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IEVADS

RazoSanas tempu palielinaSanas un pakapenisks mehanizacijas [Tmena
picaugums dazadas darba vietas, ka ari jauno tehnologiju ievieSana tadas
darba vietas, kur kadreiz izmantoja roku darbu, ir novedis pie ta, ka Sobrid
daudzviet ir paaugstinats fona troksnis. Sada situacija novérojama ne tikai
razoSanas uzpémumos (darba galdi, dazadas virpas un preses u.c.), bet ar
birojos, kur picaudzis tehnikas Ipatsvars un biezi vien darba vietas cita no
citas ir atdalitas ar maza augstuma norobezojumiem, ka arT auditorijas, kur
veidojas skanu kroplojumi u.c.

Ipasi tiek izdalita trok3pa negativa ietekme uz dzirdi, kam biezi ir
neatgriezeniskas sekas. Troksnis nelabvéligi ietekm& ar1 tadas cilvéka
organisma sist€mas ka nervu sisteému, asinsrites sisttmu u.c. (Ar darba
vides..., 2003).

Lai samazinatu trokSnu Itmeni darba vietas un ne tikai darba vietas,
javeicina skanas absorb&sana, izklajot telpas norobezojosas konstrukcijas ar
sada tipa materialiem. Dazadas funkcionalajas vietas dazas skanas
frekvences ir domingjosas par citam frekvencém. Tadel, ka, izmantojot
absorbgjosos materialus, ir iesp&jams absorbét konkrétas frekvences skanas,
var iegiit cilvekam atbilsto§o komforta Iimeni.

Ir parlieciba, teorétiski un prakstiski pieradijumi, ka materiala struktiira
ietekm& skapas absorbciju (I'amkuner, Mepkun, 1981; CkysHc,
[Iraken6epr, KpaBunckuc, 1984; Illwmmsa, Kaccemsman, Hamen, 1982;
T'opnos, Mepkun, 1984; Ckysnc, 1987; Voronina, 1994; Voronina, 1996;
Voronina, 1997; Olny, Atalla, 2005; Laukaitis, Fiks, 2006; Arenas,
Crocker, 2010; Foret, Guigou-Carter, Chene, 2010; Sgard, Skinner,
Peters, 2006). Ipadi tas attiecas uz materialiem ar izteiktu porainibu.
Materialu izgatavoSanas tehnologijas nosaka poru struktiiras veido$anos un,
mainot tehnologiju, iesp&jams iegiit dazadu porainibu. Pielietojot akustiskos
materialus, lai tos varétu ekspluatét skapas absorb&Sanai, janodroSina ari
tadas par€jas nepiecieSsamas Ipasibas ka stipriba liec€, stipriba spiedé u.c.
Tade] javeic arT parbaudes stipribas Tpasibam. Vienlaicigi pozitivajam
akustiskajam 1pasibam (skanas absorbcijai un izolacijai) poraini materiali
raksturojas ar labam siltumizol&josam ipaSibam. Ideadls variants ir, ja
materialam sakrit maksimalas vertibas skanas absorbcijai, skanas izolacijai
un siltumizolacijai.

Energijas taupiSana majoklu un bGvmaterialu razo$ana ir svarigs
jautajums ne tikai Latvija, bet arT citas valstis. Milziga primaras energijas
patérina un CO, emisija ir raksturiga, razojot dazadus musdienu izolacijas
materialus. Dabas resursi ir plasi izmantoti blivmaterialu raZzosana daudzas
valstis visa pasaule (Mathur, 2005; Akthar, Evans, 2010). Latvijas viet&jo
materialu izmanto$ana, pieméram, gipsa, celtniecibas materialu razoSana
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skanas izolacijai €kas un buves butu nozimigs ieguldijums Latvijas
tautsaimnieciba. GipSakmens ir vietgjais resurss, un ta izmantoSana Latvijas
tautsaimnieciba ir ekonomiski izdeviga. Sobrid Latvija ir noverteti 747336
tikst. m* un izpétiti ir 26821.5 m* (Pielikums zinojumam par..., 2005).
Gipsakmens krajumi galvenokart izvietoti valsts centralaja dala, kas
atvieglo to razoSanu un transport€Sanu. Gipsi iegiist, termiski apstradajot
gipSakmeni 150+180 °C temperatira, kas ir loti zema temperatira,
salidzinot ar cementa iegiSanu vai akmens vates razo$anu. Saja temperatiira
strauji notiek kalcija sulfata dihidrata (gipSakmens) dehitratacija, veidojot
saistvielu, kuru talak izmanto izstradajumu razoSana.

PutugipSa razoSana ir viens no iesp&amajiem gip$a pielietoSanas
veidiem. Ir iespgams plasi mainit ta tilpummasu, kas ir svarigakais
blivmaterialu un kompozitmaterialu parametrs, lai regulétu mehaniskas
ipasibas (Bruijn, Jepsson, 2009; Chen, Sucech 2010; Duval, Bormaud,
2011; Khan, Chen, 2010; Khan, Chen 2011; Le Troédec, Rachini, 2010;
Nilsson, Gustafsson, 2007; Sedan,Pagnoux, 2008; Tran Le, Maalouf, 2010;
Yuanjian, Isaac, 2007), skanas absorbciju (Grubliauskas, Butkus, 2009;
Kubicki, 2007; Laukaitis, Fiks, 2006), siltuma vaditsp&ju (Kymaéldinen,
Sjoberg, 2008) u.c. Ieprieksgjie pétijumi (Skujans, Vulans, 2007) par
putugipsi paradija, ka putugipsim var biit lidzigas ipasibas ar citiem labi
zinamiem siltuma un skapas izolacijas materialiem — akmens vati,
polistirolu, perlitu, u.c. Saskana ar Eiropas regulam (Ieteikumi par gipsa...,
2008), gipsim piemit augsta uguns izturiba — uguns reakcijas klase (Al
(Fireboard plaksném) vai A2-s1,d0 pargjam gipskartona plaksném).

Ka putugipsa trikumu varétu minét materiala trauslumu, tapec
nepiecieSama ta pastiprina$ana. Dabiskas $kiedras, kas aug misu regiona,
varétu tikt izmantotas stipribas paaugstinasanai. Ka materialu stiegrojums
dienvidu regionos tiek izmantoti palmu augi (Bacellar; D'Almeida, 2009,
D'Almeida, Mello Filho, 2009), bet Eiropa tas varétu biit kanepju Skiedras
(Allin, 2005). Skiedru augi ir saméra pladi izmantoti celtniecibas,
transportlidzeklu razoSanas sféra, lauksaimnieciba un citur. Daudzi p&tijumi
ir veikti, izmantojot dazadas Skiedras, lai uzlabotu mehaniskas ipasibas.
Ipasa uzmaniba tiek pieversta kanepju Skiedru izmanto3anai ari biivniecibas
nozarés. Par So tému petijumi veikti Vacija, Francija, Lielbritanija
(Ulme, Freivalde, 2009).

Petijuma objekts putugipsa izgatavoSanas tehnologija, lai iegitu
struktiiru, kas nodroSinatu noteiktas nepiecieSamas skanas absorbcijas
materiala fizikali mehaniskas 1pasibas.

Petijuma priekSmets materiala fizikali mehanisko ipasibu veidosanas,
mainot putugipSa izgatavosanas tehnologiju. Putugip$a akustiska materiala



iesp&jas absorbeét nepiecieSamas frekvences skanu, vienlaikus nodroSinot
nepiecieSamas stipribas un siltumpliismas TpasSibas. Darba apskatitais skanas
frekvencu diapazons ir no 250 Hz lidz 4000 Hz.

Petfjuma hipotezes:

e mainot putugipSa skapas absorbcijas materiala izgatavoSanas
tehnologiju, iesp&jams panakt dazadas izstraddjuma TipaSibas, kas
nodro§inatu vidéjo sveérto skanas absorbcijas koeficientu o,>0.60
frekvencu diapazona no 250+4000 Hz, vienlaicigi izpildot stipribas
prasibas (Rliece> 0.08 MPa, Rspiede> 0.20 Mpa);

e putugipsa izgatavoSanas tehnologija ar kanpepju spalu dispersa
stiegrojuma pielietoSanu var uzlabot ta stipribas ipaSibas un skanas
absorbciju;

e putugipsa skanas absorbcijas koeficienta atkariba no izstradajuma
biezuma ir analogiska ka mineralvatei.

Petijuma merkis: pamatojoties uz teorétiskiem un eksperimentaliem
pétijumiem, izstradat priek$likumus, kuru rezultata, varigjot ar putugipsa
skanas absorbcijas materiala izgatavoSanas tehnologiju, tiktu iegitas
izstradajuma Tpasibas, kuras nodrosinatu vidgjo sveérto skanas absorbcijas
koeficientu 0,>0.60 frekvencu diapazona no 250+4000 Hz, vienlaicigi
izpildot stipribas prasibas (Rjiece> 0.08 MPa, Ryicae™> 0.20 MPa).

Petfjuma meérka sasniegSanai izvirti Sadi uzdevumi:

o veikt Stnu betonu fizikalo (skanas absorbcijas, porainibas, tilpummasas
u.c.), ka arT mehanisko (spiedes, lieces stipribas) literatiira doto 1pasibu,
normativo dokumentu un pétniecisko publikaciju datu apkoposanu un
analizi;

e tchnologijas  pilnveidei  izgatavot  eksperimentalus  paraugus
(p<400 kg m?), pielietojot  dazadas putugipsa izgatavoSanas
tehnologijas, noteikt to skanas absorbciju un struktiiras ietekmi uz
materiala fizikalajam un mehaniskajam pasibam;

e izstradat putugipSa zOSanas modeli teorStiski eksperimentalam
parbaudém, kur iesp&jams noteikt siltuma daudzumu, kas nepiecieSams
putugipSa 7ave$anai un eksperimentali noteikt galvenos putugipsa
paraugu ziiSanas parametrus atkariba no putugip$a tilpummasas;

e izstradat priekslikumus izgatavoSanas tehnologijai, lai ieglitu materialu
ar noteiktu materiala struktiru, kas dod iesp&ju iegiit izstradajuma
1pasibas, kuras nodrosinatu vidgjo svérto skanas absorbcijas koeficientu



0,>0.60 frekvencu diapazona no 250+4000 Hz, vienlaicigi izpildot
stipribas prasibas (Rjece>0.08 MPa, Rypieqe>0.20 MPa);

e veikt pétijumu par putugipSa izgatavosanas tehnologijas pilnveidoSanu,
pielietojot disperso kanepju spalu stiegrojumu, varigjot stiegrojuma
garumu un daudzumu, noteikt ta fizikali mehaniskas 1pasibas un
salidzinat rezultatus ar nestiegrotu putugipsi.

Promocijas darba zinatniska novitate:

e pirmo reizi veikta putugipsa skanas absorbcijas materiala izgatavoSanas
tehnologijas izstradasana, lai panaktu nepiecie$amo materiala struktaru
un biezumu, kas nodroSina vidgjo svérto skanas absorbcijas koeficientu
C klasei p&c LVS EN ISO 11654:2000 prasibam 250 Hz+4000 Hz
frekvencu diapazona, ka arT vienlaicigi nodroSinatu pietickamas
materiala stipribas Tpasibas;

e izveidots adekvats putugip$a mitruma zGSanas matematiskais modelis,
kur§ dod iesp€ju noteikt efektivo ziiSanas dzilumu. Noteikta galveno
putugipSa paraugu ZziSanas parametru atkariba no putugipSa
tilpummasas;

e noteikts, ka putugipsa skanas absorbcijas materialam un mineralvatei ir
analogiska sakariba starp skanas absorbcijas koeficientu un izstradajuma
biezumu;

e pirmo reizi noteikta kanpepju spalu dispersa stiegrojuma ietekme uz
putugips$a poru struktiiru un ta fizikalajam un mehaniskajam ipasibam.
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Daliba projekta Latvijas — Lietuvas parrobezu sadarbibas programmas
2007. — 2013. gadam projekts ,,Zinatnes un razosanas sadarbibas veidoSana
Jelgava un Saulos”, kura ietvaros stradats pie e-studiju kursa ,,Aizsardziba
pret troksni” izveides.
Daliba ERAF projekta ,,Jaunu kompozitblivmaterialu izstrade uz putugipsa
bazes ar Skiedraugu stiegrojumu un no tiem veidotu sisttmu pé&tijjumi”
2010.gads.

MATERI ALI UN METODES

PutugipSa izgatavoSanaika galvena sastavdala tika izmantots [
CaS0,-0.5H,0 buvgipsis ar blivumu 2550 kg m~, maluma smalkumu
3.86 g (7.72%) un saistiSanas laiku 18 min 30s. Ka virsmas aktiva viela tika
izmantota STAMEX F-15 FFFP 5% putu veidotajs. Doktora darba izstrades
ietvaros eksperimentalie paraugi tika izgatavoti ar sausds mineralizacijas
metodi (T'opnoB, Mepkun, 1984; Ckysnc, 1987), kas lauj samazinat
udens/gipsa attiecibu, tadgjadi uzlabojot materiala Tpasibas.

ZuSanas procesalaika parauga vidgjais mitrums tika noteikts, to
sverot ar svariem, kuru maksimali pielaujamais svérSanas svars 16100.0 g,
bet jutiba ir £ 0.2 g. Lai parbauditu ieglitos teorétiskos rezultatus, putugipsa
paraugiem tika veikti to ziSanas p&tijumi velkmes skapi pie temperatiiras
20°C, relativa gaisa mitruma 30-40% un gaisa kustibas atruma 0.02 m s™
parauga virsmas tuvuma.

Poru skaitsun laukums tika noteikts ar digitalo mikroskopu VHX-100
50 reizu liela palielinajuma. Poru skaits un aiznemtais laukums tika noteikts
uz laukuma vienibu 1 mm? péc autora izstradatas metodes Sim
mikroskopam.
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Lieces stipiiba tika noteikta ar iekartu Zwick Roell 2.5 TS trispunktu
liece sijinam ar izmériem 40x40x160mm un attalumu starp balstiem
100 mm péc standarta metodes, bet putugipsa plaks$nu lieces stipriba
noteikta p&c standarta LVS EN 14246:2006 ,,Gipsa elementi piekartajiem
griestiem. Definicijas, prasibas un test€Sanas metodes”.

Siltumplasmas n&rijumi tika veikti ar divkanalu bezvadu siltuma
plismas un temperatiiras elektronisko mérsistému, ka arT ar karstas plates
meériekartu saskana ar standartu LVS ISO 8302:2001 Siltuma izolacija -
Siltuma pretestiba un ar to saistito TpaSibu noteikSana stacionara reZima -
Norobezotas karstas plaksnes ierice”.

Skanas absorbcijanoteikta akustiskaja caurulé ar &40 mm, frekvencu
diapazona no 250+4000 Hz. Izsvértais skanas absorbcijas koeficients
noteikts péc standarta LVS EN ISO 11654:2000 ,,Akustika - Skanas
absorbétaji €kas - Skapas absorbcijas parametri”’. Modelu parbaudém
absorbcija noteikta reverberacijas kaméra péc standarta LVS EN ISO
354:2003 ,,Akustika. Skanas absorbcijas mériSana reverberacijas kamera”.

Putugipsim ar kanepju spdu srtiegrojumu papildus putugipsa
izgatavoSanai tika pievienoti kanepju spali dazadas koncentracijas. Kanepju
spalu koncentracija c, g kg ir spalu daudzums gramos uz 1 kg sausa gipSa
izejmateriala. Spalus sagatavo, tos sasmalcinot un sijajot ar attieciga izméra
sietiem, lai iegiitu atSkirigus garumus 2.5+5.0 mm un 5+10 mm.

