ximmma komopu C700BCXPRO, FDM. Hakon
OBOI' TPETMaHa, WCIUTHUBAaHA je 4YBpcToha IpH IPHTHCKY U 3aTe3amy CaBHjameM. 3a Jalby
IPOLEHY TPajHOCTH, Y30PIHM Cy TIOTOM IIOJIBPTHYTH yOp3aHOj KapOOHATH3AIM]H y CIIEIHjaTHOj
KOMOPH Ca mapameTpuMa cpeune: 2% yribeH-nuokcuna, Temneparypa 20°C u saaxsocT 50%.
HakoHn xapboHaTusanuje, u3BpIueHa je joll jeqHa yIopeJHa IpolieHa yTUlaja Ha YBpcTony mpu
IIPUTHCKY M YBPCTONY MU 3aTe3arby CaBHjambeM.
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10.3. Pe3yaraT eKcnepuMeHTAIHOT HCIIUTHBAA

10.3.1. ToroTHa poBOAJLUBOCT M TOILIOTHA JTU(Y3UBHOCT

Yepeumene BpeHOCTH TOIJIOTHE HPOBOAJBMBOCTH ojpehene cy y wmmrtepsany 0,08 — 0,10
W/(mK), wro je y noTnyHOCTH y CKJIajy ca OYCKHBAHHM M JIMTEPATYPHUM BPEJHOCTHMA 3a
TEPMOHM30JIAlIMOHE MaTepujasie Ha Oa3u Ono-Biakana [1,3,41-42].

Bpennoctu tornorne pudysnsHoctr oxpehene ¢y y unrepsany 0,07 — 0,17 x 10 m?/s, mro je
OUTHO HWKE, ¥ THME y TEPMHUYKOM CMHCIY IOBOJbHH]E, HEr0 Y CJy4ajy KOMEpPIHjalTHIX
CUHTETHYKHX M30JIALIMOHUX MaTepHjajia.

Jlaxiie, yCTaHOBJLEHO je Jla Cy TePMHYKE OCOOMHE M30JIallHOHUX MaHesa 0J1 BiIakaHa MECKaHTyca
IIOBOJHHE U Y CKJIa/ly Ca JIMTEpaTypPHUM BPEAHOCTHMA CIIMYHUX KOMIIO3UTHUX OHoMarepujaia, Te
Jla He TIpeacTaBbajy orpanuyaBajyhu ¢axrop 3a ymorpeOy. 3akibyueHo je ga IJIaBHO
IIOTEHIM]AJIHO OrPaHMYEH-E 3a IIUPY YHOTpeOy INPEeUIOKEHUX H30JNAMOHMX I1aHea, HHUCY
IbUXOBA TOIUIOTHA IPOBOJJBMBOCT MJIM TOIJIOTHA Ju(y3uBHOCT, Beh HUXOBE MEXaHHUKe
KapaKTEepUCTHKE.

Crora je mpolena cBojcTaBa TEPMOHM3OJAIMOHKX IIaHENd Pa3JIMYMTHX CacTaBa M IPOIOPIHja
KOMITOHCHTH yCMEpEHa Ha IbUX0BE (PU3MUKO-MEXaHHUKE OCOOUHE U OTIIOPHOCT.

10.3.2. OnpehuBame GU3MUKO-MEXaHHUKHX KapaKTECPUCTHKA
10.3.2.1. OnpehuBame 3anpeMHHCKHX Maca

Pesynrartu Mepema 3alipeMHHCKE Mace IpuKasanu cy Ha Ciunm 5.
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Crrka 5. 3anpeMHHCKE Mace CBUX CepHja y CBEXeM CTamy (77), HakoH Baljera u3 Kanymna (79) U
HaKOH CylIema Ha Baz/lyXy (728) 32 y30pKe Y OOJIHKY KOIIKE

3anpeMUHCKe Mace MCIUTUBAHMX CMeIla HaKOH CyIleHa Ha BasjlyxXy IoKasale Cy BPEIHOCTH
KOje Cy 3HaTHO Behe OJl OHMX KOJi KOHBEHIIMOHAIHHUX TEPMOM30JIAIMOHUX MaTepujana [41], amu
yoOuyajeHe 3a CIMYHE M30JAIMOHE KOMIIO3UTe Ha 0asu Ouo-Buakana [43]. Hajpaxuuja
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nocieauna  Behe 3ampemuHcke Mace M30JIAIIMOHOT Marepujajia je TO 1ITO  JONPUHOCH
CIIOCOOHOCTH M30JIALIMOHOI CJI0ja Jla BPEMEHCKHM TOMEpPH IHPEHe TOIIOTHOT Tajaca. Jlakie,
OMOKOMIIO3UTHM M30JIALMOHM MaTepujajii MMajy CIIOPHjH TEeMIIEpaTypHH oa3uB M Behy
TOIUIOTHY MHEPIMJy OJ KOHBEHLMOHAJIHUX TepMmousonanuja. OBa KapakTepuCTHKa je O
BUTAJIHOI 3Hayaja 3a TOILUIOTHM KOMQOpP M INOTPOILIY CHEPruje 3rpaja M3JI0KEHUX BEJIMKUM

AHEBHHUM TEMIIECPATYPHUM pa3jiiKaMa.

Mnax, rotoBo ¢BH y30pLu 00JIMKa KOIKE ca KPEUHUM BE3HMBOM IOKA3aJIH CY HUIKE 3allpeMHHCKE
Mace HakoH 28 naHa cyliema Ha Ba3/lyXy 0J1 y30paka ca IEMEHTHHM BE3WBOM, IITO yKa3yje Ha
IBLUXOBY Behy noposnoct. Beha mopozHocT Moske ykazuBatu Ha Behu canpikaj Ba3jayxa, a TUME U
Ha TI0BOJbHY OCHOBY 3a HWXKY pe3ylIThpajylly TOIUIOTHY MpPOBOJJBHBOCT H30JAIMOHOT

MaTepHjaja.

10.3.2.2. OnpehuBame BIAXXHOCTH y30pKa U yIHjarba BOJIE

Pesynraru oBUX MCITUTHBAa TPHKa3aHu cy y Tabemu 3.

Tabena 3. BrasicnHocm y30paxa u 6peonocmu ynujarea 600e

Cepuja Ha [%] u [%]
MC1 47,0 90,6
MC2 58,8 72,9
MC3 53,6 86,3
MC4 51,6 88,8
ML1 55,2 90,3
ML2 58,8 95,7
ML3 75,8 81,8
ML4 35,1 78,4
MLZ1 474 94,1
MLZ2 81,4 89,6
MLZ3 22,0 88,6
MLZ4 31,8 80,0
MLFA1 2373 85,4
MLFA2 29,6 74,2
MLFA3 43,0 89,1
MLFA4 193 84,1
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JloGujenn pesynTaTu cajipikaja BiIare M ynujama BOJE CIMYHM CY BPEJIHOCTUMA JIPYIHX
LEeJyJI03HMX MaTepujajia 3a TOIIOTHY M30JIaljy Witk rpa)eBUHCKHX MaTepujaia Ha 6a3u ApBeTa
[44-45]. IlpeameTHe BpesHOCTH Cy M3Mel)y BpeHOCTH 3a KOHBEHIIMOHAIHE TEPMOM30JIAlMOHE
marepujaie [46], kao TO je MOJMCTHPEH KOjU Ce CMaTpa BOJOOTIOPHUM, U MUHEpAIHE BYHE
(KaMeHe MJIM CTaKJIeHE), Koja IpeJ/ICTaB/ba MaTepujall KOj| HUje BOJOOTIIOpaH 300T BUCOKE MOhH
ynujama Bozae. llopehame canpikaja Biare KoJ OBaKBHX Marepujaiia, JAONPUHOCH ToBeharmby
IbUXOBE TOIUIOTHE IPOBOJJBUBOCTH. OCHM TOra, XHIDOCKOIIHA CBOjCTBA OHOKOMIIO3UTHE
TOIUIOTHE ~M30JIallMje  PEe3yJTHpajy pECHEeKTaOWIHUM KamanuTeToM mydepa 3a Biary,
JOTIPUHOCENM  KOHTpONM pesllaTMBHE BIAXHOCTH Yy HPOCTOPHjH, TOIJIOTHOM KOM(DOpY H
KBaJIUTETY BaszJlyxa y 3aTBOPEHOM IIPOCTOPY, KA0 U YKYIIHOj TpajHOCTH n3oammje [3].

10.3.2.3. OnpehuBame uBpcTohe npu cratnykum onrepehemnuma

Bpennoctu 4BpcTohe mpu IpUTUCKY JOOMjeHe MCIMTHBABEM Y30paka KOIKH, T€ BPEIHOCTH
yppcTohe NpHM NPHTHCKY U 3aTe3amy CaBUjalbeM IOOMjeHe HMCIUTHBAKEM y30paka IPHU3MU,
npukazase cy y Tabenu 4.