1. AKUSTISKAS MATERI ALU UZ MINER ALO SAISTVIELU
BAZES IZGATAVOSANA UN PIELIETOSANA

Nodala apskatita Stinubetonu klasifikacija, to prieksrocibas un tritkumi
saistiba ar akustisko jautdjumu risinaSanu, ka ar1 veikta analize par
putugipSa iepriek§ veiktajiem pétjjumiem péc dazadam izgatavoSanas
metod&m un izvEleta putugipsa izgatavoSanas metode to p&tijumiem.

Apskatits poru sadalfjums p&c to izmériem, un sniegts apkopojums ta
ietekmei uz materiala skanas absorbciju.

1.1. Sinu betonu Klasifikacija un iegiadanas tehnolgijas

Putumateriali uz mineralo saistvielu bazes ir viens no $iinu betona
veidiem. Sim betona paveidam raksturiga maza tilpummasa, sikas, pa visu
tilpumu vienmerigi izvietotas, gaisu ieskaujoSas poras, un tas ir izveidots,
razo$anas tehnologijas procesa iesaistot gaisu $kidra masa.

Promocijas darba ietvaros Stnu materialus var iedalit péc to
iegtiSanas tehnologijas (iegii$anai izmantota gaze vai putas) un struktiras.
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Misdienas, razojot Stinu materialus, izmanto visas pazistamas saistvielas —
cementu (gazbetons, putubetoni), kalki (gazsilikati), gipsi (gazgipsis,
putugipsis), ka arT dazadas to kompozicijas.

Putugipsis ir materials uz gipsa saistvielu bazes, kam iegiita porizéta
struktiira, izmantojot putas veidojosas vielas. Viena no efektivakajam
metodém — sauds mineralizacijas metode —ir izstradata MISI (MHCH)
(FopmoB, Mepkun, 1984; Ckysuc, 1987). Ar So pan€mienu iesp&jams
izmantot sist€émai nepieciesamo tdens daudzumu, kas ir tuvu teorétiski
nepiecieSamajam, lai notiktu hidratacija un tadgjadi uzlabotu materiala
ipasSibas  (Ckysne, IlltakenGepr, 1984b). Mainot izgatavoSanas
tehnologiju — U/g attiecibu un virsmas aktivas vielas (VAV) daudzumu —
iesp&jams panakt dazadas tilpummasas un poru strukttiras materialus.

1.2. Porainas strukiiras ietekme uz fizikali mehaniskajam ipa§bam

Poru ietekme uz fizikali mehaniskajam 1pasSibam ir nenoliedzama un
paSsaprotama, ko savos pétljumos apstiprinajusi vairaki zinatnieki un
zinatnieku grupas (Laukaitis, Fiks, 2006; Voronina, 1994, 1996, 1997,
Arenas, Crocker, 2010; Hleiikun, Yexorckuit, 1979; Cox, Van Dijk, 2002;
Yang, Chiang, 2001; Foret, Guigou-Carter, Chene, 2010;
Sgard, Olny, Atalla,  2005).  Seikins,  Cehovskijs un  Brusers
(IIeiikun, YexoBckuid, 1979) sava darba apkopojusi dazadu autoru veidotu
poru iedalifjumu péc to nosaukumiem un izmériem. Vismazakas poras <6 A
(ultramikroporas, ieks€jas nelielas, starpkrisatalu, starpslanu), klasifikacijas
autori Brunauers, Mihails, Kondo, Feldmans. Nakama izméra poras 6+15 A
(mikroporas, g€la poras, absorbcijas, ieks€jas lielas, iekSgji kristaliskas),
klasifikacijas autori Brunauers, Pauers, Mihails, Kondo, Feldmans.
Mezoporas un poras starp géla dalipdm ar izmériem no 15+1000 A,
klasifikacijas autori Brunauers, Mihails, Kondo, Feldmans. Vislielakas ir
makroporas ar izmériem >1000 A, klasifikacijas autori Brunauers, Pauers,
Mihails, Kondo, Feldmans. Putugip$a izpété un promocijas darba ietvaros
péc §1 sadalfjuma tika pétitas makroporas, kuram izméri ir virs 1000 A.
Darba apskatitais poru diapazons putugipsim ir no 25003100 A, kas
putugipsim tika iegiits pie dotajam izgatavoSanas tehnologijam.

Analizgjot tipiskos absorbcijas materialus un to sp&ju absorbét skanu
pie dazadam frekvencém, veidojas situacija, ka panela tipa absorbenti
(darbojas ka panela plaksnes pretestiba liecei un starpslanu pretestiba
spiedei) efektivi ir zemajas frekvenc€s. Helmholca absorbenti vidgjas
frekvences ar loti izteiktu absorbciju Saura frekvencu diapazona un porainie
absorbenti, kas ir efektivi tie$i augsto frekvencu slape€sanai, kur jau pie
500 Hz absorbcijas koeficients ir 0.55. Putugipsi pielietojot ka plaksnu
materialu, biitu iesp§jams ieglt visu So materialu labako 1paSibu
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apkopojumu, ka to savos petijumos par akmens vati, to perforgjot, ir veicis
Sgards (Sgard, Olny, Atalla, 2005) un, mainot poru struktiiru putubetoniem,
Laukaitis un Fiks (Laukaitis, Fiks, 2006).

Poraini elastigiem materialiem skanas absorbcijas koeficientu lidz
160 Hz ietekm& porainiba. No 160 Hz Iidz 1000 Hz domingjosa ietekme ir
materiala tilpummasai, pie 1250 Hz lielaka ietekme ir materiala biezumam,
bet no 1250 Hz Iidz 5000 Hz atkal visu nosaka materialu porainiba (Foret,
Guigou-Carter, Chene, 2010). Tadam materiala pasibam ka materiala
stipriba, biezums un elastibas modulis ietekme uz skanas absorbcijas
Ipasibam ir Iidz 35% (1.1.att.) un galvenokart uz frekvencu diapazoniem
virs 1250 Hz.
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z) -3
-t
e 5

100 125 160 200 250 315 400 500 &30 800 1000 1250 1600 2000 2500 3150 4000 5000
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Avots:(Foret, Guigou-Carter, Chene, 2010)

1.1. att. Fizikali mehanisko 1pasibu ieguldijums poraini elastiga materiala
skanas absorbcijas koeficienta veidosana.

1- porainiba; 2- stipriba; 3- biezumi; 4- elastibas modulis; 5- tilpummasa.

2. PUTUGIPSA IZGATAVOSANAS TEHNOLO GIJAS IETEKME
UN TAS PILNVEIDOSANA SKA NAS ABSORBCIJAS MATERI ALA
IZGATAVOSANAI

Detaliz&ti aprakstita putugip$a izgatavo$anas tehnologija visos tas
etapos. Ka viens no galvenajiem un energo ietilpigakajiem procesiem ir
putugipsa 7avésana. Saja nodala aprakstita [idz §im zinama informacija par
putugip$a ZavéSanu un izstradats putugip$a zoSanas modelis, ar kuru
iespgjams noteikt nepiecieS$amo siltuma daudzumu, lai izzavetu putugipsi
I1dz nemainigai masai.
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Aprakstita autora veidota putugipSa poru skaitiSanas metodika ar
digitalo mikroskopu VHX-100. Ar So metodiku iegttie rezultati att€loti
poru sadalijumos promocijas darba izmantotajam putugip$a izgatavos$anas
tehnologijam. No poru struktiras izrietoSie materiala stipribas raditaji
noteikti visam pétijuma veidotajam tehnologijam. IzgatavoSanas
tehnologijam ar VAV 4 ml liecg tie ir lidz 2.9 reizes augstaki, bet spiedé
lidz 3.5 reizes augstaki neka izgatavosanas tehnologijam ar VAV 6 ml.

Veikta viena no galvenajiem parametriem — siltumvaditspgjas
koeficienta — noteikSana atkariba no materiala tilpummasas. legiitie rezultati
ir labaki, salidzinot ar iepriek§ zinamajiem (Ckysic, 1987) datiem alfa
modifikacijas putugipsim. Promocijas darba iegiitajam beta putugipsim pie
tilpummasas 270 kg m” siltumvaditspgjas koeficients ir 0.08 W (m K)', bet
pie 400 kg m” siltumvaditsp&jas koeficients ir 0.11 W (m K)™.

IzgatavoSanas tehnologija, ietekm&jot tilpummasu, ietekmé ari
materiala skanpas absorbcijas koeficientu. Saja nodala aprakstita skanas
absorbcijas koeficienta noteikSanas metodika un iegttie rezultati pie
dazadam frekvenceém atkariba no izgatavosanas tehnologijas un materiala
biezuma. Iegiitie rezultati sasaucas ar akmens vates skanas absorbcijas
pétljumiem, ko veicis Smits (IlImuar, 1969), kad planakiem paraugiem pie
augstajam frekvencém ir labaki skanas absorbcijas raditaji neka pie
zemajam frekvenc€m, bet biezakiem paraugiem skanas absorbcijas
koeficients ir augstaks pie zemajam frekvencém. Secinats, ka putugipsim
skanas absorbcijas koeficients ir augstaks, izgatavojot to ar tehnologiju, kas
nodrosina lielaku poru un caurejoSo poru laukumu uz 1 mm?. Kopgjais poru
laukums 0.44+0.46 mm? uz 1 mm? dod skanas absorbcijas koeficientu
robezas no 0.41+0.43, bet poru laukums 0.48 mm? uz 1 mm? dod skanas
absorbcijas koeficientu 0.52.

P&c izgatavo$anas tehnologijas iegiitie materiali sadaliti 3 grupas péc to
tilpummasas un veikts to savstarp&jais skanas absorbcijas koeficienta
salidzinajums pie dazadam frekvenc€m un materiala biezumiem. Skanas
absorbcijas koeficientu pie materiala biezuma 10 un 20 mm zemo frekvencu
diapazona maz ietekmé tilpummasa, bet pie materiala biezuma 50 un
100 mm noverota bitiska atSkiriba skanas absorbcijas koeficienta vertibam
visiem trim tilpummasas apgabaliem pie visiem frekvencu diapazoniem.

2.1. PutygipSa z@Sanas modelis

Zusanas procesa vienlaicigi darbojas masas un siltuma parneses
procesi, un tapeéc bitu nepiecieSams iegiit vienkarsu, uz eksperimentaliem
datiem balstitu, zG$anas modeli ar optimalu energijas patérinu. Ziisanas
process sastav no divam dalam. Pirmaja dala ir konstants Z{iSanas atrums,
bet otraja ir kritoSs zusanas atrums (Handbook of Industrial..., 2007).
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Sakotn€ja zuSanas stadija tas ir atkarigs no apkartgjas vides apstakliem
(mitruma, temperatiiras un gaisa plismas atruma) (Tang, Etzion, 2004;
Dincer, Dost, 1995; Musielak, Kieca, 2009; Defraeye, Blocken et al., 2012).
Starp Siem ziiSanas procesiem pastav kritiskais punkts (Iljins, Skujans,
2009), kura mainas ZiiSanas process no argjo faktoru ietekmes uz ieksgjo
faktoru ietekmi.

Lidz Sim laikam pétijumus par putugipsa zuSanu veikusi Iljins un
Skujans (Iljins, Skujans, 2009). Apskatot ziiSanu divos etapos, ir sagaidams,
ka sakotngji iztvaikoSana notiks ar konstantu atrumu, kuru nosaka nevis
parauga materiala Tpasibas, bet gan apkartgja gaisa temperattira un relativais
mitrums. Paraugam sakotngjais mitrumu uz apaksgjas virsmas (z=0) noklats
ar tvaika barjeru, ka ar1 pargjas skaldnes, iznemot virs§jo, noklatas ar
mitruma izol&jo$u materialu. So sistému apraksta nestacionarais diftizijas
(Fika) vienadojums vienas koordinatas gadfjuma ar otrd veida
robeznosacTjumiem.

Atrisinot matematisko fizikas problému ar nestacionaro diftizijas
vienadojumu vienas koordinatas sist€éma ar otrad veida robeznosacijumiem,

_____

W*=¢'d,kgm'3.
D

Paraugam ziistot un saniedzot t., beidzas pirmais ziiSanas etaps. Uz
parauga virsmas z=d, mitrums ir sasniedzis [idzsvara mitrumu W,. Sakot ar
¢(t) nosaka parauga materiala fizikalie parametri un tas eksponencialil’
samazinas atkariba no laika (Iljins, Skujans, 2009) un ir mazaks neka
sakotngjais konstantais ziiSanas atrums ¢ pirmaja etapa. Tas nozimé, ka
otraja zuSanas etapad mainas sakuma nosacljums un robeZnosacijums.
Sakuma nosacljumam otrajam etapam pie t. tika izmantots matematiskas
fizikas problémas atrisinagjums pirmajam etapam (2.1) ar pirma veida
robeznosacijumiem.

Otraja ziSanas etapa sistému aprakstosais diftizijas vienadojums paliek
nemainigs (Fika vienadojums) un, atrisinot problemu ar jauno
sakumnosacijumu un pirma veida robeznosacljumu, izmantojot mainigo
atdaliSanas metodi, iegiist izteiksmi (2.2) (Iljins, Skujans, 2009):
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W(tt:2=W, +i&cos;(2n+l)z.exp(_”z(i::'1)z D(t_tcr)J 2.2)

kur:

An-(‘l)n([vm—wo—gtww)- 4w [1_8.1J_

T 6 ) 2n+l 2n+1 | 2 (2n+1)?

8W* & 2n+1 1 77k?
- . -exp| — Dt
pead De (2K —(2n+1)° p( d D

Wi(t, z), Wy(t, z) — parauga mitrums atkariba no laika t un
koordinates z attiecigi pirmaja un II z0ganas etapa, kg m™;

d parauga biezums, m;

¢  ZzuSanas atrums, kg (m*s)™";

D  difuzijas koeficients, m* s™';

W, Wy, W* — attiecigi sakuma, lidzsvara mitrumi, y* = p-d , kg m>.
D

Izmantojot teorétisko izteiksmju (2.1 un 2.2) un eksperimentalo datu
salidzinasanu, ar mazako kvadratu metodi var aprékinat modelos nezinamos
lielumus t;, @, D. Lidzsvara mitrumu W, no $1 modela nevar noteikt, tapec
tas tika pienemts vienads ar nulli.

Aprakstitaja model tick pienemts, ka Z@Sana notick no parauga
virsmas, kuras biezums ir bezgaligi mazs. Tomér, ievérojot putugipsa
paraugu augsto porainibas pakapi, ir sagaidams, ka zaiSana dal&ji notiks ar1
no poram, kas atrodas parauga ieksSieng. Pirmaja tuvinajuma pienemot, ka §1
zuSanas intensitate eksponenciali samazinasies virziena uz parauga iekSieni.
AttiecTgi zGSanai pateréto jaudas blivumu atkariba no koordinates z var
aprekinat péc formulas 2.3:

q2=q exp(—%) 23)

kur:
g ZzuSanas procesa paterétais jaudas blivums uz parauga virsmas
z=d, W m> ;
0  efektivais zusanas dzilums, m.
pienemts konstants, var izveidot viendimensionalu stacionaru modeli, kas
satur Puasona vienadojumu temperatiiras aprékinam parauga ieksieng.
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kur:

kur:

kur:

kur:

T _ 92

= (2.4)
02" A
A parauga siltumvaditspgja, W (m K).
Robeznosacijumu uz parauga apaksgjas virsmas z=0:
oT
A— =a,(T-T,) (2.5)
z=0

oy siltuma atdeves koeficients no parauga apaks€jas virsmas,
W (m*K)";
To apkartgjas vides temperatiira, °C.
Robeznosacijumu uz parauga augsgjas virsmas z=d:
oT
—A— =a,(T-T,) (2.6)

z=d

o, siltuma atdeves koeficients no parauga augsgjas virsmas,
W (m*K)™.

Atrisinot sisteému (2.4+2.6), iegiist atrisinajumu

TZ=E+AHB+25%mEd;6 2.7)

_ 99 ayy,r. v d.
A=-— RTLA(I exp( )D+052+0(1 exp( 5)

2
B:_[q§+ﬂA+q§ +Ad}
a, A

RT :i_ﬁ.i_ﬁ.g-

a, o, A

Piepliistosos siltuma daudzumus Q (W m™) var aprékinat, izmantojot

robeznosacijumus (2.5, 2.6 un 2.7):
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oT
Qz =—A—

= _g5—JA 2.8)
0z

z=d

Q=22

0z|,,
Kopgjais paterétais siltuma daudzums:

= qaexp(—%) + A (2.9)

Q=Q+Q, = —q5(1 —exp(— g)] =gl (2.10)

kur:
L latentais siltums no putugip$a mitruma Zusanas, J kg™

Teoretisko modeli salidzinot ar eksperimentalajiem datiem, ar mazako
kvadratu metodi var aprékinat modela nezinamos liclumus & un L.

ZiiSanas patérétais siltuma daudzums tika mérits ar siltuma plasmas
sensoriem, kas tika pielim@ti pie parauga aug$gjas un apaks€jas virsmas.
Parauga ZzG$anas laikd virsmu temperatiiras un temperatiiras parauga
iekSien€ 1 un 2 mm dziJuma, skaitot no parauga aug$¢jas virsmas, tika
merTtas ar K tipa termopariem.

Detali eksperimentu rezultati paraditi vienam putugipSa paraugam ar
biezumu 2 ¢cm un tilpummasu sausa stavokli 345 kg m~. Minéta tilpummasa
no putugip$a pielietojuma viedokla ka siltumizolacijas un skanas
absorbcijas materialam ir optimalaja diapazona (250+450 kg m™).

Salidzinot teor&tiskos ar eksperimentalajiem parauga sverSanas datiem
ziSanas procesa (2.l.a.att.), ir iegiita vidéja mitruma teortiska ziiSanas
likne, kurai ir izteiktas divas ZuSanas stadijas. Dotajam paraugam ir noteikti
zSanas parametri:

e difiizijas koeficients D=4.79-10" m* s”';
e  7iiSanas atrums ¢»=3.91- 10° kg (m2 s'l)'l;
e pirma etapa garums t,=1.13 d.
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2.1. att. PutugipSa zGSanas parametri atkariba no laika.

(a) vidgjais teorétiskais un eksperimentalais parauga mitruma daudzums,
(b) parauga virsmu (T2 un T3) 1 mm (T1) un 2 mm (T4) dziluma temperatiiras,
(c) siltuma pliismas caur parauga virsmam (Q1 pie z=0, Q2 pie z=d) atkariba no

zuSanas laika.
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Izmantojot parauga temperatiiras un sanemtd siltuma merjjumus
2.1.b. un 2.1.c.att., ka ar aprékinato ziSanas atrumu ¢, no izteiksmes (2.7)
ar mazako kvadratu metodi var noteikt 8, kas reprezent€ to slana biezumu,
no kura efektivi notiek zSana. Savukart no izteiksmes (2.10) var aprékinat
putugip$a ztsanas latento siltumu L. Tegiitie rezultati:

8=3.8 mm, L=1.69-10° J kg''. legitais latentais siltums ir mazaks par
tdens iztvaikoSanas siltumu pie temperatiras 20°C (2.45:10° J kg'l), jo
7iiSana Seit notick no putugip$a virsmas, kas atSkiras no parastas
iztvaiko$anas. Daudz blivakam (mazak porainam) putugipsa paraugam
(p=1055 kg m™ sausa stavokl7) analogi rezultati ir: §=0.69 mm; L=2.02-10°
J kg’l. Tas parada, ka Sie aprekinatie parametri ir atkarigi no putugipsa
paraugu tilpummasas. PutugipS$a zGSanas latentais siltums ir svarigs
parametrs, lai var€tu noteikt $T materiala zuSanai nepiecieSamo siltuma
daudzumu un ar to saistitas zavesanas izmaksas.
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16.50 \\ < >
16.00 /
15.50 ~__ -

15.00 1
0 0.005 0.01 0.015 0.02

Temperatiiras merisanas dilums parauga (z), m

Temperatiira (T), °C

/

Avots: autora izsttdats (Brencis, lljins, Skujans, 2012)

2.2. att. Teorgtiski aprékinatais temperatiiras sadalijums putugip$a parauga
atkariba no dziluma.

Piedavataja teorétiskaja modeli izteiksme (2.7) dod temperatiiras
sadalfjumu parauga iekSiené pa koordinati z. Eksperimentali temperatiiras
mérijumi parauga iekSiené 1 un 2 mm dziluma 2.1.b.att. T1 un T4 rada, ka
temperatiira parauga dziluma, skaitot no parauga augS€jas virsmas,
samazinas. Teoretiski aprékinata temperatiiras atkariba no dziluma
(koordinatas z) dod $im paraugam temperatiiras minimumu, kas ir paradits
2.2.att. Att€la redzams, ka temperatiiras minimums ir parauga augS¢jas
virsmas tuvuma un aprékinatas temperatiiras uz parauga virsmam (apaksgjas
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7=0 T=17.2 °C; augsgjas z=d T=18.3 °C) ir tuvas eksperimentali
liecina, ka izveidotais matematiskais modelis ir adekvats un dod
kvantitativu teorétisko petijumu un eksperimentalo datu sakriSanu.

2.2. Pielietofis tehnolgijas ietekme uz poru struktiru

Slegto poru ietekmi uz skanas absorbcijas Tpasibam pétijusi
petnieki, nosakot to sadalfjumu (Sgard, Olny, Atalla, 2005;
Arenas, Crocker, 2010;), skaitu (Voronina, 1996; Voronina, 1997), izméru
(Voronina, 1996; Sgard, Olny, Atalla, 2005) un porainibu (Voronina, 1996;
Laukaitis, Fiks, 2006). Visos gadijumos ka viens no galvenajiem raditajiem
skanas absorbcijas koeficienta ietekmé atzitas caurejosas poras. Laukaitis
un Fiks (Laukaitis, Fiks, 2006) noteikusi caurejoso poru porainibas attiecibu
pret kopgjo porainibu, ka arl saistfjuSi to ar materiala gaisa pliismas
koeficientu. Putugipsim, vari€jot dazadas ta izgatavoSanas tehnologijas,
iesp&jams panakt noteiktu poru struktiiru, kam ir cieSa sakariba ar materiala
tilpummasu un skanas absorbciju.

Materialu izgatavojot péc tehnologijas ar Gidens gipSa attiecibu
(@/g) 0.6 un virsmas aktivas vielas daudzumu (VAV) 4ml no sausa gipsa
masas, tika ieglits materials ar tilpummasu 398 kgm™ un porainibu
85.21 %. Materiala struktiira 50 reizu liela palielindjuma paradita 2.3. att.

P&c $is tehnologijas izgatavotajiem paraugiem vid&jais poru skaits uz
1 mm’® ir 7.64 ar poru laukumu 0.486 mm?2. Caurejo$o poru skaits §adam
putugipsim uz 1 mm? ir 11.60 un to laukums 0.0573 mm?2. Poru skaita
standartnovirze 2.25, savukart caurejosajam poram standartnovirze 3.47.

P&c putugipsa struktoras redzams, ka poru lielums un skaits izkartots
haotiski pa visu paraugu. Sl€gtas poras daudzviet savienojusas ar blakus
esoSajam poram. Analiz§jot datu kopu p&c ekscesa (0.2 parastajam poram
un -0.58 caurejosam poram) un asimetrijas (-0.16 parastajam poram un -.39
caurejo$ajam poram) koeficientu vertibam. P&c histogrammas var secinat, ka
poras ir plasa diapazona — gan caurejosajam poram, gan parastajam
atvertajam poram.
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Avots: autora foto

2.3. att. Putugipsa strukttira 50x palielinajuma. 4/g 0.6, VAV 4 ml,
p=398 kg m™.

Poru pasibu raksturojums tilpummasu diapazona no 250300 kg m™
un 350+400 kg m~ apkopots 2.1. un 2.2.tabula. Apskatot putugipsa
izgatavosanas tehnologijas ietekmi uz poru struktiiras atseviskajam
komponentém — poras un caurejoSas poras — U/g attiecibai un VAV
daudzumam nav novérota viennozimiga ietekme, bet noverota ietekme
uz kop€jo poru un caurejo$o poru laukumu uz 1 mm?. Netakarigi no
pielietota VAV daudzuma kopgjais poru laukums samazinas, pieaugot
U/g attiecibai. Putugip$a izgatavoSanas tehnologijai ar 6 ml VAV tas
samazinas no 0.5652 mm? ar G/g attiecibu 0.6 lidz 0.4851 mm? ar G/g
attiecibu 0.9 un izgatavoSanas tehnologijai ar 4 ml VAV no 0.5433 ar
@/g attiecibu 0.6 1idz 0.4353 ar G/g attiecibu 0.9. Atskiriba starp lielako
un mazako kopgjo poru laukumu ir 25% izgatavoSanas tehnologijai ar
4 ml VAV un 17 % izgatavosanas tehnologijai ar 6 ml VAV. Savukart ar
lielaku VAV daudzumu (6 ml) kopgjais poru laukums pie dazadas G/g
attiecibas ir lielaks neka ar 4 ml VAV daudzumu pie analogas G/g
atiecibas izgatavotajam putugipsim.
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2.1.tabula

Putugip3a ar tilpummasu 250+300 kg rii poru ipadbu raksturojums,
izgatavojot to ar dazdam tehnologij am

Virsmas aktiva viela 6 ml uz 1 kggipSa

Udensgipsa attieaba

Parametrs

0.6

0.7

0.8

0.9

Poru
vidgjais
diametrs

0.301+0.018

0.277+0.019

0.275+0.026

0.0256+0.019

Poru skaits
uz 1 mm?

6=7

78

6+7

7+8

Poru
laukums uz
1 mm?

0.501£0.121

0.475+0.086

0.443+0.102

0.436+0.120

Caurejoso
poru skaits
uz 1 mm?

10+11

13+14

13+14

1213

Caurejoso
poru
laukums uz
1 mm?

0.0642+0.025

0.0574+0.026

0.0542+0.025

0.0491+0.023

Kopgjais
poru un
caurejoso
poru
laukums uz

1 mm?

0.5652+0.090

0.5324+0.050

0.4972+0.062

0.4851+0.084

Avots: autora izstidats

2.2. tabula

Putugipsa ar tilpummasu 350+400 kg ri poru ipa&bu raksturojums,
izgatavojot to ar dazadam tehnologijam

Virsmas aktiva viela 4 ml uz 1 kggipSa

Udensgip$a attieaba
Parametrs 06 07 08 09
Poruvidejais | (5410050 | 0264£0.044 | 0.252:0.029 | 0.0256-0.017
diametrs
Poru skaits
uz 1 mm?2 78 78 78 67
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2.2. tabulas turpinajums

Virsmas aktiva viela 4 ml uz 1 kggipSa

Udensgip$a attieaba

Parametrs 06 0.7 08 09

Poru
laukums uz 0.486+0.099 | 0.440+0.108 | 0.416+0.095 0.401+0.090

1 mm?

Caurejoso
poru skaits 11+12 10+11 11+12 10+11
uz 1 mm?

Caurejoso

poru 0.0573£0.019 | 0.0375+0.029 | 0.0359+0.013 | 0.0343+0.029
laukums uz

1 mm?

Kopgjais
poru un
Ca‘;r(fl{gso 0.5433+0.08 | 04775£0.06 | 0.4519£0.07 | 04353+0.12
laukums uz
1 mm?

Avots: autora izstidats

2.3. Stipfibas pEtijumi

Pieaugot tilpummasai, pieaug arT materiala stipribas raditaji gan
spiedg, gan liecg, bet péc iegiitajiem rezultatiem putugipsim ar vienadam
tilpummasam stipribas raditaji atSkiras pat par 40% (skatit 2.3. un
2.4. tabulu). Tas parada, ka stipribas raditajus bez tilpummasas ietekmé
citi raditaji, pieméram, mezoporas un mikroporas putugip$a poru
sieninas.

Izmantojot vienaddu VAV daudzumu (6 ml) un varigot ar w/g
attiecibu, tilpummasa mainas 30 kg m™ robezas, bet stipriba liecé un
spiedé picaug, paliclinoties fidens daudzumam atbilsto$i tilpummasas
piecaugumam, bet lieces un spiedes pieaugumi nav proporcionali
tilpummasas pieaugumam. Stipribas raditaju samazinajums novérojams
pie izgatavosanas tehnologijas G/g 0.9 VAV 6 ml. Pie §is izgatavoSanas
tehnologijas putugipsis ir ar nestabiliem raditajiem.
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2.3. tabula
Putugip3a ar tilpummasu 250+300 kg i ipadbu raksturojums,
izgatavojot to ar dazdam tehnologij am

IzgatavoSanas| Tilpummasa | Porainiba | Stipriba Stipriba
tehnologija kg m* % liece, MPa | spieds, MPa
Vli/g 2r6nl 278+37 89.07 0.041+0.019 | 0.054+0.023
Vli/g 2r7nl 281+11 88.98 0.066+0.005 | 0.106+0.029
VI:JA‘/\(/} 2r8nl 283+13 88.95 0.071£0.008 | 0.123+0.012
Vli/g’ ol 25847 89.85 | 0.057£0.005 | 0.095£0.020

Avots: autora izstidats

Samazinoties VAV daudzumam (uz 4 ml), stipribas raditajiem ir
mazaka korelacija. Determinacijas koeficientu zemas vertibas parada, ka pie
izgatavoSanas tehnologijas ar VAV daudzumu 4ml tilpummasai ir zema
ietekme uz stipribu. Péc veiktajiem putugipSa struktiiras pétijumiem,
ietekmgjosais faktors var€tu biit caurejoso poru un putugip$a poru sieninas
esoSu poru ietekme. 2.4. tabula apkopota informacija par stipribas vidéjiem
raditajiem pie izgatavosSanas tehnologijas 4 ml, un tur redzams, ka rezultati
lidzigi ka pie izgatavoSanas tehnologijas ar 6 ml VAV ir atbilstosi
tilpummasai, bet tas ir neproporcionalas, kas apstiprina faktu, ka bez
tilpummasas stipribu ietekmé vel kads raditajs.