Tabena 4. Yspcmoha npu npumucky u cagujar,y UCRUMUSAHUX Cepuja Y30paxa

Y 001UKY KOYyKe U npuzme

Yspcroha Yspcroha EBE croha
. IIpH npu -
Tpyna Cepuja CaBHjamy,
IIPUTHUCKY, IIPUTHUCKY,
xorke [kPa] mpusme [kPa] TIPHSME
[kPa]
MCl1 300 292 159
Cepiti MC2 728 518 111
epuja uzpahena ca
IEMEHTHUM BE3UBOM 3 13 214 284 135
MC4 1116 1349 631
MLI1 33 205 263
. ML2 31 205 131
Cepwuja uzpalhena on
KpeH. ML3 32 188 135
ML4 39 253 272
MLZ1 33 211 135
Cepuja cripaBibeHa ca MLZ2 44 208 138
KPEUOM U 3€0JTUTOM
(caba IyLoJIaHCcKa MLZ3 40 139 138
peaxuuja)
MLZ4 34 244 135
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Ygpcroha

Ygpcroha Ygpceroha !
. npu npu .
I'pyna Cepuja caBMjamy,
MIPUTHUCKY, IIPUTHCKY,
kPa] npusme [kPa] HpHSME
Kouke | [kPa]
MLFA1 207 633 135
Cepwuja cripaBibeHa ca
Kpe4oM U Jierehum MLFA2 273 465 274
nenesnom (o0pa
IyIoJlaHcka MLFA3 270 475 274
peaxiuja)
MLFA4 353 526 139

Y rpymama MC u MLFA, marpuna KalllMHHpaHUX CHJIHMKATHUX XHAPATHCAHWX MUHepasa
00e30ehyje 6ojba MexaHuuka cBojcTBa [460]. Y apyre nBe rpyie, Kped je CTBOPHO KapbOHATHY
(CaCO3) xopy nOmMjUX MEXaHUUKUX CBOjCTABa, KOMOMHOBAHY ca jOIl HEpearoBaHUM KPEuoM
Ca(OH)2, nox 3e0JHT HHje [T0Ka3a0 3HAYajHU]H YTUIA] HA MEXaHWYKa CBOjCTBA 300T CBOT ¢l1abor
nynosanckor edekra [19-20,46].

OBu pesyntatd cy OUEKHMBAHM, HA OCHOBY mopehera ca CIMYHUM TEepMOM30JIAHOHUM
Marepujanuma Ha Ono-6a3u [47-48]. Takobe, Tpeba HamomMeHyTH Ja Cy J00OHMjeHe BPEIHOCTH
Oune cnuyne MM 00Jbe Of MO3HATHX UBpCTONa KOHBEHI[MOHAHUX HM30JIAIMOHUX MaTepujaa
Kao IITO Cy IOJMCTUPEH U KaMeHa/cTakiieHa ByHa [49].

10.3.3. IIpouena Tpajuoctu: OTIOPHOCT Ha 3aMp3aBarbe-0Mp3aBamke U KapOOHATH3AIN]Y

Pesynraty wmcnuTHBama TPaJHOCTH IIPHKAa3aHU Cy Ha CIUIH 4, a IpeICTaB/beHH Cy Kao
BPEAHOCTH 4YBpCTOhE IpH INPUTHCKY M 3aTe3amy CaBHjameM y Tpu (asze: Ipe TpeTMaHa
TPajHOCTH, HAaKOH TpeTMaHa 3aMp3aBarbeM-OJMP3aBalbeM, W HAKOH TPETMAaHa 3aMp3aBaH-e-
OJIMp3aBame 1 yOp3aHOM kapOoHaTu3aujom. Pesynratu cy npukasanu Ha Cruim 6.

®flex,un-tr - 8 comp,un-tr flex,fr-th  Wcomp,f-th @ flex,carh & comp,carh

Cnuka 6. PesynTtaTu ncnuTrBama TpajHOCTH: uBpeToha npu caBujamy (flex) u mputucky (compr)
HETPETUPAHUX (uUn-1r), TPETUPAHUX 3aMp3aBabeM-0qMp3aBameM (f7-14), 1 TpeTUpaHuX
3aMp3aBakbeM-0AMp3aBamkeM U kapOoHaTuzanujom (carb), [kPa]
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[IITo ce THue MEXaHMUYKHX CBOJCTaBa y3opaka HaKOH M3Jarama rope HaBeJCHUM TPETMaHMMA,
pe3yiTatu Cy IIOKazalum pasiuyuTe edekre Ipoleca 3aMp3aBama-ojMp3aBamba H Ipolieca
KapboHaTH3alM]je, Ha KOje je JIOMMHAaHTHO YTHIIA0 THII BE3MBA KOje ce KOPUCTH. 3abesexneHno je
cMamere 0 npuommkno 40% MeXaHMUKMX CBOjCTAaBAa HAKOH TpETMAHA 3aMp3aBarbeM-
OJIMp3aBameM 3a LeMeHTHY Besyjyhy rpyny (MC). 3a Tpu rpymne Besusa kpeya (ML, MLZ, u
MLFA), npumehen je nmax ox npubnmxzo 50%, 1mTO ce MOXKE HPHUIKCATH CaMOM TPETMAHYy
3amp3aBameM-oamp3aBameM [50]. Tectupame Manux y3opaka rmoxasaio je MUHHMAaJIHU I'yOUTaK
MEXaHUYKHX CBOjCTaBa HAaKOH LIMKJIyca 3aMp3aBama-0/IMp3aBama.

Haxon  Tpermana  3amMp3aBameM-OJMp3aBambeM, y30pPIM  Cy  TOABPTHYTH  yOp3aHoj
xapOonartusanuju. 3HauajHo ToBehame (mpuOmmwkHO 27%) W uBpcTohe NpPU NPHUTHCKY 1
caBHjamy 3a0€JIeXEHO je Yy CBUM Ipylama CHpPaB/bEHHM Ca KPE4YoM, IITO CE MOXKE IPHIIMCATH
npouecy kapOonaruzanyje. Peaknnja kapoonarusaije y MajaTepuMa, 0JHOCHO CBUM aJIKaJHUM
Marepujanuma, IpejcTaBba AU(y3ujy yribeH JHOKCHAA KPO3 CTPYKTYpY IOpa MaTepujana H
I,ErOBY peaklljy ca KaluiapHoM IopHoMm BogoM u CaO, crBapajyhm KaiiujyM XHIAPOKCHI H
IbEroBo nparehe BesuBame yribeH QUOKcHia IpaheHo TanoxemeM Kaminjym kapoonata. OBaj
npolec je I0o3HaT Kao MexaHu3aM Io0oJblmamba uBpcrohe (Mexanwszam ouspirhaBama)
xomnosuta Ha 0asu kpeya [51]. Iloeehanm campxaj CO2 y komMopu 3a KapOOHATHU3aIH]y
CTHMYJIMCAO0 je KapOoHaTH3alM]y Kpeua 1 Ho00JbIIao MeXaHHIKa CBOjCTBA y30paKa.

Mana TpajHOCT yclie]l IPOMEHJBHMBHX YCJIOBA (3aMp3aBambe-0JMp3aBarbe) U KapOOHATU3alMje
YIJbE€H-TMOKCHJIOM M3 Ba3JyXa TOKOM IIepHOJia EKCILIoATaIlije, MOXE JOBECTH IO JIOIIHMX
MEXaHMYKUX KapaKTE€PUCTHKA H30JJallMOHOT MaTepyujalia U yTHIIATH Ha heroBy Oyayhy mosuuujy
Ha TPXKUITY. Mnak, cTy/uje o TpajHOCTH Y IIOTJIe/ly OTIIOPHOCTH Ha 3aMp3aBam-e-0JMpP3aBarbe 1
KapOOHATH3alK]y TOIIOTHE M30Jallije Ha OMOJIONIKO] OCHOBH HE MOCTOje MM Cy OTpaHHuEHE.
ITocToje Heke cTyauje O OTIOPHOCTH HA 3aMp3aBarbe W OAMP3aBambe KOMIIO3WTA OJ] IPBEHUX
BJlaKaHa M Iutactuke [25,52] u TpajHocTH OmMo-GeroHa [52]. Melhyrum, mporokonu crapema
OMOKOMIIO3MTA Cy JOILI YBEK pa3IM4YMuTH, IITO OTeXaBa nopeheme pesynrara [47].

10.3.4. Ananu3a pemiemna

C 003upoM J1a Cy ce cpelmbe BPEIHOCTH TOIIOTHE HMPOBOIJEHBOCTH CBHX y30paka KpeTaje y
yckoMm uHTepBany oz 0,08 — 0,10 W/(m-K), xao xpurepujym 3a ogabup cmemie ca HajOOJLUM
KapakTepHCTHKama y3eTe Cy (pu3ndIKo-MeXaHW4IKe OCOOMHE M TPajHOCT MaTepHjaa.

AHaM30M MEXaHMYKMX KapaKTepHCTHKA M acleKaTa TPajHOCTH MeNlaBUHA CIpPaBJbaHHX ca
Kpe4oM M Ca 3€0JIMTOM, 3aKJbY4EHO je Jla Cy OBE MEIIaBHHE, HaKO ca HajHH)KUM BPETHOCTHMA
3aIlpEMHHCKE Mace, [1a CaMHM THM M TOIUIOTHHM IIPOBOUBMBOCTHMA, IIOKAa3aje CKPOMHA
MexaHHuka cBojctBa. Crora je okyc moMepeH Ha MeIlaBUHE ca LEMEHTOM M ca jerehum
TeTIeTIOM.