2.4. tabula
Putugip3a ar tilpummasu 350+400 kg ri{ raksturojums, izgatavojot to
ar dazadam tehnologijam

IzgatavoSanas| Tilpummasa | Porainiba | Stipriba Stipriba
tehnologija kg m* % liece, MPa | spiedg, MPa
Vli/g é(l)r6nl 3774+33 85.21 0.132+0.055 | 0.210+0.084
VIZS g 378216 85.17 | 0.176£0.028 | 0.31140.037
V?\/\q;] grgnl 352+11 86.19 0.141£0.010 | 0.271%0.036
Vli/\q;] é(l)rgnl 366+34 85.65 0.150+0.026 | 0.250+0.036

Avots: autora izstidats
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2.4. Siltumplismas @tijumi

Attela 2.4. paraditas putugipsa siltumvaditsp&jas koeficienta vertibas
atkariba no tilpummasas salidzinatas ar Skujana (Ckysac, 1987) datiem.
Varigjot putugipSa razoSanas tehnologiju (idens gipsa attiecibu un virsmas
aktivo vielu, ml), ir iespgjams iegit putu gipsi ar blivumu no
250+1100 kg m>, kas bitiski ietekmé putugip$a ipasibas, taja skaita
siltumvaditsp&ju. Atteéla 2.4. redzama siltuma vaditspgja atkariba no
tilpummasas attieciba uz divu veidu putugipsiem. Alfa gipsa dati ir iegiiti no
putugipsa, kas razots mno alfa kalcija sulfata  pushidrata
(a0 CaSOy - 0.5H,0) (Cxysnc, 1987), bet otra me&rjjumu sérija ir promocijas
darba izstrades gaita iegita ar [ kalcija sulfata pushidratu
(B CaSOy - 0.5H,0). Atskiribas starp mérjjumu s€rijam skaidrojama ar to,
ka putugipsa izejvielas tiek izmantotas dazadas alfa un beta modifikacijas.

015 -
< 014
2013 -
2 012 - A =0.0003p +0.0174
[ 2] -
2& o011 - R?=0.9954
2 E0.10 -
[[]
ZZ 0.09 -
T 0084 A =0.0002p + 0.0138
£ 007 - R?=0.96
=006

150 200 250 300 350 400 450 500
Tilpummas (p), kg m™3
Avots: autora papildiata, izmantojot Cxysnc, 1987)

2.4. att. Putugipsa siltumvaditsp&jas koeficients atkariba no putugipsa
tilpummasas.

® - putugipsis no alfa gipsa (Cxysuc, 1987); B - putugipsis no beta gipsa.

2.4. Poru ietekme uz putgipSa skapas absorbciju

Akustiskos parametrus porainos materialos regulé tadas 1pasibas ka
materiala  porainiba, likumainiba  (tortuosity), gaisa  plasmas
pretestiba, (Allard, Attal, 2009;Foret, Guigou-Carter, Chene, 2010) un
tilpummasa (Skinner, Peters, 2006). Poraini elastigos materialos ietekme uz
skanas absorbciju ir atSkiriga pie dazadam frekvencém (Foret, Guigou-
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Carter, Chene, 2010), izteiktaka ta ir frekvencu apgabala lidz 250 Hz un virs
1600 Hz. Promocijas darba noteikta putugip$a porainiba izriet no gipsa
blivuma un materiala tilpummasas, bet poru skaits un to laukums uz 1 mm?
ir mainigs atkariba no izgatavoSanas tehnologijas. Poru vidéjam diametram
palielinoties, palielinas vidgjais (izsvertais) skanas absorbcijas koeficients,
kas noteikts saskana ar EN ISO 16545 standartu. 2.5. tabula apkopotaja
informacija par putugip$a ar tilpummasu diapazona no 250+300 kg m” datu
vidgjas vertibas rada, ka skanas absorbciju ietekmé&josais faktors ir poru un
caurejoso poru kopgjais laukums uz 1 mm?.

2.5. tabula

Putugipsa ar tilpummasu 250+300 kg 1 fizik alo ipa&bu poru
raksturojums, izgatavojot to ar daZzadam tehnologij am

IzgatavoSanas
tehnologija

Poru skaits

Poru laukums, mm?2

CaurejoSo poru
skaits

CaurejoSo poru
laukums, mm?2

Kopéjais poru un
caurejoSo poru
laukums uz 1 mma2

Vidgjais skanas

absorbcijas
koeficients pie
10C mm biezume, oy

U/G
0.6
VAV
6 ml

6+7

0.501+0.12

10+11

0.064+0.03

0.565+0.09

0.72

U/G
0.7
VAV
6 ml

7+8

0.475+0.09

13+14

0.057+0.03

0.532+0.05

0.62

U/G
0.8
VAV
6 ml

6+7

0.443+0.10

13+14

0.054+0.03

0.497+0.06

0.61

U/G
0.9
VAV
6 ml

7+8

0.436+0.12

12+13

0.049+0.02

0.485+0.08

0.61

Avots: autora izstidats

Putugipsim tilpummasas diapazona no 350+400 kg m”> novérojama
lidziga poru vidgja diametra ietekme uz skanas absorbcijas koeficienta
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vértibu. Saja tilpummasu diapazona izgatavotais putugipsis ir ar konstantu
VAV daudzumu (4 ml), kas dod mazaku materiala porainibu neka ar VAV
6 ml izgatavotajam putugipsim. Porainibas koeficienti atkiras par 3+5 %,
bet slégto poru skaits un to laukumi uz 1 mm? butiski neatSkiras. Atskirigie
raditaji ir caurejosSo poru skaits un to laukumi uz 1 mm? (2.6. tabula), kas ir
samazindjusies putugipsim ar lielaku tilpummasu, bet skanas absorbcijas
koeficienta vidgjas vertibas pie materiala 100 mm biezuma neveido tiesu
sakaribu. ST paradiba skaidrojama ar to, ka, nosakot vidgjo skanas
absorbcijas koeficienta vertibu péc EN ISO 16545 standarta, skanas
absorbcijas koeficientu vértibas 1/3 oktavas frekvencu diapazona tiek
noteiktas pec standartliknes, kas atSkiras no tieSiem mérjjumiem konkrétaja
frekvencu 1/3 oktava.
2.6. tabula
Putugipsa ar tilpummasu 350+400 kg 1 fizik alo ipa&bu poru
raksturojums, izgatavojot to ar dazadam tehnologij am

IzgatavoSanas
tehnologija
Poru skaits

Poru laukums, mm?2
CaurejoSo poru
skaits
CaurejoSo poru
laukums, mm?2
Kopégjais poru un
caurejoSo poru
laukums uz 1 mm2

Vidgjais skanas
absorbcijas

koeficients pie

100 mm biezumagy

U/G
0.6
VAV
4 ml

7+8 | 0.486+0.10 | 11+12 | 0.057+0.02 | 0.543+0.08 0.61

U/G
0.7
VAV
4 ml

7+8 | 0.444+0.11 | 10+11 | 0.038+0.03 | 0.478+0.06 0.52

U/G
0.8
VAV
4 ml

7+8 | 0.416+0.10 | 11+12 | 0.036+0.01 | 0.452+0.07 0.43

U/G
0.9
VAV
4 ml

6+7 | 0.401+0.09 | 10+11 | 0.034+0.03 | 0.435+0.12 0.41

Avots: autora izsttdats
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Samazinoties materiala porainibai, skapas absorbcijas koeficienta
vertibas 1/3 oktavas veidojas ar izteiktakiem ekstrémiem (Skinner,
Peters, 2006). Ekstrema punktu atraSanas vieta var ietekmét vid€jo skanas
absorbcijas koeficienta vertibu, novirzoties ekstréma punktam uz 1/3
oktavu, kur standartlikne ir ar zemaku vertibu. Ieglitos rezultatus putugipsa
skanas absorbcija iesp&jams sagrupét péc putugipsa poru struktiras, izejot
no 2.5. un 2.6. tabulas apkopotas informacjas par poru struktiiru un skanas
absorbciju. Kopg&jo poru laukums no 0.44+0.46 mm? uz 1 mm? dod skanas
absorbcijas koeficientu robezas no 0.41+0.43, poru laukums 0.48 mm? uz
1 mm? dod skanas absorbcijas koeficientu 0.52, savukart putugipsis ar poru
laukumu no 0.50+0.55 mm? uz 1 mm? ir ar skanas absorbcijas koeficientu
0.61. Vislielako absorbcijas koeficientu dod vislielakais kop€jais poru
laukums 0.57 mm? nodrosina absorbcijas koeficientu 0.72.

2.5. Skapas absorbcijasipagbas pie daidam frekvencem un
materialu biezumiem

Paraugu izgatavoSanas laika, varigjot adens gip$a attiecibu un virsmas
aktivas vielas (VAV) daudzumu, iegiistami dazadas tilpummasas paraugi.
Siem paraugiem, mérot skanas absorbcijas koeficientu pie noteikta
absorbgjosa slana biezuma, redzama absorbcijas koeficienta izmainas
atkariba no materiala biezuma un frekvences, pie kuras noteikts absorbcijas
koeficients. Skinners (Skinner, Peters, 2006) ar saviem kol€giem p&tijumos
par putu materialu skanas absorbcijas Ipasibam izdalfjusi Cetras pamatlietas.
Skanas absorbciju atkariba no frekvences pie dazadas tilpummasas,
materiala biezuma, porainibas un gaisa caurlaidibas. Visiem Siem
raditajiem, pieaugot frekvencei, skanas absorbcijas koeficients palielinas.
Planakiem materialiem skanas absorbcijas koeficienta vertibas ir mazakas
pie zemajam frekvencém, kas novérojams arl putugipsim pie dazadam
tilpummasam. Izteikti Sis pieaugums noverojams ar virsmas aktivas vielas
(VAV) daudzumu 6 ml (2.7. tabula). Putugipsim ar mazaku tilpummasu
skanas absorbcijas koeficienta maksimalas vertibas ir visplanakajam
paraugam pie maksimala frekvencu (4000 Hz) mérijuma, bet paraugiem ar
VAV daudzumu 4 ml, kas ir ar lielaku tilpummasu, maksimalas vértibas
tiek sasniegtas jau pie zemakam frekvenc€m un nostabilizgjas. Visizteiktak
tas redzams putugipsim ar izgatavoSanas tehnologiju /g 0.8 VAV 4 ml
(skattt 2.7.tabulu), kur maksimalas skanas absorbcijas vértibas 500 Hz,
100 Hz un 2000 Hz diapazona ir pie 30 mm biezuma.

Materiala biezuma un frekvencu saistiba skanas absorbcijas plaksném
uz mineralvates bazes jau ir pétita pagdjusa gadsimta 60-tajos gados. Smits
(IImupr, 1969) noteicis skanpas absorbcijas koeficientu akustiskajam
platnem, un no ta secinats, ka, samazinoties materiala biezumam,
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maksimala skanas absorbcijas koeficienta vertiba parvietojas uz augstaku

frekvenéu diapazonu. P&tfjumos ar putugipsi novérota tada pati izturéSanas

ka mineralvatei, kas ir Skiedrains materials. Paredzams, ka $ada izturéSanas

uzskatama par vispargju sakaribu, bet tam nepiecieSami papildus petijumi,
kas ir turpmako petijumu objekts.

2.7. tabula

Putugipsa, izgatavota ar tehnolgiju 0.6 VAV 4 ml, vidgja tilpummasa

377 kg m®, skapas absorbcijas koeficients atkaiba no
parauga biezuma

Skanas absorbcijas koeficients vidjas vertibas okiavu
Biezums, joslas, a.
mm
250 | 500 | 1000 2000 Hz 4000 Hz Vidjais
Hz Hz Hz
10 0.08 | 0.12 | 0.27 0.72 0.85 0.22
20 0.14 | 033 0.61 0.73 0.69 0.37
30 024 | 0.51 0.64 0.70 0.76 0.51
40 035 | 0.58 | 0.62 0.71 0.76 0.59
50 043 | 057 | 0.61 0.71 0.75 0.62
100 0.48 | 0.53 | 0.61 0.71 0.75 0.61

Avots: autora izsttdats

Izceltie dati ir maksimalas skanas absorbcijas vertibas katra frekvencu diapazona.

Savstarpgji salidzinot putugipSa izgatavoSanas tehnologijas ar VAV
4ml un VAV 6 ml, redzams, ka putugipSa izgatavoSanas tehnologijai,
varigjot ar Udens daudzumu, videja skanas absorbcijas koeficienta
maksimala veértiba ir atkariga no udens gipSa attiecibas (2.5.att.).
IzgatavoSanas tehnologijai ar 4 ml VAV @/g attiecibas ietekme ir jitama
izteiktak, jo veidojas dazadaka poru struktira, bet izgatavoSanas
tehnologijai ar 6 ml VAV caurejo$o poru laukumi ir ar mazaku atskiribu un
lidz ar to ©/g attieciba neietekmé tik daudz skanas absorbcijas koeficientu.
Putugipsim tilpummasas diapazond no 350+400 kg m™ skanas absorbcijas
koeficienta vertiba ir augoSa, pieaugot biezumam, bet, materialam
parsniedzot 20 mm biezumu, skanas absorbcijas koeficientu ietekmé /g
attieciba. Pieaugot U/g attiecibai, samazinas putugipSa vid€jas skanas
absorbcijas koeficienta vertiba. Savukart tilpummasu diapazona no
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250+300 kg m” § paradiba ir pretgja, bet ar nebitisku ietekmi. Apskatot
visas tehnologijas, secinams, ka maksimala skanas absorbcijas koeficienta
vertiba sastopama pie 50 mm parauga biezuma, kas uzskatams par optimalo
materiala biezumu skanas absorb&Sanai. Izneémums, kad skanas absorbcijas
koeficients butiski pieaug ari péc 50 mm biezuma, ir putugipsim ar
izgatavo$anas tehnologiju @/g 0.6 VAV 6 ml, kur maksimala vertiba ir pie
100 mm.
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2.5. att. Putugipsa oktavu joslu izsvertie vid&jie skanas absorbcijas
koeficienti atkariba no materiala biezuma tilpummasas apgabala no
350+400 kg m™.

2.6. Skayas absorbcijasipadbas pie daZdam putugipSa
izgatavoSanas tehnolgijam

Materialiem ar mazaku tilpummasu skanas absorbcijas koeficienta
vertibas ir augstakas pie visam frekvencE€m attieciba pret materialu ar
lielaku tilpummasu, §1 sakariba novérojama ari putugip$iem. Analizgjot
datus pie dazadam tilpummasam, neatkarigi no putugip$a izgatavo$anas
tehnologijas var izdalit tris tilpummasu apgabalus — 280 kg m™; 315 kg m™
un 370 kgm~. Skanas absorbcijas koeficientu maksimalas vértibas
sastopams pie 4000 Hz, neatkarigi no materiala biezuma (2.6.att. un
2.7.att.), ka tam biitu jabut. Atskirtbas noveérojamas frekvencu diapazona
zem 1 kHz, kur novérojama tilpummasu ietekmes atSkiriba. Putugipsim ar
mazu materiala biezumu (10 mm) 2.5.att. §1 ictekme nav novérojama, bet,
pieaugot biezumam, putugipsim ar zemaku tilpummasu (280 kg m™) skanas
absorbcijas koeficienta vértibas pamazam palielinas attieciba pret putugipsi
ar lielaku tilpummasu. Materialam ar 20 mm biezumu strauji pieaug ne tikai
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vidgjas skanas absorbcijas koeficienta vertibas, bet veidojas tilpummasas
ietekme — palielinas skanas absorbcijas koeficients pie 1 kHz, bet samazinas
pie 500 Hz un 250 Hz attieciba pret putugipsi ar liclaku tilpummasu
(2.6.att.). Palielinoties biezumam, §T tendence parvietojas arvien vairak uz
zemo frekvencu diapazonu.
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2.6.att. Putugipsa vidgjie oktavu joslu skanas absorbcijas koeficienti
atkariba no putugipsa tilpummasas pie dazadam frekvencém 10 mm
biezam paraugam.
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2.7.att. Putugip$a vidgjie oktavu joslu skanas absorbcijas koeficienti
atkariba no putugipsa tilpummasas pie dazadam frekvencém 100 mm
biezam paraugam.

33



Skanas absorbcijas plaksnes iespgjams ar dazadu biezumu atkariba no to
pielietojuma un nepiecieSamibas absorb&t noteiktu skanu. Attela 2.8.a.b.c.d.
redzamas vidgjas skanas absorbcijas vertibas pie dazadiem biezumiem atkariba
no izgatavoSanas tehnologijas. Péc stipribas raditajiem, putugipsis, kas ir
izmantojams skanas absorbcijas plaksném, ir ar izgatavoSanas tehnologijam @/g
0.6 VAV 4ml un @/g 0.7 VAV 4 ml. No §im izgatavoSanas tehnologijam
labakas skanas absorb&josas ipaSibas ir G/g 0.6 VAV 4 ml un pie materiala
biezuma 30 mm; 40 mm un 50 mm ta ipasibas neatpaliek no izgatavosanas
tehnologijam ar 6 ml VAV, kas dod labakas skanas absorbgjosas ipasibas. Ar
materiala biezumu 100 mm $ai izgatavoSanas tehnologijai ir zemaki raditaji par
0.11, bet $ada skanu absorbgjosa plaksne ir nepraktiska lietoSana.
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2.8.att. Putugipsa vidgjais izsvertais skanas absorbcijas koeficients pie
dazadam izgatavoSanas tehnologijam.

= VAV 4 ml; == =VAV 6 ml. a- 30 mm biezam paraugam; b- 40 mm biezam
paraugam; c- 50 mm biezam paraugam; d- 100 mm biezam paraugam.
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Nemot veéra bitiskuma raditajus un skanas absorbcijas koeficientu
izsvertas videjas vertibas pie dazadam tehnologijam (2.8.a.b.c.d.att.), ka ari
stipribas raditajus liecé un spiede, turpmakai materiala parbaudei tika
izvelets putugipsis ar izgatavosanas tehnologiju G/g 0.6 un VAV 4 ml.

Lai putugipsi varétu lietot ka skapas absorb&oSu paneli, tam ir
nepiecieSama noteikta stipriba. Gipsa griestu elementiem pé&c standarta LVS
EN 14246:2006 prasibam 600x600 mm lielai plaksnei ar laidumu 585 mm
jaiztur 6 kg slodze. Zinot nepiecieSamo slodzi un praktiski planako
iesp&jamo putugipsa plaksnes biezumu (35 mm (Laukaitis, Fiks, 2006)), p&c
teorctiski noteiktas materiala minimalas pielaujamas stipriba liecg, kas ar
standarta izvirzitajam dimensijam ir 0.08 MPa. Stipribas raditaju liece
analize starp izgatavoSanas tehnologijam, kas att€lota 4.1.att., redzams, ka
raditagjam >0.08 MPa atbilst tikai putugipsis ar izgatavoSanas tehnologiju,
kam izmantots 4 ml VAV. No $§im tehnologijam nav izmantojams
putugipsis ar izgatavoSanas tehnologiju @/g 0.9 VAV 4 ml un 4/g 0.8 VAV
4 ml, jo to skanas absorbcijas koeficienti pie 100 mm biezuma ir zem 0.5.

BU/g0.6VAV4 @0/g0.6VAV6 AW/E0.7VAV4 Xi/g0.7 VAV 6
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4.1.att. Putugipsa lieces stipriba atkariba no tilpummasas pie dazadam
izgatavoSanas tehnologijam.
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3. PUTUGIPSA EKSPERIMENT ALO MODE LU IZGATAVOSANA
UN PARBAUDES

Absorbcijas  koeficienta noteikSanai reverberacijas kamera tika
izgatavotas 300x300x40 mm lielas putugipSa plaksnes ar izgatavoSanas
tehnologiju @/g 0.6, VAV 4 ml. Péc standarta LVS EN ISO 354:2003
minimalais nepiecieSamais absorbenta laukums reverberacijas kameras
parametriem ir 6.0 m? Reverberacijas laika mérjjumi un absorbcijas
koeficienta aprekini tika noteikti péc standarta LVS EN ISO 354:2003
Akustika. Skanas absorbcijas mériSana reverberacijas kamera”. Skanas
absorbcijas koeficienta svérta vidgja vertiba noteikta péc standarta LVS EN
ISO 11654:2000 ,,Akustika - Skanas absorbétaji ekas - Skanas absorbcijas
parametri”.
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3.1. att. Skanas absorbcijas koeficienta mérijumi reverberacijas kamera.
Frekvencu Itkne 1/3 oktavu joslas putugipsim ar izgatavosSanas tehnologiju
0/g attieciba 0.6, VAV 4 ml.

=— — - izmé&rito a vertibu frekvencu raksturlikne (1/3 oktavu josla);
B - Absorbcijas koeficienta, o, vidgja vertiba oktavu joslas.
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Skanas absorbcijas koeficienta rezultati putugipsim, kas tika parbaudits
reverberacijas kamera 3.1.att. Saja attéla redzamas gan skanas absorbcijas
koeficienta vertibas 1/3 oktavas frekvences, gan to vidus frekvences.
Maksimala skanas absorbcijas koeficienta vertiba ir pie 1 kHz (0.91) un
blakus esosajam 1/3 oktavu vidus frekvenceém ta ir loti tuvu 500 Hz (0.860
un 2 kHz (0.89). Materialam noverojamas absorbcijas koeficienta vertibas
kritums zemajas frekvences, ko iespg&jams noverst, ieblivéjot materialu
iekarto griestu sistéma vai aiz materiala novietojot akmens vati. Izsvertais
skanas absorbcijas koeficients péc standarta LVS EN ISO 11654:2000 ir
0.8, kas atbilst B klases absorbentam.

legiitais rezultats ir par 0.2 augstaks neka absorbcijas caurulg iegitais
skanas absorbcijas koeficients, jo akustiskaja caurulé skapa uz méramo
paraugu krit perpendikulari ta virsmai, bet reverberacijas kamera veidojas
difuzs skanas lauks un skana uz paraugu krit dazados lepkos, tadgjadi
uzlabojot absorbcijas sp€ju.

Lieces stipribas noteikSanai peéc LVS EN 14246:2006 ,,Gipsa elementi
piekartajiem griestiem. Definicijas, prasibas un test€Sanas metodes”
prasibam nepiecieSams 600600 mm lielas plaksnes. Plaksnes tika
izgatavotas ar tadu paSu biezumu (40 mm) ka tas tika parbauditas
reverberacijas kamera.

Gipsa izstradajumu griestu plaksnes uz stipribu parbauda péc standarta
LVS EN 14246:2006 ,,Gipsa elementi piekartajiem griestiem. Definicijas,
prasibas un test€Sanas metodes”. Paraugu izzav€ un parbauda pie 23+2 °C
un mitruma 5045 %. Parbaudi veic 600x600 mm lielam paraugam, ko brivi
balsta uz balstiem ar laidumu 585 mm. Uz balstiem novietoto paraugu slogo
ar 6000+£100 g apalu slogu visa parauga garuma paraléli balstiem.
Slogosanu veic 30 min, un péc tam noverté bojajumus (plaisas). Parbaudes
laika paraugs nedrikst sagriit, un p&c parbaudes tam nedrikst paradities
plaisas.

Slogosanas parbaudi ar 6 kg slodzi izturgja visi izgatavotie paraugi, un
vizualaja parbaud€ netika nove€rotas plaisas, tadel tie tika slogoti lidz
sagrauSanai, pakapeniski palielinot slodzi par 400g, Iidz parauga
sagriiSanai. Aprekinata materiala lieces stipriba pie 6 kg slodzes ir
0.055 MPa, bet péc stipribas parbaudém ar sijam (40x40%x160 mm)
trispunktu liec€ — pec §1s tehnologijas izgatavotam putugipsim stipriba liecé
ir 0.13 MPa (skatit 2.4.tabulu), kas ir 2 reizes lielaka, un slogotajai
putugipsa plaksnei butu jaiztur 2 reizes lielaka slodze. Putugip$a griestu
plaksnu sagrauSanai bija nepiecieSama vid€ji 15 kg liela slodze, kas
teorétiski ir 0.137 MPa un ir 2.5 reizes lielaka lieces stipriba neka noteikta
standarta LVS EN 14246:2006 un par 5 % lielaka neka stipriba péc
materiala parbaudes ar sijam uz trispunktu lieci.
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4. PUTUGIPSA IZGATAVOSANAS TEHNOLO GIJAS
PILNVEIDOSANAS IESP EJAS, PIELIETOJOT KA NEPJU
DISPERSO STIEGROJUMU

Viens no variantiem, ka uzlabot putugip$a skanas absorbcijas un stipribas
Tpasibas, ir pievienojot tam lauksaimniecibas kanepju parstrades atlikumus
(spalus). Putugipsim pievienojot iso (2.5+5.0 mm) un garo (5.0+10.0 mm)
stiegrojumu dazadas koncentracijas, iespgjams vari€t putugipSa struktiru un
fizikali mehaniskas Ipasibas. Kompozitmaterials tika izgatavots ar sausas
mineralizacijas metodi, sajaucot Gdeni, gipsi, virsmas aktivo vielu (VAV) un
pievienojot kanepju stiegrojumu. Kanepju spalu koncentracija c, g kg ir spalu
daudzums gramos uz 1 kg sausa gipSa izejmateriala. Kangepju spalu
koncentracija tika mainita robeas no 15+50 g kg

Pievienojot spalu stiegrojumu, poru skaits uz 1 mm’ samazinas, bet
samazinajums ir niecigs, savukart tas palielina poru laukumus. Modificétajam
putugipsim uzlabojas skanas absorbcijas koeficients par 10+15%. Kopgja
tendence skanas absorbcijas koeficientam o atkariba no putugipsa blivuma ir
tada, ka a pieaug, samazinoties putugipsa tilpummasai (Skujans, Iljins, 2010).
ST tendence ir novérojama ari, modificgjot putugipsi ar kanepju stiegrojumu. Ar
kanepju spaliem modifictaja putugipsa materiala iespjams iegiit labaku skanas
absorbcijas koeficientu pie vienadam putugip$a tilpummasam (4.1.att.).
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4.1. att. Ar kanepju spalu stiegrojumu modificéta putugipsa izsvertais
skanas absorbcijas koeficients atkariba no putugip$a tilpummasas.

X - skanas absorbcijas koeficients putugipsim bez stiegrojuma;

e - skanas absorbcijas koeficients putugipsim ar garo spalu stiegrojumu;
o - skanas absorbcijas koeficients putugipsim ar Tso spalu stiegrojumu.
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Palielinot kanepju spalu gara stiegrojuma koncentraciju, samazinas
tilpummasa, ka ar7 lieces un spiedes stipriba, bet, palielinot 1sa stiegrojuma
koncentraciju, palielinas materiala tilpummasa, bet piecaugums stipribas
raditdgjiem nav proporcionals koncentracijas pieaugumam. Putugipsim
pievienojot kanepju spalu disperso stiegrojumu, ir iespgjams paaugstinat ta
lieces stipribu ~1.5 reizes un uzlabot skanas absorbciju par 10+15 %. Tas ir
viens no variantiem tehnologijas talakai uzlabosanai.
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SECINAJUMI

Izstradati priekslikumi putugipsa izgatavosanas tehnologijai, lai iegiitu
materialu ar noteiktu materiala struktiiru un biezumu, kas nodroSina
vidgjo sverto skanas absorbcijas koeficientu C klasei peéc LVS EN ISO
11654:2000 prasibam 250 Hz+4000 Hz frekvencu diapazona, ka ar1
vienlaicigi nodroSinatu pietickamas materiala stipribas Tpasibas.
Pielietojot izgatavoSanas tehnologiju ar sastavu @/g 0.6 un VAV 4 ml,
iegiits putugipsis ar tilpummasu 400 kg m>, stipribu liecg 0.13 MPa,
kas putugipsa skanas absorbcijas plaksném parsniedz LVS EN
14246:2003 prasibas 2.5 reizes un spiede 0.21 MPa, skanas
absorbcijas koeficientu, méritu impedances caurule 0.62 (50 mm
biezuma), atbilstoSu C klases materialam un reverberacijas kamera
0.80 (40 mm biezuma), atbilstoSu B klases materialam.

Noteikts, ka putugipsa skanas absorbcijas materiadlam un mineralvatei
ir analogiska izturé$anas attieciba uz skanas absorbcijas koeficientu un
izstradajuma biezumu. Skanpas absorbcijas koeficients pie 250 Hz ir
labaks materialam ar biezumu 100 mm, bet, pieaugot frekvencei,
maksimalais skanas absorbcijas koeficients tiek sasniegts ar planakiem
paraugiem.

Kopgjais makroporu laukums putugipsim no 0.44+0.46 mm? uz 1 mm?
nodrosina skanas absorbcijas koeficientu robezas no 0.41+0.43, poru
laukums 0.48 mm? uz 1 mm? nodrosina skanas absorbcijas koeficientu
0.52, savukart putugipsis ar poru laukumu no 0.50+0.55 mm? uz
1 mm? ir ar skanas absorbcijas koeficientu 0.61. Kopg&jais makroporu
laukums 0.57 mm? nodrosina absorbcijas koeficientu 0.72.

Visam promocijas darba apskatitajam putugipSa izgatavoSanas
tehnologijam videja skanas absorbcijas koeficienta maksimala vértiba
pa visu apskatito frekvencu diapazonu sasniegta pie 50 mm materiala
biezuma. Paraugi modelu parbaudém tika izgatavoti 40 mm biezuma,
jo, izmantojot tehnologiju @/g 0.6 VAV 4 ml, starpiba starp skanas
absorbcijas koeficientu oo 50 un 40 mm paraugiem ir nieciga (0.03),
dodot iesp&ju samazinat materiala paterinu.

Izveidots mitruma z0Sanas matematiskais modelis, kas adekvati
apraksta eksperimentalos pétijumus, un noteikta galveno putugipSa
paraugu zts$anas parametru atkariba no putugipsa tilpummasas.
Putugipsim  pievienojot kagepju spalu disperso stiegrojumu
(2.5+5.0 mm ar konsentraciju 15+50 g kg'l), paaugstinas ta lieces
stipriba ~1.5 reizes un uzlabojas skanas absorbcijas koeficients par
10+15 %.
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INTRODUCTION

The increase in production rates and a gradual increase in the level of
mechanisation in different workplaces, as well as the introduction of new
technologies in the workplaces, where previously only manual work was
performed, have led to increased ambient noise levels in many places. This
situation is observed not only in manufacturing companies (machine-tools,
various lathes and presses, etc.), but also in offices, where the proportion of
machinery has increased and often workplaces are separated only by small
height barriers, as well as in study rooms, where sound distortion builds up,
etc.

In particular, it should be noted that noise leaves impact on hearing and
these effects often are irreversible. Noise also adversely affects the human
body systems such as the nervous system, circulatory system, etc. (Ar darba
vides..., 2003).

To reduce the noise level in workplaces and other places, sound
absorption shall be supported by coating room enclosures with materials of
this type. At various functional areas, some sound frequencies are dominant
over other frequencies. Thanks to the use of absorbing materials, it is
possible to absorb certain frequencies of sound and obtain a sufficient
human comfort level.

There exist a belief as well as theoretical and practical evidence that
structure of materials can affect sound absorption (I'amxuiel, MepkuH,
1981; Ckysnc, Illtaken6epr, KpaBunckme, 1984; Illwmsa, Kaccenpman,
Jamen, 1982; T'opmo, Mepkun, 1984; Ckysuc, 1987; Voronina, 1994;
Voronina, 1996; Voronina, 1997; Olny, Atalla, 2005; Laukaitis, Fiks, 2006;
Arenas, Crocker, 2010; Foret, Guigou-Carter, Chene, 2010; Sgard, Skinner,
Peters, 2006). This is true particularly in the case of materials with strong
porosity. Material manufacturing technology determines the pore structure
formation and by varying technologies it is possible to obtain materials with
various porosity levels. When using acoustic materials for sound absorption,
all the necessary comprehensive qualities shall be provided such as bending
strength, compressive strength, etc. Therefore, it is necessary to carry out
material strength properties tests. In addition to positive acoustical
properties (sound absorption and insulation), porous materials possess good
thermal insulation properties. The ideal variant is where a material
possesses the same maximum values of sound absorption, sound insulation
and thermal insulation.