ITopehemeM cBojcTaBa yHyTap cepuja ca IeMeHToM, paBopusoBade cy Memasuae MC2 u MC3
300r 00JbHX MEXaHHUYKUX cBojcTaBa. MehyTumMm, y3umajyhu y o03up BpeJHOCTH 3allpEMHHCKE
Mace, Kao oITHMaiHa ce nokasana memasuHa MC3. ¥V cepuju memasuHa ca getehuM memenomM,
y3 IPHUXBATJLUBE BPEIHOCTH 3aIPEMHHCKE Mace M INPUXBATIHHBO IIOHAIIAKE Y KOHTEKCTY
TPajHOCTH, HajOoJha MEXaHWYKa CBOjCTBA TOKa3aia je memasuga MLFA2.
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10.4. 3ak/by4nu ¥ NPUMEHA TEXHUYKOD Pelierha

OBO TeXHMYKO peller-e OAHOCH ce Ha a3y peaiusalje KOMIO3UTHE TOIJIOTHE M30Jaluje Ha
0asu Ono-pnaxkana Miscanthus x giganteus, npe CBera HaMEHEHE 3a yNoTpedy y CHoJballiuM
3UJIHUM TlaHenuma. TomuioTHa NpoBOJUBMBOCT IOCMATpaHWX y30paka Kperaja ce Y OIICery
CIIMYHMX M30JIALlMOHUX MaTepujasia oJi OMo-BllakaHa Ha Oa3u IIeNlyJsio3e, ca BPeAHOCTHMA Y
pacniony ox 0,08 — 0,10 W/(m-K). Ocum TomioTHe mpoBOBMBOCTH, HCIIMTHBaHA Cy clieaecha
CBOjCTBa: TOIIOTHA JU(DY3HUBHOCT, 3alPEMUHCKA Maca, BIKHOCT, yIIHjambe BoJe, YBpcToha npu
IPUTUCKY, uBpcTOoha IIpu caBHjalby ¥ TPajHOCT, OJHOCHO OTIOPHOCT HA 3aMp3aBambe-
OJIMp3aBame U KapOOHATH3aIM]y. 3allpeMUHCKE Mace MCIMTHBAHUX CMEIa HAKOH CYyIIeHmha Ha
Basuyxy kperane cy ce usmehy 330 kg/m® u 819 kg/m’, mro mpencraBma 3matHo Behe
BPEIHOCTH O] OHUX KOje ce cpehy Ko/l KOHBEHIIMOHATHUX TEPMOHU30JIAIIMOHUX MaTeprjaia, aiu
yoOMYajeHe 3a TepMOHM30JalMoOHE Omo-kommozutTe. 300r moBehane 3ampeMuHCKE Mace
KOMIIO3UTHOI' MaTepHjaja, BPEAHOCTH TeMmIleparypHe JU(Y3WBHOCTH CY HPUIMYHO HUCKE Y
nopehemy ca yoOMYajeHUM H30JALMOHMM MaTepujajirMa oJi OHomace, OJHOCHO y OICEry OJI
0,07 — 0,17 x 10° m?/s. OBo monpunocu moBehamy TOIIOTHE HHEpIH]je H30JOBAHOI 3HIA W
MUHUMU3Upaby TEMIEPAaTypHUX ocluiiaykTyanuja yHyTap 3rpaje. PesynraTe HCIUTHBarmba
Brnaxunoctu (19,3 — 81,4 %) u ynujama Boze (72,9 — 95,7 %) 6unu cy 3anoBossaBajyhu u Gimzy
BPEHOCTH DPErMCTPOBAHUX KOJ JAPYIMX IEIYJO3HUX TEPMOHM3O0JAIMOHNAX MaTrepHjaia Wi
rpal)eBUHCKUX MaTepujasa Ha 0azu JpBera, octajyhu m3mel)y BpelHOCTH 3a KOHBEHIMOHAJIHE
TEPMOM30JIAIIMOHE MaTepHjasie KOju MOry aa Oyay BOIOOTIIOPHHU HIIM HE, Y 3aBUCHOCTH OJ1 BPCTE
MmaTepujana. 3abelexeHe BpEJHOCTH 4YBpcTohe IpuW TPHUTHCKY W CcaBHjamby Owuie cy
3aj0BosbaBajyhe y mopehemy ca CIMYHHM TOIUIOTHMM H30JalMjamMa Ha 0a3u Ouo-BlaKaHa M
ciuyHe uid 0oJbe 0] YBpCTOha KOHBEHIMOHAIHHMX HM30JIAMOHHX MaTepHjaja Kao IITO Cy
IOJIUCTUPEH U MUHEpAIHA ByHA.

Ha ocHoBy pesynTara MCIMTHBam-a IOMEHYTHX CBOjCTaBa, M3BpINEHA je aHAlM3a U YCBOjEHO
ONTUMAIIHO pelIe-e¢ TepMOH30Janyje Ha 0a3u OMo-BiIakaHa. Y3umajyhu y o03up YHmbeHHILY Ja
je (3a mpHXBaTJbUBE BPEIHOCTH 3alIPEMHHCKE Mace W NMPHUXBAT/GMBO MOHAINAKE Y KOHTEKCTY
TPajHOCTH) HajOOJba MEXaHUYKA CBOjCTBa Nokasana memaBuaa MLFA2, ona je u ycBojena 3a
ONTHMAJHO TEXHHYKO pememe. Ouekyje ce IMpuMeHa TeXHHYKOI pPelleha OIMHCAHOr Yy OBOM
JIOKYMEHTY OJ CTpaHe IapTHepa IIpOjeKTa, a Pe3yiTaTH cy O0jaB/beHH Yy HAydHOM pajy
kareropuje M21a.
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[TPUJIOT 1

YTroBOp 0 NOCJI0BHO-TEXHUYKOj Capaambu



YHUBEPSUTET Y BEOIPALY

AT UC) PEone TPABEBUHCKY ©A ym‘Egj
A bp.__A32429/9-4
il B ' s
Mool ppn _HO R s
. .l Sl ‘t:-ﬁ' “,,'--I-l,r‘l_ G F O r Fl A ﬂ
. Bynesap kpama Anexcanapa 73

Ha ocwory oGocrpano n3paxenc BOJLE, @ Y UWLY NPCHOILEHA HayHHHX noctHruyha o
NOBCIMBAILE €A PAAOM Y NPAKCH, KAO W PAJH OCTBAPHBAILA ONTHMATHHX PEIY/ITATa NOC/A0BatLA
KPO3 Jaje YK pas:

Yuuneparer y beorpany — Ipaliesmncin daxyarer [TAG 100251144, yauua bynesap Kpaea
Anexcanzapa 6p. 73, 11000 Beorpay, kora sactyma aexai npod. ap Brasn Kysvanosih (y gupem Texcry
['PDB).

"I'nxout” a.0.0. [THB: 105401641, Kpauncka 37, kora sactyna Keseko babuh, ampexTop (y namkem
Tekety [aprhep)

Jakmyuyjy

YTOBOP O INOCJOBHO-TEXHHYKOJ CAPA/lILH

[peamer yrosopa
Waan 1.

[Ipeamer osora yropopa je capaiiba YrOBOPHHX CTpaia y CTPYHHMM ¥ Hay'yuus o0macrima
rpaheBuHapceTEa 01 3ajCAHHYKOr HHTEpeca, Y LWBY yuanpehemwa npoussosa, BeurmHHa,
KOMIICTEH 1] M YIICa YTOBOPHMX CTpaHa.

[pnuusnu capanse
Ynan 2.

Yrosophe crpane cy carjiache aa he ce mehycobna capa/iina O4BMjaTh y3 YRIKARILE ODOCTRRIIX
MOCIOBHMX MHTEPECa Ha NPHHIKITY PABHONPABHOCTH, CABCCHOCTH M NIOWITCHLA, KBD M ¥3 0DaBC3Y
NOCTYNaiba 1o crapaapay 100por NPHBPEAHNKA, Y3 HYKHE TOACPAHIM]E KOJE 00T mpOMECHIX
OKOAHOCTH Mam noTewkoha y nociosamy Mory OHTH H3aseale TOKOM Tpajaia osora Yrosopa.
Y peanusausjn opor Yrosopa, yrosopue crpasic ce obanesyjy ia npuseisyjy nozsrueic josahe
nponuce, MponHcane TEXHHYKO-TEXHONOWKE crauapie, somaha M HHOCTpaHa Hayuma
nocturiyha, kao # aa mehycoGHo yBakasajy cOUCTBENA ONUITA KT M NOCAOBHE OAYKE Oprana
yIpaB/baika.

Yrosopie crpasc ce 00aBesyjy A0 MaKCHMAIHO WITHTE MOCHOBHE, CKOHOMCKE M MOpaiHe
HHTEpece NapTHepa H3 0O YIoBopa 1 Aa 060CTPato YyBajy 1 y3/MAY NOCIOBHH yriach KOJH Cy
CTEKAM npe 3aKIbyycHa osor Yrosopa.

Ysan 3.

Cpaxit 03 BOTIHCHAKA OBOT YFOBOPA MOAE /13 OZPEH KOOP/IHHATOPA 3AyAeHOr 3a Aedunmcarne
3a)e TN AKTHBHOCTH, IHXOBOT 0OHMA 1 IMsamuke criposolieisa.



3ajennuke aKTUBHOCTH
Unan 4.

Yrosopre ctpaue he aedmuucars sajennuyke aKTHBHOCTH Y AYXY A00pHX OAHOCA H Capaibe, H
OHC MOT'Y YK bYHHBATH!

HCTPAXKHBAILA CABPEMCHUX MATEpHjana OPUMEHJBHBHX Y M3(paiibu  rpaheBHHCKMX
oGjexara,

~  MCTPAXKHBAILA CHCTEMa Martepwjaia y oksupy (acajnmx eiemcHata rpaheHHCKHX
objeKaTa,

—  MCTP&KHBAILA Y 0ONACTH CHEPIeTeKe eUKACHOCTH T3B “nacHBHuX Kyha™.

O0uM M JMHAMHMKA NOjeAHHMX aKTHBHOCTH he OWTH nepuoanyHo 1orosapaH M yeknahupan
wamehy YrosopHux cTpana, npexo koopausaropa (wian 3), a cse y uwby odesbeherba edukache
H 060CTPalO KOPHCHE capaiise.

osep.susoct nndopmaimja
Ynan 5.

Y cwrany ca mutephum aktuma Tlapriepa o werosum nocebumm 3axTesuma v a06pHm
nocaosinm obuuajuna, POE je ayxan a Kao nocnosyy rajiy 4ysa cBakM AOKYMEHT HIIH
nudopmaunjy kojy aobuje o [Napruepa, a koje kao Takse oape/ INapruep.

[POB je oprosopan 3a cwaxo mcosiawheno gasamwe pudopymaupje U nojaraka y cmmeny
NPETXO/IHOT CTABA, H3Y3CH H CAMO OHMAM JHLHMA KOJi CY HENIOCPEAHO AHIKOBAHA HA PEANM3ALIM|H
AKTHBHOCTH 110 OBOM YTOBOPY, 4 OArONOPan 1€ 3 EEeHTYANHE TPOLUKOBE M/IUIM INTETY KOJY yciie/l
Tora npetpnu [Mapruep.

[NapThep je oarosopas 3a ceaxo Heossawbeno tapame nudopmatmja kojy aoduje o I'PAOD, 1o
KOJHX A0he MPHIHKOM Pean3almje aKTHBHOCTH 110 0B0M YTOBOPY, 1 OATOBOPaN ¢ 3 CBEHTYATHE
TPOIUKOBE W/HAN WTETY Kojy yenea 1ora nperpin ['POb.

Tpajame yrosopa
YWoan 6.

YroBop O MOCAOBHO-TEXHMUKO] CApaiLl CE KLYMY|C HA Heofpelieuo spese i cBakM o)
NOTIHCHHKA A MOMKE OTKA3ATH.

3anouerv nocnosu saspuimhie ce y pokopmua npejeahennn WIANOM AKTHBHOCTH KOje yTBpAE
KOOPAHHATOPH, OJIHOCHO MpHXBAhCHIN MRCHCHUM HanoMMa, He3 063upa W0 O eBeHTYANHO
A01LL10 10 OTKA3HBaIbLA OBOr YTOBOpA.

Pelapaibe cnopoBa it packuja yrosopa
Ynan 7.

CBe eBeHTYA/IHE CNOPOBE KOJH HACTaHy u3 oBor Yrosopa yrosopie crpaic he TIOKYLIATH Ja pelle
Yroeopho.

Vikonuko CHOPOBH H'JMCl]}‘ yI‘OG(}pN HX CTpaHa He 63’” mlﬂ, }'{'Omp]lc cTpaue Cy carnacHe A
he cpakH Takas Ccop OnTH PELIABAH Npej CTBAPHO HAAICKHHM CyA0M ¥ Beor‘pamr.



Jaspuwne oapende
Ynau 8.

Opaj YroBop ce MOKe W3MennTH camo ITHCAHNM AHERCOM NOTIHCAIIM O/ CTpane opsamheHHx
JACTYMHHKA YTOBOPHUX CTpana,

Ynan 9.

YIoBOp ce cMaTpa 3aK/bYHMCHHM M cTyna na cHary kaja ra nornumy oba opsawhena anta
YTOBOPHUX CTPAHA, a WTo he ce N0KYMEHTOBATH ATYMOM Ha 3aBOAHOM NiEYaTYy.

Osaj Yrosop je caumiben y 4 (MeTHPH) HCTOBETHA NpUMepaka, oA Kojux 1o 2 (ABa) 3a cRaky
YFOBOpHY CTpany.

YroBopHe cTpame carnacHo H3jaBbYjy Aa cy oBaj Yrosop npousrane, pasymeie 1 aa yrosophe
Oapeade y CBEMY NPEACTABILAJY H3PA3 HHXOBE CTBAPHE BO/LE.

Yuugepauter y Beorpany
["pahenunicky akynrer
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ABSTRACT

The thermomechanical properties of the bio-fiber composite, as material for the production of thermal
insulation panels, were evaluated. The observed mixtures were composed of Miscanthus x giganteus
bio-fibers, mineral binders (cement or lime), pozzolanic materials (zeolite and fly ash), and water. The
favorable heat transfer behavior of composites based on Miscanthus x giganteus bio-fibers was already
affirmed by literature data of similar natural bio-fiber materials, the author’s previous experimental
results, and consideration of dynamic heat transfer processes in the insulated outer wall exposed to vari-
able ambient conditions. The experimental assessment was focused on the bearing capacity (i.e. compres-
sive and flexural strength), water absorption, and durability (i.e. resistance to freeze-thaw and
carbonation), because there is scarce literature data regarding these properties, whose thorough under-
standing and systematization are highly important for a wider application of biomass-based thermal
insulation materials. The obtained results were evaluated through the comparison to published data from
similar bio-based thermal insulations, as well as from conventional thermo-insulation materials such as
polystyrene and stone or glass wool.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction and motivation

The building sector generates a considerable environmental
impact through the exploitation of non-renewable materials and
energy resources, air, water and soil pollution, land use, biodiver-
sity losses, and waste generation [1,2]. The construction sector is
responsible for approximately 36% of global final energy consump-
tion and 39% of carbon dioxide emissions [3], implying imminent
challenges: increased energy-efficiency and utilization of sustain-
able building materials. Efficient thermal insulation reduces energy
consumption, yet different insulation materials vary in their envi-
ronmental impact [4].

The most important, and customarily the only considered prop-
erty of thermal insulation material, responsible for heat flow and
temperature distribution in the building envelope subjected to
steady-state heat transfer conditions is thermal conductivity, i
[W/(mK)]. Nevertheless, the outer walls of a building are fre-

* Corresponding author at: University of Belgrade, Vinca Institute of Nuclear
Sciences, National Institute of The Republic of Serbia, P.O. Box 522, 11000 Belgrade,
Serbia.
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quently exposed to complex quasi-periodic heat transfer boundary
conditions resulting from fluctuations of ambient air temperature,
humidity, and flow, as well as the intensity of received solar radi-
ation. The insulated wall, then, behaves as a dynamic heat transfer
system with a certain thermal inertia and time-dependent temper-
ature change propagation. The thermo-physical property that
describes the spread of transient heat flow is thermal diffusivity,
a [m?/s]. It is calculated as a ratio between thermal conductivity
and product of density and specific heat capacity [5] and takes into
account how much energy is absorbed in the wall during its heat-
ing to the temperature gradient. In other words, the thermal diffu-
sivity determines how quickly a wall of a certain density and heat
capacity, under transient heat conduction, converges to steady-
state heat transfer. The outer walls, composed of thicker and more
thermally resistive layers, slow down the heatwave and make its
amplitude inside the building considerably smaller, which is espe-
cially important in climates with high diurnal temperature varia-
tion. Although the cumulative amount of heat transferred
conductively through the wall during 24 h is independent of the
wall’s dynamic thermal behavior and is determined principally
by its thermal conductivity, the reduction of cyclical temperature
fluctuation at the inner surface of the building envelope, compared
to its outer surface, is crucial for both comfort and energy effi-
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ciency of the building. Thus, it should be noted that the density of
the thermal insulation material plays an important role in the
building envelope’s dynamic heat flow.

Generally-used synthetic insulation materials, e.g. extruded and
expanded polystyrene, have low and favorable values of thermal
conductivity, often in the range of 0.029 - 0.040 W/(mK), while
biomass-based insulations and their composites rarely reach ther-
mal conductivity values lower than 0.060 W/(mK) [5]. Neverthe-
less, synthetic insulations have lower density and substantially
higher thermal diffusivity than biomass-based insulations [5-8],
which reduces their thermal inertia and weakens their ability to
time-shift thermal waves and minimize temperature fluctuations
inside the building envelope. Therefore, biomass-based thermal
insulations and their composites with mineral binders could per-
form better than the prevailing synthetic insulations in the case
of dynamic ambient temperature changes and sun load conditions
[5]. This, in addition to the clear environmental benefits of the uti-
lization of biomaterials [5-8] in building practice, yields a suffi-
cient motivation for a closer thermomechanical examination of
various types of biomass-based thermal insulation products.

The main objective of this study was to evaluate the thermome-
chanical properties of Miscanthus x giganteus based insulation.
Since mechanical properties of thermal insulation, especially bear-
ing capacity and durability, are often missing in the literature data,
this study intended to analyze and shed more light on these over-
looked features. Likewise, the authors have addressed the advan-
tages of the Miscanthus x giganteus plant as a promising source
of biomass for thermal insulation.

2. Bio-fiber composite preparation

The investigated mixtures were composed of
Miscanthus x giganteus bio-fibers, mineral binders, pozzolanic
materials, and sufficient water.