Energy saving in housing and in production of construction materials is
an important issue not only in Latvia, but also in other countries. Vast
consumption of primary energy and CO, emissions are characteristic for the
production of a variety of modern insulation materials. Natural resources
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are widely used in manufacturing of construction materials in many
countries across the world (Mathur, 2005; Akthar, Evans, 2010). Use of
local materials such as gypsum rock in production of construction materials
for sound insulation in buildings and houses would be an important
contribution to the national economy of Latvia. Gypsum rock is a local
resource and its use is economically beneficial for the economy in Latvia.
Currently in Latvia are evaluated 747336 thousand m’ and explored
26821.5 m’ of gypsum rock (Pielikums zinojumam par..., 2005). Gypsum
rock resources are mainly located in the central part of the country and this
fact facilitates their production and transport. Gypsum is produced by
processing gypsum rock at temperatures 150 + 180 °C that are very low
compared with cement or rock wool production. At these temperatures,
rapid dehydration of calcium sulphate dihydrate (gypsum rock) takes place
and a binder is formed, which is further used in the production of the
product.

Production of foam gypsum is one of the options for gypsum use.
Broad variations in volume mass are possible, which is the most important
parameter of construction materials and composite materials ensuring
possibility to adjust the mechanical properties (Bruijn, Jepsson, 2009; Chen,
Sucech 2010; Duval, Bormaud, 2011; Khan, Chen, 2010; Khan, Chen 2011;
Le Troédec, Rachini, 2010; Nilsson, Gustafsson, 2007; Sedan,
Pagnoux, 2008; Tran Le, Maalouf, 2010; Yuanjian, Isaac, 2007), sound
absorption (Grubliauskas, Butkus, 2009; Kubicki, 2007; Laukaitis,
Fiks, 2006), heat conductance (Kymaéldinen, Sjoberg, 2008), etc. Previous
studies on foam gypsum (Skujans, Vulans, 2007) showed that foam gypsum
can possess similar characteristics with other well-known thermal and
sound insulating materials such as rock wool, polystyrene, perlite, etc. In
accordance with European Union regulations (Ieteikumi par gipsa..., 2008),
gypsum possesses high fire resistance - fire reaction class Al (for fireboard
plates) or A2-s1,d (for other plasterboards).

One of its disadvantages is the fragility of the material, so material
reinforcement is necessary. Natural fibrous plants that grow in our region
could be used to increase the strength properties. As a material for
reinforcement in southern regions palm plants are used (Bacellar;
D'Almeida, 2009, D'Almeida, Mello Filho, 2009), but in Europe such
material could be hemp fibers (Allin, 2005). Fibrous plants are relatively
widely used in construction, vehicle manufacturing, agriculture and more.
Several researches have been conducted using different fibers to improve
mechanical properties. Special attention is paid to the use of hemp fibers in
construction industry. Relevant studies on this topic have been carried out in
Germany, France and Great Britain (Ulme, Freivalde, 2009).
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The object of the study:foam gypsum manufacturing technology in
order to obtain a structure that provides the physico-mechanical properties
necessary for sound absorption material.

The subject matter of the study:formation of physico-mechanical
properties of the material by varying foam gypsum manufacturing
technologies. Ability of the acoustic material, foam gypsum, to absorb
needed sound frequencies, while providing the necessary strength and heat-
flow properties. In the thesis, the range of sound frequencies from 250 Hz to
4000 Hz is discussed.

Research hypotheses:

e by varying foam gypsum sound absorption material manufacturing
technologies, it is possible to obtain various product properties that
provide weighted average sound absorption ratio o,,>0.60 at frequency
range 2504000 Hz, while complying with strength requirements
(Rbending> 0.08 MPa, Rcompressive> 0.20 Mpa),

e foam gypsum manufacturing technology with use of disperse hemp
shives reinforcement can improve its strength properties and sound
absorption;

e foam gypsum sound absorption ratio value dependence on product
thickness is analogous with the mineral wool.

Research objectives:on the basis of theoretical and experimental
studies, develop proposals that as a result of diversifying of sound
absorption material, foam gypsum, manufacturing technology shall enable
obtaining of such product properties, which ensure the weighted average
sound absorption ratio 0,,>0.60 at frequency range of 250+4000 Hz, while
complying with strength requirements (Rpending™ 0.08 MPa,
Rcompressive> 0.20 MPa)

For achieving the research objectives, the following tasks have
been set:

e to carry out data collection and analysis regarding cell concrete physical
(sound absorption, porosity, volume density, etc.) and mechanical
(compressive and bending strengths) properties described in literature,
normative documents and research publications;

e for technological improvement, to produce experimental samples
(p<400 kg m), using different foam gypsum manufacturing
technologies, to determine the structure and sound absorption effect on
physico-mechanical properties of the material;
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to develop a foam gypsum drying model for theoretical-experimental
tests that may enable determination of the amount of heat required for
drying of foam gypsum and experimentally establish main foam gypsum
samples drying parameters dependence on foam gypsum volume
density;

to develop proposals for manufacturing technologies that provide
possibility to obtain a material of certain structure, which ensures the
weighted average sound absorption ratio a,,>0.60 at frequency range of
250+4000 Hz, while complying with strength requirements
(Rbending> 0.08 MPa, Rcompressive> 0.20 MPa),

to carry out a study on foam gypsum manufacturing technology
improvement by use of disperse hemp shives reinforcement, varying the
length and quantity of reinforcement material, determine its physico-
mechanical properties and compare the results with non-reinforced foam
gypsum.

Thesis scientific novelty:

for the first time, foam gypsum sound absorption material
manufacturing technologies are developed to ensure necessary structure
and thickness of material, which ensure the weighted average sound
absorption ratio class C according to LVS EN ISO 11654:2000
requirements for frequency range of 250 Hz+4000 Hz, while sufficiently
complying with material strength properties requirements;

an adequate mathematical model for foam gypsum moisture drying is
developed that makes it possible to determine the depth of effective
drying. Main foam gypsum samples drying parameters dependence on
foam gypsum volume density has been established;

it has been established that both the foam gypsum sound absorption
material and mineral wool possess similar correlation between sound
absorption ratio and product thickness;

for the first time, the effect of disperse hemp shives reinforcement on
foam gypsum pore structure and its physico-mechanical properties has
been established.
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Participation in ERDF project "Development of new composite building
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MATERIALS AND METHODS

For production of foam gypsum, the main ingredient used was
gypsum B CaSO4 0.5 H,O with density of 2550 kg m™, fineness of grinding
of 3.86 g (7.72%) and binding time of 18 min 30s. As a surface active
substance the STAMEX F-15 5% FFFP foam maker was used. Within the
framework of the doctor thesis elaboration, the experimental samples were
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produced using the dry mineralization method (I'opnoB, Mepkun, 1984;
Ckysae, 1987) that provides decrease in water/gypsum ratio thereby
improving material properties.

During the drying process, the average moisture of samples was
determined by weighing the sample on scales, which maximum allowable
weight is 16100.0 g and sensitivity + 0.2 g. To verify the theoretical results
obtained, foam gypsum samples were dried in a fume cupboard at
temperature of 20 C, relative air humidity 30-40% and air flow velocity of
0.02 m s near the sample surface.

Number of pores and pore areawere determined by digital
microscope VHX-100 with 50 times magnification. Number of pores and
pore area were determined per area unit of 1 mm? using the method
developed for this microscope by the author.

Bending strengthwas determined on device Zwick Roell 2.5 TS with
applying three-point bending to beams with size of 40x40x160mm and
distance between supports of 100 mm by standard method, but foam
gypsum plate bending strength was determined in accordance with the
standard LVS EN 14246:2006 “Gypsum Elements for Suspended Ceilings.
Definitions, Requirements and Test Methods”.

Heat flow measurementswere conducted by two-channel wireless
heat flow and temperature electronic measuring system as well as by hot
plate apparatus according to standard LVS ISO 8302:2001 ,, Thermal
Insulation - Determination of Steady-State Thermal Resistance and Related
Properties - Guarded Hot Plate Apparatus”.

Sound absorptionmeasurements were carried out in impedance tube
with 40 mm at frequency range of 250+4000 Hz. Weighted sound
absorption ratio was determined according to standard LVS EN ISO
11654:2000 “Acoustics. Sound Absorbers for Use in Buildings. Rating of
Sound Absorption”. Sound absorption for model samples was measured in
reverberation chamber according to the standard LVS EN ISO 354:2003
“Acoustics - Measurement of Sound Absorption in a Reverberation
Chamber”.

Foam gypsum with hemp shives reinforcementto foam gypsum
hemp shives in various concentrations were added. Hemp shives
concentration ¢, g kg is the amount of shives in grams per kg of dry
gypsum material. Shives are prepared by crushing and sifting through mesh
of various sizes in order to obtain different lengths of 2.5+5.0 mm and
5+10 mm.
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1. PRODUCTION AND APPLICATION OF MINERAL BINDERS-
BASED ACOUSTIC MATERIALS

The chapter discusses the classification of cell concrete; their
advantages and disadvantages in relation to the acoustic issues as well as
analysis of previously studies on foam gypsum carried out by various
methods of production and selects the foam gypsum manufacturing methods
usable for study on foam gypsum.

Pore distribution according to their dimensions is discussed, as well as
the effects of pores on sound absorption properties of the material are
summarized.

1.1. Classification and production technologies for cell concrete

Mineral binder-based foam materials are a type of cell concrete.
This variety of concrete is characterized by low volume density, small air-
filled pores evenly spaced all over the volume and has been developed in
manufacturing technology process by enclosing air in a liquid mass.

Within the framework of this thesis, cell materials can be
categorized by their production technology (by gas or foam) and structures.
Today, for production of cell materials all the well-known binders are used,
e.g., concrete (aerated concrete, foam concrete), lime (aerated silicates),
gypsum (aerated gypsum, foam gypsum) as well as different compositions.

Foam gypsumis gypsum binder-based material with porous structure
obtained due to use of foam-forming substances. One of the most effective
methods, i.e., Dry Mineralization Method, has been developed by MISI
(MHCH) (I'opno, Mepkus, 1984; Ckysnc, 1987). With this technique, the
necessary amount of water needed for the system can be used, which is
close to the theoretically required, in order to initiate hydration and thus
improve the material properties (Ckysiuc, llItaken6epr, 1984 b). By varying
manufacturing technology - w/g ratio and surface active substances (SAS)
quantity, it is possible to obtain materials with various volume densities and
pore structures.

1.2. Effect of porous structure on physico-mechanical properties

Effect of pores on physico-mechanical properties is undeniable and
obvious, and this fact is certified by various scientists and teams of
scientists (Laukaitis, Fiks, 2006; Voronina, 1994, 1996, 1997; Arenas,
Crocker, 2010; Hleiikun, Yexosckuii, 1979; Cox, Van Dijk, 2002; Yang,
Chiang, 2001; Foret, Guigou-Carter, Chene, 2010; Sgard, Olny, Atalla,
2005). Sheikin, Chehovskij and Bruser (Ieiikun, UexoBckuii, 1979) in
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their paper have summarized various pore ratings according to their names
and sizes made by various authors. The smallest pores are <6 A
(ultramicropores, internal small pores, intercrystalline pores, interlayer
pores); classification authors (Brunauers, Mihails, Kondo, Feldmans). Next
pore size is 6+15 A (micropores, gel pores, absorption, large internal pores,
intercrystalline pores); classification authors (Brunauers, Pauers, Mihails,
Kondo, Feldmans), mesopores and the pores between the gel particles with
sizes of 15+ 1000 A; classification authors (Brunauers, Mihails, Kondo,
Feldmans). The largest are macropores with size > 1000 A; classification
authors (Brunauers, Pauers, Mihails, Kondo, Feldmans). In the study on
foam gypsum and within this thesis, the investigated pore size range is
2500+3100 A, obtained for foam gypsum with given manufacturing
technologies.

Analysis of typical absorption materials and their ability to absorb
sound at different frequencies show that the panel-type absorbers (acting as
dashboard plates buckling strength and the interlayer resistance to pressure)
are effective at low frequencies. Helmholtz absorbers are effective at
medium frequencies with a very strong absorption at a narrow frequency
range, and porous absorbents, which are effective for high-frequency
damping, where already at 500 Hz absorption ratio is 0.55. When using
foam gypsum as sheet material, it would be possible to obtain a summary of
all the best material properties as has been obtained by Sgard (Sgard, Olny,
Atalla, 2005) in his research on rockwool with material perforation, as well
as by varying pore structure by Laukaitis un Fiks (Laukaitis, Fiks, 2006).

For porous flexible materials, sound absorption ratio up to 160 Hz
depends on porosity. From 160 Hz to 1000 Hz the dominant effect has the
volume density of material, at 1250 Hz the largest effect has material
thickness and from 1250 Hz to 5000 Hz the dominant is material porosity
(Foret Guigou-Carter, Chen, 2010). Material properties such as material
strength, thickness and elastic modulus effect on the sound absorption
properties is up to 35% (Figure 1.1.) and mainly at frequency range above
1250 Hz.
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Figure 1.1.Role of physico-mechanical properties in formation of sound
absorption ratio for porous flexible materials.

1- porosity; 2- strength; 3- thickness; 4- elastic modulus; 5- volume density.

2. FOAM GYPSUM MANUFACTURING TECHNOLOGY EFFECT
AND ITS IMPROVEMENT FOR SOUND ABSORPTION
MATERIALS PRODUCTION

Detailed description of foam gypsum manufacturing technology in all
its stages. One of the major energy consuming processes is foam gypsum
drying. This section describes the information on the foam gypsum drying
known to date and foam gypsum drying model is developed that allows to
determine the required amount of heat to dry foam gypsum to a constant
weight.

The section describes foam gypsum pore counting method with a
digital microscope VHX-100 created by the author. The results obtained
with this methodology are reflected in pore classification applied to foam
gypsum manufacturing technologies described in the thesis. Material
strength indicators arising from pore structure have been determined for all
technologies created during the study. For manufacturing technologies with
4 ml of SAS, bending strength indicators are up to 2.9 times higher and
compressive strength indicators up to 3.5 times higher than for
manufacturing technologies with 6 ml of SAS.

One of the main parameters, heat conductance factor, depending on
material volume density has been established. The results obtained are
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better compared to the previously known (Ckysuc, 1987) for alpha
modification of foam gypsum. For beta foam gypsum obtained during the study,
at volume density of 270 kg m™ heat conductance factor is 0.16 W (m K)™', but
at 400 kg m™ heat conductance factor is 0.11 W (m K)'.

Manufacturing technology affects volume density as well as material
sound absorption ratio. This section describes methodology for sound
absorption ratio establishing and results obtained at various frequencies
depending on manufacturing technology and material thickness. The results
obtained are in tune with rock wool sound absorption studies conducted by
Schmidt (IlImunr, 1969), where the thinner samples at high frequencies
have better sound absorption indicators than at low frequencies, but for
thicker samples sound absorption ratio is higher at low frequencies. It has
been concluded that foam gypsum sound absorption ratio is higher when it
is produced with technology that provides greater pore- and straight-through
pores sizes per 1 mm? The total pore area of 0.44+0.46 mm per 1 mm?
gives sound absorption ratio of 0.43+0.41, but pore area of 0.48 mm? per 1
mm?> gives sound absorption ratio of 0.52. Materials obtained with a
manufacturing technology are divided into 3 groups according to their
volume density, and their sound absorption ratio comparison has been made
at various frequencies and material thicknesses. Sound absorption ratio at
material thickness of 10 un 20 mm at low frequency range leaves little
effect on volume density, but at material thickness of 50 and 100 mm
significant difference in sound absorption ratio values for all three areas of
the volume density at all frequency ranges has been observed.