A positive contribution of Miscanthus x giganteus bio-fibers in
thermal insulation materials was expected based on the data for
similar natural materials (reed, straw and hay types, hemp, corn
stalks, cotton, flax, etc.) that have already shown a convenient ther-
mal behavior when used as insulation [9-11], and because of its
high lignocellulosic fiber content [12,13]. Although it is but one
of many biomaterials suitable for application in thermal insulation
materials, Miscanthus x giganteus excels with its high potential
resulting from a spectrum of favorable properties: this plant was
tailored to provide a range of environmental benefits, e.g. eco-
remediation in poor quality soils, resulting in perennial and fre-
quent harvests of inexpensive and processable biomass, as well
as potential post-remediation use instead of downstream disposal
as waste material. It is resistant to alkali- and Si-based mixtures,
which is important since the composite was prepared by mixing
with alkali binders [14]. Resistance to silicon dioxide is vital for
its later usage and potential contact with standard building mate-
rials such as mortar or concrete.

The binders used for the preparation of samples were based on
cement and hydrated lime (Ca(OH),). The commercial cement-
based binder, applied in the first four mixtures, was low containing
cement mixture of gypsum (3 - 5%), limestone (35 - 45%), blast
furnace slag (5 - 10%), and cement clinker (40 - 57%). The lime-
based binder, used in the rest of the mixtures, was prepared by
adding 30% of water (by mass) according to the producer’s specifi-
cation, and this percentage was experimentally checked by drying
and weighing the dry residue. Given that lime-mortars have lower
thermal conductivity (0.81 W/(m-K)) than cement mortars
(1.40 W/(m-K)) [15], the utilization of a lime binder was considered
more efficient in fulfilling the purpose of this study. In addition, the
use of hydrated lime as a binder stabilizes Miscanthus x giganteus

Energy & Buildings 229 (2020) 110511

by creating a mineralized membrane, protecting the bio-fibers
from decay, flammability, or attacks by insects and rodents [16].

The addition of pozzolan materials, which usually do not have
binding (cementitious) properties but tend to increase the worka-
bility and binding of a mixture when reacting chemically with cal-
cium hydroxide in the presence of water, improves the pore
structure and increases the durability and resistance of composites
[17]. Synthetic zeolite and fly ash were used as pozzolanic materi-
als. The zeolite crystals consist of a multitude of pores and fine
channels, resulting in a substantially large specific surface [18].
Zeolites exhibit good pozzolanic properties in alkaline suspensions
[19] with adequate water and gas adsorption [ 18], minimizing the
formation of mold and reducing the release of unpleasant odors
[20]. Zeolite also shows insulation properties and can be used for
thermal insulation coatings [21]. In this research, a synthetic zeo-
lite was used. Zeolite granulation was 4 — 10 um with the following
chemical specification: water (max. 22%), aluminum oxide (34 -
37%), sodium oxide (21 - 23%), silicon dioxide (41 - 43%), and iron
(max. 150 ppm). Investigation of the pozzolanic properties of this
zeolite was previously done according to the pozzolanic material
standard SRPS B.C1.018:2015 [22]. This test showed that a com-
pressive strength of 4.7 MPa was achieved after the treatment,
which was very close to the lower limit of 5.0 MPa for the class
of pozzolan P5 prescribed by the standard SRPS B.C1.018:2015
[22]. still, it may be concluded that the used zeolite possibly had
weak pozzolanic activity. The fly ash is a fine powder of amorphous
particles (usually 1 - 150 pm), obtained as a by-product of coal
combustion in thermal power plants [23]. As waste, it is deposited
in landfills that are typically located near thermal power plants,
representing a global concern [24]. Most commonly, it is used as
a supplementary cementitious material in the production of Port-
land cement concrete due to its pozzolanic properties. Its utiliza-
tion reduces the consumption of non-renewable natural
pozzolans and has economic significance [24]. In this study, fly
ash from the thermal power plant “TE Nikola Tesla B”, Obrenovac,
Serbia with chemical specification: SiO, (64.14%), Al,03 (19.22%),
Fe,0; (4.35%), TiO, (0.16%), CaO (8.32%), MgO (0.01%), NaO
(0.36%), K,0 (0.66%), and P,0s (0.17%), was used. The basic chem-
ical requirement for the use of fly ash as an addition to Portland
cement concrete [23] is that the sum of silicon dioxide, aluminum
oxide, and iron(Ill) oxide must be a minimum of 70% for fly ash
class F or 50% for class C. In the fly ash used in this study, the
sum of silicon dioxide, aluminum oxide, and iron(Ill) oxide was
higher than 70%, according to the ASTM C618 standard [25], thus
fulfilling the prescribed requirements [23]. Previous tests of the
fly ash pozzolanic properties performed according to the standard
SRPS B.C1.018:2015 [22] showed that the compressive strength
following treatment reached 9.1 MPa, indicating a very good poz-
zolanic activity, close to the P10 pozzolan class with 10 MPa as
the lower limit of compressive strength [19,22].

The experimental samples were produced by mixing dried,
chopped, and sieved Miscanthus x giganteus bio-fibers (Fig. 1) with
mineral binders, pozzolanic materials, and water (in sufficient
quantity for the workability of the mixture).

The Miscanthus x giganteus bio-fiber sample represents a mix-
ture of various sizes with a continuous distribution, incorporating
both short fibers, approximately 3 mm thick, and longer, thinner
fibers. The longer fibers significantly contribute to the flexural
strength of the composite material, its porosity, and its ability to
retain an increased amount of air (with thermal conductivity of
only 0.026 W/(m-K), thus decreasing the resulting thermal conduc-
tivity of the material [26,27]. The shorter fibers fill the voids, thus
increasing mechanical properties and density.

Four groups of mixtures (each consisting of four series) were
made, thus providing a total of 16 series. Insulation material mix-
tures of different compositions were obtained by mixing bio-fibers
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Fig. 1. The used Miscanthus x giganteus bio-fibers and an insulation panel prototype.

(BF), cementitious (C) or lime (L) binders (B for all binders/poz-
zolans mixtures), zeolite (Z) or fly ash (FA) as pozzolans, and water
(W). Portland cement was used in only four series in order to
increase the energy efficiency of the produced thermal insulation.
The composition and mass ratios of the composites are given in
Table 1.

Two types of molds (Fig. 2), complying with the standards SRPS
EN 196-1:2018 [28] and SRPS EN 12390-1:2018 [29] were used for
the sample preparation: cubic (100 mm) and prismatic
(160 x 40 x 40 mm). Tests were performed with two and three
repetitions for cubic samples and prismatic samples, respectively,
and the results were calculated as the mean values.

3. Experimental results
3.1. Density calculation

Following sample dimension and weight measurements and
volume calculation, the densities of the sample mixtures were cal-
culated: the total density in the fresh state (), the initial density
after 7 days drying in the mold (¥y), and the density after demold-
ing and drying for 28 days (»2s). The procedure was performed
according to the standards SRPS EN 12350-6:2008 [30] and SRPS
EN 12390-7:2010 [31]. The results of the density measurements
are presented in Fig. 3.

The densities of the tested mixtures after air-drying showed
values that are considerably higher than those of conventional
thermal insulation materials [5], but common for similar bio-
based insulating composites [32]. The most important conse-
quence of the increased density of an insulation material is that

Fig. 2. Cubic and prismatic sample examples.

it contributes to the ability of the insulation layer to time-shift
the thermal wave propagation. Thus, the biocomposite insulation
materials have a slower temperature response and higher thermal
inertia than conventional thermo-insulations. This feature is vital
for the comfort and energy consumption of buildings exposed to
large diurnal temperature differences.

Nevertheless, almost all cubic samples with lime binder showed
lower densities after 28 days of air drying than samples with the
cementitious binder, which indicates their higher porosity. A

Table 1

Composition with mass ratios of samples by series.
Series BF (g) C(g) L(g) FA (g) Z(g) W (g) B (g) BF + B (g) B:BF (%) B:BF (by weight) BF in paste (%)
MC1 200 600 - - - 300 600 800 3333 0.67 25.00
MC2 400 420 - - 180 300 600 1000 66.67 133 40.00
MC3 300 480 - - 180 300 660 960 45.45 0.91 31.25
MC4 200 480 - - 120 300 600 800 3333 0.67 25.00
ML1 300 - 880 - - 300 880 1180 34.09 0.68 25.42
ML2 400 - 680 - - 300 680 1080 58.82 1.18 37.04
ML3 300 - 680 - - 300 680 980 44.12 0.88 30.61
ML4 300 - 900 - - 300 900 1200 3333 0.67 25.00
MLZ1 300 - 700 - 180 300 880 1180 34.09 0.68 25.42
MLZ2 400 - 480 - 200 300 680 1080 58.82 1.18 37.04
MLZ3 300 - 500 - 180 300 680 980 44.12 0.88 30.61
MLZ4 300 - 500 - 400 300 900 1200 33.33 0.67 25.00
MLFA1 300 - 700 180 - 300 880 1180 34.09 0.68 25.42
MLFA2 400 - 480 200 - 300 680 1080 58.82 1.18 37.04
MLFA3 300 - 500 180 - 300 680 980 44.12 0.88 30.61
MLFA4 300 - 500 400 - 300 900 1200 33.33 0.67 25.00
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higher porosity might indicate a higher air content, and thus a
favorable basis for a lower resulting thermal conductivity of the
insulation material.

3.2. Thermal conductivity and temperature diffusivity

The thermal conductivity of the observed
Miscanthus x giganteus bio-fiber, mineral binders, and pozzolanic
materials composite insulation panels was determined according
to ISO 8302 standard [33]. Sample panels with dimensions of
500 x 500 mm, and a thickness of 60 mm, were made. Panels were
tested by the Hot Plate method, using the thermal heat fluxmeters
TNO TH Delft, number F3g (heated side) and F5n (colder, unheated
side), in a quasi-stationary state in standard test chambers (hot
and cold) in a thermostat with water, Cu-CuNi thermocouples
(0.3 mm wire diameter) and a digital mV-meter, Keithley. After
determining the thermal conductivity of individual measurements,
the laboratory mean value of thermal conductivity was calculated.

The mean values of thermal conductivity of all samples stayed
in the range of 0.08 - 0.10 W/(m-K), while the calculated values
of thermal diffusivity remained in the range of 0.07 - 0.17-10°°
[m?/s]. This range of thermal conductivity was expected, and is
close to similar biomass-based thermal insulations [5-8]. The val-
ues of temperature diffusivity of the observed composites are
rather low due to the increased density of the composite material.
Therefore, it may be claimed that the main constraint for a wider
use of biomass-based insulation panels is not their thermal con-
ductivity, but rather their mechanical features. Hence, the assess-
ment of the properties of the insulation panels of different
compositions and component proportions is focused on their bear-
ing capacity, resistance to freeze-thaw and carbonation, and water
absorption.

3.3. Water content and absorption determination

Sample water content (H,), i.e. the amount of water that the
material contains in its pore system in laboratory ambient condi-
tions, was calculated for the cubic samples according to the proce-
dure defined by ASTM C 642 - 97 [34]. It represents the ratio
between the water content in the sample and the mass of the
dry sample (after 28 days of free-air drying). The water content
in the sample was recorded as the difference between the mass
of the sample in ambient conditions after 7 days curing in the mold
and the mass of the dry sample.
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Samples for the water absorption test were prepared by “Grad-
ual Immersion Method”, which involves an incremental immersion
of a cubic sample, previously dried to a constant mass. The immer-
sion occurs in a container, at defined time intervals, and in up to
four steps: Y%, ¥4, % of the sample height, until the entire sample
is immersed in water. The immersion procedure is usually carried
out at two-hour intervals. Water absorption was calculated as the
ratio of the mass of the water-saturated sample and the mass of
the completely dry sample, i.e. after drying for 28 days in the air,
and expressed as a percentage, obtained according to the standard
ASTM C 642 - 97 [34].

The results of water content and water absorption tests for all
the series are shown in Table 2.

The obtained results for water content and absorption are sim-
ilar to the values of other cellulose thermal insulation materials or
wood-based building materials [35,36] and remain between the
values for conventional thermal insulation materials [17], such as
polystyrene which is considered to be waterproof, and stone or
glass wool that represent non-waterproof materials due to their
high water absorption. The materials increasing moisture content
contributes to the rise of its thermal conductivity. Besides, the
hygroscopic properties of the biocomposite thermal insulation
result in a respectable moisture buffering capacity, contributing
to the building’s indoor relative humidity control, thermal comfort,
and indoor air quality, and also to the overall durability of the insu-
lation [37].

3.4. Mechanical behavior testing

As there are no standardized procedures for the measurement
of compressive and flexural strengths of thermal insulation mate-
rials based on bio-fibers, the tests were guided by the good practice
in testing the compressive and flexural strength of mortars. The
strength of the cubic and prismatic samples was determined by
recording the fracture point load of the materials in static load con-
ditions. Cubic samples were tested for compressive strength by
automated hydraulic press Cyber-plus Evolution, Matest, while
the prismatic samples were examined for compressive and flexural
strength by a manual hydraulic press (manual correction of oil
pressure in press) CMC, Amsler.

The compressive strength tests were performed according to
the standard SRPS EN 12390-3:2010 [38] for cubic samples, and
according to the standard SRPS EN 196-1:2017 [39] for the pris-
matic sample halves, following the flexural strength test. The com-
pressive strength was calculated as [17,38,39]:

Table 2
Water content and water absorp-
tion values.

Series H, (%) u (%)

MC1 47.0 90.6
MC2 58.8 72.9
MC3 53.6 86.3
MC4 51.6 88.8
ML1 55.2 90.3
ML2 58.8 95.7
ML3 75.8 81.8
ML4 55.1 78.4
MLZ1 47.4 94.1
MLZ2 81.4 89.6
MLZ3 22.0 88.6
MLZ4 318 80.0
MLFA1 233 85.4
MLFA2 29.6 74.2
MLFA3 43.0 89.1
MLFA4 19.3 84.1
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fo=Ppg/So, [-1000kPa] (1)

where P, 4 was the load measured at the fracture point, [kN] and S
represents the initial cross-section area, [cm?].

The flexural strength determination was conducted through a
“three-point bending” test on the prismatic samples, with a span
of 10.67 cm (I) according to SRPS EN 196-1:2017 [39], and the
results were calculated as [17,39]:

frs =15 (Pyg 1) /(b : hz), [-1000kPa] 2)

where P, represents the applied limit force (up to the breaking
point), [kN],  was the span (10.67 cm), and b and h were the sample
width and height, [cm], respectively.

Values of compressive strength obtained from the cubes, and
those of compressive and flexural strength obtained from the
prisms are shown in Table 3.

In the groups MC and MLFA, a matrix of calcined-silicate
hydrated minerals provided higher mechanical properties [17]. In
the other two groups, lime created a carbonate (CaCOs) crust of
lower mechanical properties, mixed with still un-carbonated lime
Ca(OH),, while zeolite showed no substantial influence on the
mechanical properties due to its weak pozzolanic effect [17-19].

These results were expected, based on a comparison to similar
bio-based thermal insulation materials [40,41]. Likewise, it should
be noted that the obtained values were similar to or better than the
known strengths of conventional insulation materials such as poly-
styrene and stone or glass wool [42,43].

3.5. Durability assessment: resistance to freeze-thaw and carbonation

Currently, there are no standards for measuring the freeze-thaw
resistance of thermal insulation materials. Therefore, the test was
performed according to the European standard EN 15304:2010
[44] for the determination of the freeze-thaw resistance of auto-
claved aerated concrete. Nine-months-old prismatic samples of
the materials were subjected to 7 freeze-thaw cycles between
two temperatures: —20 °C (18 h) and +60 °C (6 h) in the Climatic
chamber C700BCXPRO, FDM. Following this treatment, compres-
sive and flexural strength were investigated. For further durability
evaluation, the samples were afterward subjected to accelerated
carbonation in a carbonation chamber with a climate containing
2% carbon dioxide and 50% humidity. Following the carbonation,
another comparative assessment of the effects on both the com-
pressive and flexural strength was performed. The results of the
durability tests are shown in Fig. 4, represented as compressive
and flexural strength values in three stages: before durability treat-

Table 3
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ment, after the freeze-thaw treatment only, and after both the
freeze-thaw and the accelerated carbonation treatments.

In terms of mechanical behavior after exposure to the above-
mentioned treatments, the results showed different effects of
freeze-thaw and carbonation processes, influenced dominantly by
the type of binder used. There was a decrease of approximately
40% in the measured mechanical properties after the freeze-thaw
treatment for the cementitious binder group (MC). For the three
lime binder groups (ML, MLZ, and MLFA), a drop of approximately
50% was observed, which can be attributed to the freeze-thaw
treatment [45,46]. The testing of small samples showed a limited
loss in mechanical properties after freeze-thaw cycling.

Following the freeze-thaw treatment, the samples were sub-
jected to accelerated carbonation. A substantial increase (approxi-
mately 27%) in both compressive and flexural strengths was
recorded in all groups made with lime, which can be attributed
to the carbonation process. The carbonation reaction in mortars,
i.e. all alkaline materials, represents the diffusion of carbon dioxide
through the material’s pore structure and its reaction with capil-
lary pore water and CaO, making calcium hydroxide and its accom-
panying uptake of carbon dioxide followed by precipitation of
calcium carbonate. This process is known as the mechanism of
strength improvement (hardening mechanism) of lime-based com-
posites [47]. The increased CO, content in the carbonation cham-
ber stimulated the lime carbonation and improved the sample’s
mechanical properties.

Low durability in the face of changing weather conditions
(freeze-thaw) and carbonation by carbon dioxide from the air dur-
ing the exploitation period may lead to poor insulation material’s
mechanical characteristics and influence its future market posi-
tion. Nevertheless, the studies on durability regarding resistance
to freeze-thaw and carbonation of bio-based thermal insulation
do not exist or are limited. There are some studies of freeze-thaw
resistance of wood fiber-plastic composites [45,46] and the dura-
bility of plant concrete [9]. However, the aging protocols for bio-
composites are yet diverse, making a comparison of the results
difficult [40].

4. Summary and conclusions

Thermomechanical characterization of various types of
biomass-based thermal insulation materials is imperative for their
wider application. In this study, the properties of
Miscanthus x giganteus bio-fiber composite thermal insulation
intended for use in outer wall panels were investigated. A total
of sixteen mixtures (four groups of four mixtures) with different

Compressive and flexural strength of the investigated series for the cube and prism-shaped samples, [kPa].