2.1. Drying model for foam gypsum

During drying process, mass and heat transfer processes run
simultaneously, so it would be desirable to get a simple experimental data-
based drying model with optimal energy consumption. Drying process
consists of two phases. During the first phase, drying rate is constant but
during the second part it is falling (Handbook of Industrial..., 2007). During
the initial drying phase, it depends on ambient conditions (humidity,
temperature and air flow velocity) (Tang, Etzion, 2004; Dincer, Dost, 1995;
Musielak, Kieca, 2009; Defraecye, Blocken et al., 2012). Between these
drying processes a critical point exists (Iljins, Skujans, 2009), where
external factors effect on drying process are replaced by inner factors effect.

Up to now, studies on foam gypsum drying has been conducted by
Iljins and Skujans (Iljins, Skujans, 2009). Observing the two phases of
drying, it can be expected that the evaporation originally shall take place
with constant rate that is determined not by the characteristics of the sample
material, but by the ambient air temperature and relative humidity. The
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initial moisture of the model is covered by a vapour barrier on the bottom
surface (z=0) but other surfaces excluding top one are covered with a
moisture-proof material. This system is described by stationary diffusion
equation (Fick) with one coordinate-system and borderline conditions of
second type.

By solving the mathematical physics problem with the variable
separation equitation with one coordinate-system and borderline conditions
of second type and applying variables separation method in the first phase
(Figure 2.1.a), the following result was obtained (2.1) (Iljins, Skujans,
2009):

w(tz)=ws—¢’"—w"‘[zz—1—4zi(‘”k .cos”kz.exp(—’;kfot]](zl>

where:

W*:(p'd,kgm'.
D

The sample is drying and with reaching t. the first drying phase is
completed. On the surface of the sample z=d, the moisture has reached
equilibrium moisture W. From this time point t., the sample enters into the
second phase of drying, where drying rate[] ¢(t) is determined by the
physical parameters of the sample material and exponentially decreases
depending on time (Iljins, Skujans, 2009) and is lower than the initial
constant drying rate ¢ in the first stage. It means that in the second stage of
drying, the initial condition and borderline condition change. The initial
condition for the second phase at t. is the mathematical physics problem
solution for the first phase (2.1), with borderline condition of the first type.

In the second phase of drying, the system describing diffusion equation
(Fick equation) remains unchanged and by solving the problem with the
new initial condition and borderline condition of the first type the following
expression (2.2) is obtained (Iljins, Skujans, 2009):

W(tt;29=W, +iA1cos;j(2n+l)z-exp(—”2(‘2‘3:1)2D(t_tcr)j (2.2)

where:
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Wi(t, z), Wy(t, z) — dependence of sample moisture on time t and
coordinate z in the first and second drying phases,
respectively, kg m™;

d sample thickness, m;

¢  drying rate, kg (m*s)™";

D  diffusion coefficient, m’ s'l;

W, Wo, W* - initial and equilibrium moisture, respectively,

W = (p'd,kgm'3.
D

By applying comparison of theoretical expressions (2.1 and 2.2) with
experimental data, it is possible, with method of the least square, to
calculate the unknown values of the model t.,, @, D. Equilibrium moisture
W, cannot be determined from this model, therefore it shall be accepted as
equal to zero.

For the described modelit was assumed that the drying takes place
from the surface of the sample, the thickness of which is infinitesimal.
However, taking into consideration high porosity of foam gypsum samples,
we can expect that a partial drying will occur also from the pores located
inside of the sample. At first approximation, it is assumed that the drying
intensity will decrease exponentially toward the inside of the sample.
Accordingly, the power density consumed for the drying depending on the
coordinate z can be calculated by the formula 2.3:

q2=q. exp(—%) 23)

where:
g power density consumed during the drying process on the surface
of the sample z=d, W m?;

o  effective drying depth, m.

Then, in accordance with the first drying phase, where the drying rate
is assumed to be constant, it is possible to create a 1-D shape stationary
model that contains Poisson's equation for the calculation of the temperature
inside the sample.

T _q2

(2.4)
o A

where:
A sample heat conductance, W (m K) .
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Borderline condition on bottom surface of the sample z=0:

oT
A = (T-T) 2.5)

z=0
where:

o, heat dissipation ratio from bottom surface of the sample,
W (m’K)™;
To ambient temperature, °C.

Borderline condition on top surface of the sample z=d:

oT
—A— =a,(T-T (2.6)
o, (T=Ty)

where:
o, heat dissipation ratio from top surface of the sample, W (m?K)™.

Solving the system (2.4+2.6) the solution is obtained
T2=T+Az+B+ 35 exp- 923 @.7)
A o
where:
qo 1 1 d..
A=— 1—exp(—— —t—exp(——)>
R, (ﬂ[ exp( )D+a2 +al exp( 5)
2
B:_[Mﬁmm}

a, A
RT :i_f_i_f_g.
a a, A

Inflowing quantity of heat Q (W m™) can be calculated by applying the
borderline conditions (2.5, 2.6 and 2.7)

Q--22 —_g5-sA 2.8)
0Z|,.4
Q=28 —gsexp(-9)+ 1A (2.9)
0z|,, o
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Total quantity of the consumed heat:

Q-Q+Q = 1wk @10

where:
L latent heat produced by foam gypsum moisture drying, J kg’l.

By comparing the theoretical model with experimental data and
applying the method of least squares, it is possible to estimate the unknown
parameters of the model & un L.

Heat consumption for drying was measured with heat flux sensors that
were glued to the top and bottom surfaces of the sample. During sample
drying, surface temperatures and the temperature inside the sample at depth
of 1 and 2 mm from the top surface of the sample were measured with
K-type thermocouples.

Detailed experiment results are shown for one foam gypsum sample
with thickness of 2 cm and volume density 345 kg m™ in the dry state. The
volume density, from foam gypsum application aspect as thermal insulation
and sound absorption material, is in the optimum range (250450 kg m™).

By comparing the theoretical data with the experimental data obtained
by weighing during the drying process (Figure 2.1.a), theoretical average
moisture drying curve has been obtained with two expressed drying phases.
Drying parameters for the given sample have been established:

e  diffusion coefficient D=4.79-10° m’ s'l;

e drying rate ©=3.91-10" kg (m>s™)";
e duration of the first phase  t,~1.13 d.
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Amount of humidity in the
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Temperature, °C
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Source: developed by the author (Brencis, Iljinsjj&hs, 2012)
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Figure 2.1.Foam gypsum drying parameters depending on time.

(a) average theoretical and experimental amount of moisture in the sample,
(b) temperatures of sample surfaces (T2 and T3) at the depth of 1 mm (T1)
and 2 mm (T4),
(c) heat flows through sample surfaces (Q1 at z=0, Q2 at z=d) depending on drying time.
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By applying sample temperature and obtained heat measurements, see
Figures 2.1.b. and 2.1.c., as well as the calculated drying rate ¢, it is
possible from the expression (2.7) with least squares method determine
0 that represents thickness of layer, which is effectively drying. In turn,
foam gypsum drying-produced latent heat L can be calculated from
expression (2.10). The results obtained:

6=3.8 mm, L=1.69-10° J kg"'. The latent heat obtained is less than the
heat of evaporation of water at temperature of 20 °C (2.45-10° J kg™),
because drying in this case occurs from foam gypsum surface that differs
from the ordinary evaporation. For a much denser (with less porosity) foam
gypsum sample (p=1055kgm” in dry state), analogous results are:
8=0.69 mm; L=2.02-10° J kg'. It shows that these calculated parameters are
dependent on volume density of the foam gypsum samples. Latent heat
produced by foam gypsum drying is an important parameter for identifying
the amount of heat needed to dry the material and related drying costs.

17.50
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\ '6=3.8 mm
16.50 \\ < >
16.00 /
15.50 \

0 0.005 0.01 0.015 0.02

\
Depth for measurement of temperature in sample (z), m
Source: developed by the author (Brencis, lljingjj&ks, 2012)

Temperature (T), °C

/

A
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Figure 2.2.Theoretically calculated distribution of moisture inside the foam
gypsum sample dependent on depth.

For the theoretical model proposed, the expression (2.7) describes
distribution of temperature inside the sample along the coordinate z.
Experimental temperature measurements inside the sample at a depth of
1 and 2 mm, T1 and T4 Figure 2.1.b., shows that the temperature inside the
sample, down from the top surface, decreases. Theoretically calculated
temperature dependence on depth (coordinate z) gives the minimum
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temperature for the sample shown in Figure 2.2. The Figure shows that the
minimum temperature is observed close to the top surface of the sample and
the calculated temperatures on sample surfaces (bottom z=0 T=17.2 °C; top
z=d T=18.3 °C) are close to the experimentally measured T3=18.2 and
T2=17.2 °C during the first drying phase, Figure 2.1.b. This shows that the
developed mathematical model is adequate and ensures convergence of data
obtained during a quantitative theoretical study and experimental data.

2.2. Effect of applied technology on pore structure

The effect of closed pores on sound absorption properties has been
investigated by several researchers, who determined their distribution
(Sgard, Olny, Atalla, 2005; Arenas, Crocker, 2010;), number
(Voronina, 1996; Voronina, 1997), size (Voronina, 1996; Sgard, Olny,
Atalla, 2005) and porosity levels (Voronina, 1996; Laukaitis, Fiks, 2006).
In all cases, straight-through pores have been recognized as one of the main
factors that affects absorption ratio. Laukaitis and Fiks (Laukaitis,
Fiks, 2006) have established straight-through pores porosity ratio against
the total porosity and linked them with air flow factor for the material.
By varying various foam gypsum manufacturing technologies, it is possible
to obtain a certain pore structure that has close relation with volume density
of the material and sound absorption.

Applying the technology with water/gypsum ratio (w/g) of 0.6 and
surface active substance (SAS) amount of 4ml per dry mass of the gypsum,
the material with volume density of 398 kg m™ and porosity of 85.21 % was
obtained. The structure of the material at 50 times magnification is shown in
Figure 2.3.

For samples made with this technology, the average number of pores
per 1 mm? is 7.64 with pore area of 0.486 mm>. For this foam gypsum, the
number of straight-through pores per 1 mm? is 11.60 and pore area is
0.0573 mm?. Standard deviation for number of pores is 2.25, while standard
deviation for straight-through pores is 3.47.

Foam gypsum structure shows that pore sizes and numbers are
arranged randomly all over the sample. In many places, closed pores are
linked to adjacent pores. The data set was analyzed by values of excess
(0.2 for ordinary pores and -0.58 for straight-through pores) and asymmetry
ratio (-0.16 for ordinary pores and -0.39 for straight-through pores). The
histogram shows that both straight-through pores and ordinary open pores
are present in a broad range.
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-

Source: photo by the author

Figure2.3.Foam gypsum structure at 50 times magnification. w/g 0.6, 4 ml
of SAS, p=398 kg m™.

The profile of pore properties at volume density ranges of
250+300 kg m™ and 350+400 kg m~ is given in Tables 2.1 and 2.2.
Analyzing foam gypsum manufacturing technology effect on separate
components of pore structure — pores and straight-through pores — we can
observe no unambiguous effect of w/g ratio and amount of SAS but
effect on total pore and straight-through pores areca per 1 mm? has been
observed. Irrespective of SAS amount used the total pore area decreases
when w/g ratio increases. Using gypsum manufacturing technology with
6 ml of SAS it decreases from 0.5652 mm? with w/g ratio of 0.6 to
0.4851 mm? with w/g ratio of 0.9 and, for manufacturing technology
with 4 ml of SAS, from 0.5433 with w/g ratio of 0.6 to 0.4353 with w/g
ratio of 0.9. The difference between the highest and the lowest total pore
area is 25% for manufacturing technology with 4 ml of SAS and 17 %
for manufacturing technology with 6 ml of SAS.
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Table 2.1

Profile of foam gypsum pore properties at volume density of
250+300 kg n for various manufacturing technologies

6 ml of surface active substance per kg of gypsum

Parameter

Water/gypsum ratio

0.6

0.7

0.8

0.9

Average
diameter of
pores

0.301+0.018

0.277+0.019

0.275+0.026

0.0256+0.019

Number of
pores
per mm?

6=7

78

6+7

78

Pore area
per mm?

0.501£0.121

0.475+0.086

0.443+0.102

0.436+0.120

Number of
straight-
through

pores
per mm?

10+11

13+14

13+14

12+13

Straight-
through
pore area
per mm?

0.0642+0.025

0.0574+0.026

0.0542+0.025

0.0491+0.023

Total pore-
and straight-
through
pore area
per mm?

0.5652+0.090

0.5324+0.050

0.4972+0.062

0.4851+0.084

Source: developed by the author

Table 2.2

Profile of foam gypsum pore properties at volume density of
350+400 kg nit for various manufacturing technologies

4 ml of surface active substance per kg of gypsum

Water/gypsum ratio

Parameter 06 07 08 09
Average
dlagfrtjsr of | 0274£0.050 | 0264+0.044 | 025240029 | 0.0256+0.017
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Continued Table 2.2

4 ml of surface active substance per kg of gypsum

Water/gypsum ratio

Parameter

0.6 0.7 0.8 0.9
Number of
pores 78 78 78 6=7
per mm?

Pore area per

1 mm? 0.486+0.099 | 0.440+£0.108 | 0.416+0.095 | 0.401+0.090

Number of
straight-
through 11+12 10+11 11+12 10+11

pores per
1 mm?

Straight-
through pore | 0.0573+0.019 | 0.0375+0.029 | 0.0359+0.013 | 0.0343+0.029
area per mm?>

Total pore-
and straight-
through pore
area per mm?>

0.5433+0.08 | 0.4775£0.06 | 0.4519+0.07 | 0.4353+0.12

Source: developed by the author

2.3. Researches on strength properties

During increase in volume density, the material strength indicators
regarding both bending and compressive increase too and according to
results obtained for foam gypsum with equal volume density strength
parameters vary by as much as 40% (see Tables 2.3 and 2.4). This shows
that the strength indicators, in addition to the volume density, are influenced
also by other indicators, such as mesopores and micropores in walls of
pores of foam gypsum.

At equal amount of SAS (6 ml) and various w/g ratios, volume
density changes within the limits of 30 kg m™, but the bending strength
and compressive strength increase with increase in water quantity
according to the volume density gain, but increase in bending strength
and compressive strength is not proportional to volume density gain.
Decrease in strength indicators is observed in case of manufacturing
technology with w/g ratio of 0.9 and 6 ml of SAS. In case of this
manufacturing technology foam gypsum indicators are unstable.
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Table 2.3

Profile of foam gypsum properties at volume density of 250+300 kg

for various manufacturing technologies

Manufacturing | Volume | Porosity, Bending Compressive
technology density, % strength, strength,
kg m® MPa MPa
W/G 0.6
SAS 6 ml 278437 89.07 0.041+0.019 | 0.054+0.023
W/G 0.7
SAS 6 ml 281+11 88.98 0.066+0.005 | 0.106+0.029
W/G 0.8
SAS 6 ml 283+13 88.95 0.071+0.008 | 0.123+0.012
W/G 0.9
SAS 6 ml 258+7 89.85 0.057+0.005 | 0.095+0.020

Source: developed by the author

In case of a reduced amount of SAS (to 4 ml), strength indicators display
a lower correlation. Low values of determination coefficient show that, for
manufacturing technology with the amount of 4 ml of SAS, volume density
has a low effect on strength properties. Foam gypsum structure researches
show that the dominant factor could be the effect of straight-through pores
and existing pores in walls of foam gypsum pores. In Table 2.4, data on
average strength indicators for manufacturing technology with 4 ml of SAS
are shown and here we can see that the results, as for manufacturing
technology with 6 ml of SAS, correspond to the volume density, but they are
disproportionate, which confirms the fact that, in addition to the volume
density, the strength is affected by some other factor.