Group Series Compressive strength, cubes ~ Compressive strength, prisms  Flexural strength, prisms
Series made with a cementitious binder MC1 300 292 159
MC2 728 518 111
MC3 214 284 135
MC4 1116 1349 631
Series made with lime ML1 33 205 263
ML2 31 205 131
ML3 32 188 135
ML4 39 253 272
Series made with lime and zeolite (weak pozzolanic reaction) MLZ1 33 211 135
MLZ2 44 208 138
MLZ3 40 139 138
MLZ4 34 244 135
Series made with lime and fly ash (good pozzolanic reaction) = MLFA1 207 633 135
MLFA2 273 465 274
MLFA3 270 475 274
MLFA4 353 526 139
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Fig. 4. Durability investigation results, flexural (flex) and compressive (compr) strength of un-treated (un-tr), treated by freeze-thaw (fr-th), and treated by freeze-thaw and

carbonation (carb), [kPa]

component proportions were examined. The components
included: Miscanthus x giganteus fibers, mineral binders, poz-
zolanic materials, and water. The observed properties were ther-
mal conductivity, temperature diffusivity, density, water content,
water absorption, compressive and flexural strength, and durabil-
ity, i.e. resistance to freeze-thaw and carbonation.

The densities of tested mixtures after air-drying ranged
between 330 kg/m® and 819 kg/m>, representing the values con-
siderably higher than those of conventional thermal insulation
materials, but common for similar bio-based insulating
composites.

The thermal conductivity of the observed samples stayed in the
range of similar cellulose-based bio-fiber insulation materials with
values in the range of 0.08 - 0.10 W/(m-K). Due to the increased
density of the composite material the values of temperature diffu-
sivity are rather low, i.e. in the range of 0.07 - 0.17-10°% [m?fs],
compared to the commonly considered biomass insulation materi-
als. This strongly contributes to the increased thermal inertia of the
insulated wall and the minimization of temperature fluctuations
inside the building.

The results of water content (19.3 - 81.4%) and water absorp-
tion (72.9 - 95.7%) were satisfactory and close to the values of
other cellulose thermal insulation materials or wood-based build-
ing materials, remaining between the values for conventional ther-
mal insulation materials which might be waterproof or non-
waterproof depending on the type of the material.

The compressive strength for the cube- and prism-shaped sam-
ples and the flexural strength for prism-shaped samples were in
the range of 31 - 1116 kPa, 139 — 1349, and 111 - 631 kPa, respec-
tively. The recorded values of compressive and flexural strengths
were satisfactory compared with similar bio-based thermal insula-
tion, and similar or better than the known strengths of conven-
tional insulation materials such as polystyrene and stone or glass
wool.

The series with a cementitious binder (MC) demonstrated a
decrease in the compressive and flexural strength after these two
treatments, while the lime-only series (ML) showed a different
behavior. The freeze-thaw treatment of the ML series resulted in
a drop in compressive and flexural strengths (40-50%), but

subsequent carbonation led to an increase in both strengths of
approximately 27%. The level of resistance to freeze-thaw treat-
ment and carbonation, i.e. durability, was observed to be highly
dependent on the type of binder used.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Acknowledgement

This work was supported by the Ministry of Education, Science
and Technological Development of the Republic of Serbia.

References

[1] S. Proietti, P. Sdringola, U. Desideri, F. Zepparelli, F. Masciarelli, F. Castellani,
Life Cycle Assessment of a passive house in a seismic temperate zone, Energy
Build. 64 (2013) 463-472, https://doi.org/10.1016/j.enbuild.2013.05.013.

[2] N.K. Arora, T. Fatima, I. Mishra, M. Verma, J. Mishra, V. Mishra, Environmental
sustainability: challenges and viable solutions, Environ. Sustain. 1 (2018) 309-
340, https://doi.org/10.1007/s42398-018-00038-w.

[3] Global Alliance for Buildings and Construction, Global Status Report 2018,
https://www.globalabc.org/uploads/media/default/0001/01/
f64f6de67d55037cd9984cc29308f3609829797a.pdf, 2018.

[4] C. Hilla, A. Nortong, J. Dibdiakova, A comparison of the environmental impacts
of different categories of insulation materials, Energy Build. 162 (2018) 12-20,
https://doi.org/10.1016/j.enbuild.2017.12.009.

[5] D. Antonijevi¢, Energetic and environmental adequacy of biomass thermal
insulation materials, in: 14th International Conference on Heat Engines and
Environmental Protection, Matrafured, Hugary, 2019, pp. 1-9.

[6] M. Palumbo, A.M. Lacasta, M.P. Giraldo, L. Haurie, E. Correal, Bio-based
insulation materials and their hygrothermal performance in a building
envelope system (ETICS), Energy Build. 174 (2018) 147-155, https://doi.org/
10.1016/j.enbuild.2018.06.042.

[7] M. Pfundstein, R. Gellert, A. Rudolphi, M. Spitzner, in: Insulating Materials -
Principles, Materials, Applications, Birkhduser, Basel, Switzerland, 2007, p. 112.

[8] F. Asdrubali, F. D'Alessandro, S. Schiavoni, A review of unconventional
sustainable building insulation materials, Sustain. Mater. Technol. 4 (2015)
1-17, https://doi.org/10.1016/j.susmat.2015.05.002.

[9] S. Amziane, M. Sonebi, Overview on bio-based building material made with
plant aggregate, RILEM Tech. Lett. 1 (2016) 31-38, https://doi.org/10.21809/
rilemtechlett.2016.9.


https://doi.org/10.1016/j.enbuild.2013.05.013
https://doi.org/10.1007/s42398-018-00038-w
https://www.globalabc.org/uploads/media/default/0001/01/f64f6de67d55037cd9984cc29308f3609829797a.pdf
https://www.globalabc.org/uploads/media/default/0001/01/f64f6de67d55037cd9984cc29308f3609829797a.pdf
https://doi.org/10.1016/j.enbuild.2017.12.009
http://refhub.elsevier.com/S0378-7788(20)31731-X/h0025
http://refhub.elsevier.com/S0378-7788(20)31731-X/h0025
http://refhub.elsevier.com/S0378-7788(20)31731-X/h0025
http://refhub.elsevier.com/S0378-7788(20)31731-X/h0025
https://doi.org/10.1016/j.enbuild.2018.06.042
https://doi.org/10.1016/j.enbuild.2018.06.042
http://refhub.elsevier.com/S0378-7788(20)31731-X/h0035
http://refhub.elsevier.com/S0378-7788(20)31731-X/h0035
http://refhub.elsevier.com/S0378-7788(20)31731-X/h0035
https://doi.org/10.1016/j.susmat.2015.05.002
https://doi.org/10.21809/rilemtechlett.2016.9
https://doi.org/10.21809/rilemtechlett.2016.9

A. Savic et al.

[10] A.M. Papadopoulos, State of the art in thermal insulation materials and aims
for future developments, Energy Build. 37 (2005) 77-86, https://doi.org/
10.1016/j.enbuild.2004.05.006.

[11] LF. Liu, H.Q. Lia, A. Lazzaretto, G. Manente, C.Y. Tong, Q.B. Liu, N.P. Li, The
development history and prospects of biomass-based insulation materials for
buildings, Renew. Sust. Energy Rev. 69 (2017) 912-932, https://doi.org/
10.1016/j.rser.2016.11.140.

[12] I. Lewandowski, C. Clifton-Brown, O. Scurlock, W. Huisman, Miscanthus:
European Experience with a novel energy crop, Biomass Bioenergy 19 (2000)
209-227, https://doi.org/10.1016/S0961-9534(00)00032-5.

[13] L Jelic, D. Zakic, A. Savic, D. Antonijevic, I. Petric, Mechanical properties of a
new insulation material based on Miscanthus x Giganteus, in: XXVI
International Conference Ecological truth & Environmental Research -
EcoTER’18., Bor Lake Serbia, 2018, pp. 306-312.

[14] E. Boix, F. Georgi, P. Navard, Influence of alkali and Si-based treatments on the
physical and chemical characteristics of miscanthus stem fragments, Ind. Crop.
Prod. 91 (2016) 6-14, https://doi.org/10.1016/j.indcrop.2016.06.030.

[15] Rule Book on the Energy Efficiency of the Buildings. Official Gazette of the
Republic of Serbia, No. 61/2011. https://www.paragraf.rs/propisi/pravilnik_o_
energetskoj_efikasnosti_zgrada.html, 2011. Accessed 13 Sept 2019.

[16] V. Pidlisnyuk, L. Erickson, S. Kharchenko, T. Stefanovska, Sustainable land
management: growing miscanthus in soils contaminated with heavy metals, ].
Environ. Prot. 5 (2014) 723-730, https://doi.org/10.4236/jep.2014.58073.

[17] M. Muravljov, Construction materials, The Construction book, Belgrade, Serbia
(2007) 397.

[18] D. Kall6, In: D.L. Bish, D.W. Ming, (Eds.), Natural Zeolites: Occurrence,
Properties, Applications. Reviews in Mineralogy and Geochemistry,
Mineralogical Society of America 45 (2001) 519-550. DOI:10.2138/
rmg.2001.45.15.

[19] M. Najimi, J. Sobhani, B. Ahmadi, M. Shekarchi, An experimental study on
durability properties of concrete containing zeolite as a highly reactive natural
pozzolan, Constr. Build. Mater. 35 (2012) 1023-1033, https://doi.org/10.1016/
j-conbuildmat.2012.04.038.

[20] S. Sircar, A. Myers, in: Handbook of Zeolite Science and Technology. Chapter
22: Gas Separation by Zeolites, Marcel Dekker, Inc., New York, USA, 2003, p.
1526.

[21] H. Song, N. Zheng, F. Xue, F. Cheng, Study on thermal insulation zeolite by coal
fly ash, J. Nanomater. (2014) 1-6, https://doi.org/10.1155/2014/875940.

[22] SRPS B.C1.018:2015, Non-metallic mineral raw materials - Pozzolanic
materials - Cement-production ingredients - Classification, technical
conditions and test methods.

[23] SRPS EN 450-1:2014, Fly ash for concrete - Part 1: Definition, specifications
and conformity criteria.

[24] P. Wang, ]. Wang, Q. Qian, H. Wang, Life cycle assessment of magnetized fly-
ash compound fertilizer production: a case study in China, Renew. Sustain.
Energy Rev. 73 (2017) 706-713, https://doi.org/10.1016/j.rser.2017.02.005.

[25] American Society for Testing and Materials, standard ASTM C618, Standard
Specification for Coal Fly Ash and Raw or Calcined Natural Pozzolan for Use in
Concrete.

[26] Z. Ahmad, H.M. Saman, P.M. Tahir, Oil palm trunk fiber as a bio-waste resource
for concrete reinforcement, Int. J. Mech. Mater. Eng. 5 (2) (2010) 199-207.

[27] B. Belhadj, M. Bederina, Z. Makhloufi, R.M. Dheilly, N. Montrelay, M.
Quéneudéc, Contribution to the development of a sand concrete lightened

Energy & Buildings 229 (2020) 110511

by the addition of barley straws, Constr. Build. Mater. 113 (2016) 513-522,
https://doi.org/10.1016/j.conbuildmat.2016.03.067.

[28] SRPS EN 196-1:2018, Methods of testing cement — Part 1: Determination of
strength.

[29] SRPS EN 12390-1:2018, Testing hardened concrete - Part 1: Shape, dimensions
and other requirements for specimens and molds.

[30] SRPS EN 12350-6:2008, Testing fresh concrete - Part 6: Density for fresh state.

[31] SRPS EN 12390-7:2010, Testing hardened concrete — Part 7: Density of
hardened concrete.

[32] A. Braiek, M. Karkri, A. Adili, L. Ibos, S.B. Nasrallah, Estimation of the
thermophysical properties of date palm fibers/gypsum composite for use as
insulating materials in building, Energy Build. 140 (2017) 268-279, https://
doi.org/10.1016/j.enbuild.2017.02.001.

[33] ISO 8302:1991, Thermal insulation - Determination of steady-state thermal
resistance and related properties — Guarded hot plate apparatus.

[34] ASTM C 642 - 97, Standard Test Method for Density, Absorption, and Voids in
Hardened Concrete.

[35] K. Veitmans, U. Grinfelds, Wood fiber insulation material, Res. Rural Dev. 2
(2016) 91-98.

[36] L. Ducoulombier, Z. Lafhaj, Comparative study of hygrothermal properties of
five thermal insulation materials, Case Stud. Therm. Eng. 10 (2017) 628-640,
https://doi.org/10.1016/j.csite.2017.11.005.

[37] F. Osanyintola, C. Simonson, Moisture buffering capacity of hygroscopic
building materials: experimental facilities and energy impact, Energy Build.
38 (10) (2006) 1270-1282, https://doi.org/10.1016/j.enbuild.2006.03.026.

[38] SRPS EN 12390-3:2010, Testing hardened concrete - Part 3: Compressive
strength of test specimen.

[39] SRPS EN 196-1:2017, Methods of testing cement - Part 1: Determination of
strength.

[40] R. Walker, S. Pavia, R. Mitchell, Mechanical properties and durability of hemp-
lime concretes, Constr. Build. Mater. 61 (2014) 340-348, https://doi.org/
10.1016/j.conbuildmat.2014.02.065.

[41] Y. Brouard, N. Belayachi, D. Hoxha, N. Ranganathan, S. Méo, Mechanical and
hygrothermal behavior of clay - sunflower (Helianthus annuus) and rape
straw (Brassica napus) plaster bio-composites for building insulation, Constr.
Build. Mater. 161 (2018) 196-207, https://doi.org/10.1016/
j.conbuildmat.2017.11.140.

[42] Australian urethane & styrene, Expanded Polystyrene (EPS), https://www.
thermalps.com.au/imagesDB/ wysiwyg/TDS_Expanded_Polystyrene.pdf.

[43] Insulation - Materials, Science and Application, Gass Mineral Fibre &
Rockwool, https://local.ecollege.ie/Content/APPRENTICE/liu/ind_
insulation/mod4/m4_u5.pdf.

[44] EN 15304:2010, Determination of the freeze-thaw resistance of autoclaved
aerated concrete.

[45] W. Wang, J.J. Morrell, Water sorption characteristics of two wood-plastic
composites, Forest Prod. J. 54 (12) (2004) 209-212.

[46] J.M. Pilarski, L.M. Matuana, Durability of wood flourplastic composites
exposed to accelerated freeze-thaw cycling, part I Rigid PVC matrix, J. Vinyl
Addit. Techn. 11 (1) (2006) 1-8, https://doi.org/10.1002/vnl.20029.

[47] K. Van Balen, D. Van Gemert, Modelling lime mortar carbonation, Mater.
Struct. 27 (1994) 393-398, https://doi.org/10.1007/BF02473442.


https://doi.org/10.1016/j.enbuild.2004.05.006
https://doi.org/10.1016/j.enbuild.2004.05.006
https://doi.org/10.1016/j.rser.2016.11.140
https://doi.org/10.1016/j.rser.2016.11.140
https://doi.org/10.1016/S0961-9534(00)00032-5
http://refhub.elsevier.com/S0378-7788(20)31731-X/h0065
http://refhub.elsevier.com/S0378-7788(20)31731-X/h0065
http://refhub.elsevier.com/S0378-7788(20)31731-X/h0065
http://refhub.elsevier.com/S0378-7788(20)31731-X/h0065
http://refhub.elsevier.com/S0378-7788(20)31731-X/h0065
https://doi.org/10.1016/j.indcrop.2016.06.030
https://www.paragraf.rs/propisi/pravilnik_o_energetskoj_efikasnosti_zgrada.html
https://www.paragraf.rs/propisi/pravilnik_o_energetskoj_efikasnosti_zgrada.html
https://doi.org/10.4236/jep.2014.58073
https://doi.org/10.1016/j.conbuildmat.2012.04.038
https://doi.org/10.1016/j.conbuildmat.2012.04.038
http://refhub.elsevier.com/S0378-7788(20)31731-X/h0100
http://refhub.elsevier.com/S0378-7788(20)31731-X/h0100
http://refhub.elsevier.com/S0378-7788(20)31731-X/h0100
http://refhub.elsevier.com/S0378-7788(20)31731-X/h0100
https://doi.org/10.1155/2014/875940
https://doi.org/10.1016/j.rser.2017.02.005
http://refhub.elsevier.com/S0378-7788(20)31731-X/h0130
http://refhub.elsevier.com/S0378-7788(20)31731-X/h0130
https://doi.org/10.1016/j.conbuildmat.2016.03.067
https://doi.org/10.1016/j.enbuild.2017.02.001
https://doi.org/10.1016/j.enbuild.2017.02.001
http://refhub.elsevier.com/S0378-7788(20)31731-X/h0175
http://refhub.elsevier.com/S0378-7788(20)31731-X/h0175
https://doi.org/10.1016/j.csite.2017.11.005
https://doi.org/10.1016/j.enbuild.2006.03.026
https://doi.org/10.1016/j.conbuildmat.2014.02.065
https://doi.org/10.1016/j.conbuildmat.2014.02.065
https://doi.org/10.1016/j.conbuildmat.2017.11.140
https://doi.org/10.1016/j.conbuildmat.2017.11.140
https://www.thermalps.com.au/imagesDB/+wysiwyg/TDS_Expanded_Polystyrene.pdf
https://www.thermalps.com.au/imagesDB/+wysiwyg/TDS_Expanded_Polystyrene.pdf
https://local.ecollege.ie/Content/APPRENTICE/liu/ind_insulation/mod4/m4_u5.pdf
https://local.ecollege.ie/Content/APPRENTICE/liu/ind_insulation/mod4/m4_u5.pdf
http://refhub.elsevier.com/S0378-7788(20)31731-X/h0225
http://refhub.elsevier.com/S0378-7788(20)31731-X/h0225
https://doi.org/10.1002/vnl.20029
https://doi.org/10.1007/BF02473442

	Thermomechanical behavior of bio-fiber composite thermal insulation panels
	1 Introduction and motivation
	2 Bio-fiber composite preparation
	3 Experimental results
	3.1 Density calculation
	3.2 Thermal conductivity and temperature diffusivity
	3.3 Water content and absorption determination
	3.4 Mechanical behavior testing
	3.5 Durability assessment: resistance to freeze-thaw and carbonation

	4 Summary and conclusions
	Declaration of Competing Interest
	Acknowledgement
	References