Table 2.4

Profile of foam gypsum properties at volume density of 350400 kg

forvarious manufacturing technologies

Manufacturing Volume | Porosity, Bending Compressive
technology density, % strength, strength,
kg m MPa MPa
W/G 0.6
SAS 4 ml 377433 85.21 0.132+0.055 | 0.210+0.084
W/G 0.7
SAS 4 ml 378+16 85.17 0.176+0.028 | 0.311+0.037
W/G 0.8
SAS 4 ml 352411 86.19 0.141£0.010 | 0.271+0.036
W/G 0.9
SAS 4 ml 366+34 85.65 0.150+0.026 | 0.250+0.036

Source: developed by the author
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2.4. Researches on heat flow

Foam gypsum heat conductance factor values depending on volume
density shown in Figure 2.4. have been compared with data obtained by
Skujans (CkystHe, 1987). By varying foam gypsum manufacturing
technologies (water/gypsum ratio and amount of surface active substance,
ml), it is possible to obtain foam gypsum with volume density of
250+1100 kg m™ that leaves a material effect on foam gypsum properties,
including heat conductance properties. In Figure 2.4. we see heat
conductance depending on volume density regarding two types of foam
gypsum. Data on alpha gypsum are obtained for foam gypsum
manufactured from alpha calcium sulphate hemihydrate
(a CaS0Oy, - 0.5H,0) (Ckysnc, 1987), but the second series of measurements
are obtained, during the development of the thesis, from beta calcium
sulphate hemihydrate (B CaSO,- 0.5H,0). The differences between the
measurement series can be explained by the fact that as the foam gypsum
raw materials various alpha and beta modifications are used.

_015 -

< 0.4 -

g 013 -

S5012  A=0.0003p+0.0174

% g 0.11 - R?= 09954

45 ~

= 0.10 -

3 0.09 -

g 0.08 - A =0.0002p +0.0138

T 007 - R?=0.96
0.06

150 200 250 300 350 400 450 500
Volume density(p), kg m
Source: complemented by the author with the us€gfifc, 1987)

Figure 2.4.Foam gypsum heat conductance factor depending on foam
gypsum volume density.

® - foam gypsum from alpha gypsum (Ckysiac, 1987); B - foam gypsum from beta
gypsum.
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2.4. Effect of pores on foam gypsum sound absorption

The acoustic parameters of porous materials are governed by such
properties as material porosity, tortuosity, air flow resistance (Allard, Attal,
2009; Foret, Guigou-Carter, Chene, 2010) and volume density (Skinner,
Peters, 2006). For porous flexible materials, effect on sound absorption varies
at various frequencies (Foret, Guigou-Carter, Chene, 2010), it is more
pronounced at the frequency region up to 250 Hz and above 1600 Hz. In the
thesis, determined porosity of foam gypsum arises from gypsum density and
volume density of the material, but the number of pores and their area per
1 mm? varies depending on manufacturing technology. Increase in diameter
of pores causes increase in the average (weighted) sound absorption ratio
determined in accordance with standard EN ISO 16545. Information
presented in Table 2.5 regarding average data of foam gypsum with volume
density in range of 250+300 kg m™ show that sound absorption determining
factor is the total area of pores and straight-through pores per 1 mm?.

Table 2.5
Profile of physical properties of pores for foam gypsum with volume
density of 250+300 kg rif for various manufacturing technologies

' (O] ()
n +— b b= +—
c o ‘© &L o S O
£8 | 8 E S5 | BE SSE |3EO S
=29 4 < n Q S E o S =g e
gg | © 3 s< | 2% s8o |o5%E
SE |8 s | 29| £¢ | 2£2 |g8&
[5} o o o} T 0 - T - 009
g2 | E S 22| 5@ SE0 |25£3
= 12| & |57 ¢ =Ee %8
Pz o Z
W/G 0.6
SAS6 | 67 | 0.501+0.12 | 10+11 | 0.064+0.03 | 0.565+0.09 0.72
ml
W/G 0.7

SAS6 | 78 | 0.475+0.09 | 13+14 | 0.057+0.03 | 0.532+0.05 0.62
ml

W/G 0.8
SAS6 | 657 | 0.443+0.10 | 13+14 | 0.054+0.03 | 0.497+0.06 0.61
ml

W/G 0.9
SAS6 | 7+8 | 0.436+0.12 | 1213 | 0.049+0.02 | 0.485+0.08 0.61
ml

Source: developed by the author
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For foam gypsum volume density in the range of 350+400 kg m”, a
similar effect of average diameter of pores on sound absorption ratio value
can be observed. Foam gypsum made within the said volume density range
possesses a constant amount of SAS (4 ml) that gives a lower porosity of
material than in case of foam gypsum with 6 ml of SAS. Porosity ratios
vary by 3+5%, but the number of closed pores and their areas per mm? do
not differ in any fundamental respect. The different indicators are the
number of straight-through pores and their areas per mm? (Table 2.6) that
are lower for foam gypsum with a larger volume density, but average values
of sound absorption ratio at material thickness of 100 mm do not display a
direct link. This phenomenon is due to the fact that by determining the
average sound absorption ratio value according to the standard
ENISO 16545 standard sound absorption ratio values within 1/3 octave
frequency range are determined by the standard curve, which is different
from direct measurements in a given 1/3 octave frequency range.

Table 2.6
Profile of physical properties of pores for foam gypsum with volume
density of 350+400 kg rif for various manufacturing technologies
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c 9 c o o 9 LD 8SEeEQ 052
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= z o = n 2 'S 1235
e £ = © =
m —
W/G 0.6
SAS 4 7+-8 | 0.486+0.10 | 11+12 | 0.057+0.02 | 0.543+0.08 0.61
ml
W/G 0.7

SAS 4 7+8 | 0.444+0.11 | 10+11 | 0.038+0.03 | 0.478+0.06 0.52
ml

W/G 0.8
SAS 4 78 | 0.416+0.10 | 11+12 | 0.036+0.01 | 0.452+0.07 0.43
ml

W/G 0.9
SAS 4 6+7 | 0.401+£0.09 | 10+11 | 0.034+0.03 | 0.435+0.12 0.41
ml

Source: developed by the author

65




With decrease in porosity of material, sound absorption ratio value at
1/3 octaves is formed with more prominent extremes (Skinner,
Peters, 2006). Extreme points location can affect the average sound
absorption ratio value with transverse of an extreme point to the 1/3 octave,
where the standard curve has a lower value. The results obtained for foam
gypsum sound absorption can be grouped according to foam gypsum pore
structures based on information summarized in Tables 2.5 and 2.6 regarding
pore structure and sound absorption. The total pore area of 0.44+0.46 mm?
per mm? gives a sound absorption ratio within limits of 0.41+0.43, pore
area of 0.48 mm? per mm? gives a sound absorption ratio of 0.52, while for
foam gypsum with pore area of 0.50+0.55 mm? per mm? sound absorption
ratio is 0.61. The largest absorption ratio of 0.72 is ensured by total pore
area of 0.57 mm?.

2.5. Sound absorption properties at various frequenes and material
thicknesses

By varying water/gypsum ratio and surface active substance (SAS)
amounts during sample production, we can obtain samples with various
volume density parameters. By measuring sound absorption ratios at a
certain thickness of the absorbing layer, can observe changes in absorption
ratio depending on the material thickness and frequency at which the
absorption ratio was established. Skinners (Skinner, Peters, 2006) and his
colleagues during researches on sound absorption properties of foam
materials have established four basic parameters: sound absorption
dependence on frequency at various volume densities, material thickness,
porosity and air permeability. For all these indicators, sound absorption
ratio increases together with increase in frequency. For thinner materials,
sound absorption ratio values are smaller at low frequencies. This
correlation was observed also for foam gypsum at various volume densities.
Very strong increase can be observed when the amount of surface active
substance (SAS) is 6 ml (Table 2.7). For foam gypsum with a smaller
volume density, maximum sound absorption ratio value can be observed for
the thinnest sample at maximum frequency (4000 Hz), but, for samples with
the amount of 4 ml of SAS with a larger volume density, maximum values
are obtained and stabilize at lower frequencies. This phenomenon can best
be observed for foam gypsum in case of manufacturing technology with
w/g 0.8 and SAS 4 ml (see Table 2.7), where maximum sound absorption
values within the range of 500 Hz, 100 Hz and 2000 Hz can be observed at
the thickness of 30 mm.

Correlation between material thickness and frequencies for sound
absorption plates has been investigated already in 1960-ies. Smith
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(IImuar, 1969) has identified sound absorption ratio for acoustic plates and
has came to the conclusion that with decrease in material thickness
maximum sound absorption ratio value moves to higher frequency range.
Studies show that foam gypsum follows the observed behaviour of mineral
wool, which is a fibrous material. It is expected that such behaviour
constitutes a general correlation, but it requires additional studies, which are
the subject of further researches.

Table 2.7
Sound absorption ratio dependent on sample thickness for foam
gypsum in case of technology with 0.6 4 ml of SAS with average volume
density of 377 kg ¥,

Average values of sound absorption ratio within octave
Thickness, bands,a

mm ffzo &;ozo 1320 2000 Hz | 4000Hz | Average

10 0.08 | 0.12 | 0.27 0.72 0.85 0.22

20 0.14 | 033 0.61 0.73 0.69 0.37

30 0.24 | 0.51 0.64 0.70 0.76 0.51

40 0.35 | 0.58 | 0.62 0.71 0.76 0.59

50 0.43 | 057 | 0.61 0.71 0.75 0.62

100 0.48 | 0.53 0.61 0.71 0.75 0.61

Source: developed by the author

Highlighted data are maximum sound absorption values for each frequency range.

Comparing both foam gypsum manufacturing technologies, with 4 ml
of SAS and 6 ml of SAS, can see that in the case of foam gypsum
manufacturing technology with variable amount of water the maximum
average value of sound absorption ratio depends on water/gypsum ratio
(Figure 2.5). In the case of manufacturing technology with 4 ml of SAS, the
effect of w/g ratio is stronger because more various pore structure is
observed but in the case of manufacturing technology with 6 ml of SAS
straight-through pore sizes differ less and w/g ratio leaves less effect on
sound absorption ratio. For foam gypsum with volume density within the
range of 350400 kg m~, sound absorption ratio value increases together
with increase in thickness, but when thickness of the material exceeds
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20 mm sound absorption ratio is influenced by w/g ratio. In the case of
increase in w/g ratio, the value of sound absorption ratio decreases. For
volume density range of 250+300 kg m™ this phenomenon is reversed but
with negligent effect. After review of all technologies, it can be concluded
that the maximum value of the ratio of sound absorption occurs at sample
thickness of 50 mm, which is considered the optimum thickness of the
material for sound absorption. The exception, where the sound absorption
ratio significantly increases after the thickness of 50 mm, is foam gypsum in
the case of manufacturing technology with w/g 0.6 and SAS 6 ml, when
maximum value occurs at 100 mm.
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Source: developed by the author

Figure2.5.Foam gypsum octave bands weighted average sound absorption
ratios depending on material thickness within volume density
range of 350+400 kg m™.

2.6. Sound absorption properties for various foam gypsum technologies

For materials with smaller volume density parameters, sound
absorption ratio values are higher at all frequencies in comparison with
materials with larger volume density; this correlation has also been
observed for foam gypsum. Analyzing data at various volume density
parameters irrespectively of foam gypsum manufacturing technologies, it is
possible to determine three volume density regions — 280 kg m™; 315 kg m”
and 370 kg m™. Maximum values of sound absorption ratio are observed at
4000 Hz irrespective of material thickness (Figure 2.6. and 2.7.) as it would
be. Differences are observed at the frequency range below 1 kHz, where
difference in volume density effect is observed. For foam gypsum with
small material thickness (10 mm) (Figure 2.5.), this effect has not been
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observed but in case of increase in thickness of foam gypsum with a lower
volume density (280 kg m™) sound absorption ratio value gradually
increases in comparison with foam gypsum with a larger volume density.
For material with thickness of 20 mm, not only rapid increase in average
sound absorption ratio values is observed but also volume density effect,
i.e., sound absorption ratio increases at 1 kHz and decreases at 500 Hz and
250 Hz). If the thickness increases, the trend is increasingly moving towards
the low-frequency range.
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Figure 2.6.Foam gypsum average octave bands sound absorption ratios
depending on foam gypsum volume density at various frequencies for
sample with thickness of 10 mm.
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Figure 2.7.Foam gypsum average octave bands sound absorption ratios
depending on foam gypsum volume density at various frequencies for
sample with thickness of 100 mm.
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Sound absorption plates may be of various thicknesses depending on their
use and necessity to absorb a specific sound. In Figure 2.8.a.b.c.d we see
average sound absorption values at various thicknesses depending on
manufacturing technology. In the sense of strength indicators, foam gypsum
that can be used for production of sound absorption plates must be produced
using manufacturing technologies with w/g 0.6 and 4 ml of SAS, and w/g 0.7
and 4 ml of SAS. From these manufacturing technologies the best sound
absorption properties has w/g 0.6 and 4 ml of SAS and at material thickness of
30 mm; 40 mm and 50 mm its properties are close to those of manufacturing
technologies with 6 ml of SAS, which sound absorption properties are better. At
material thickness of 100 mm, this manufacturing technology indicators are
lower than 0.11, but such a sound absorption plate is impractical for use.
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Figure 2.8.Weighted average foam gypsum sound absorption ratio for
various manufacturing technologies.

= 4 ml of SAS; == ==6 ml of SAS. a- for sample thickness of 30 mm; b- for sample
thickness of 40 mm; c- for sample thickness of 50 mm; d- for sample thickness of
100 mm.
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Taking into consideration significance scores and weighted average
foam gypsum sound absorption ratios for various technologies (Figure
2.8.a.b.c.d) as well as bending and compressive strength indicators for
further testing of material suitability for product manufacturing foam
gypsum with manufacturing technology with w/g of 0.6 and 4 ml of SAS
was selected.

To use foam gypsum for production of sound absorbing panels, certain
strength properties are requested. In accordance with the requirements of
the standard LVS EN 14246: 2006 regarding gypsum ceiling elements, a
plate of 600x600 mm with a span of 585 mm must endure load of 6 kg.
Knowing the required load and thinner practically possible foam gypsum
plate thickness (35 mm (Laukaitis, Fiks, 2006)) according to theoretically
determined minimum permissible material bending strength that with
dimensions laid down in the standard shall be 0.08 MPa. Analyzing bending
strength indicators for various manufacturing technologies shown in Figure
4.1., can see that only foam gypsum with manufacturing technologies with
4ml of SAS complies with the indicator >0.08 MPa. From these
technologies foam gypsum with manufacturing technology w/g 0.9 and 4 ml
of SAS and w/g 0.8 and 4 ml of SAS cannot be used because their sound
absorption ratios at thickness of 100 mm are below 0.5.

Bw/g0.6SAS4 ew/g0.6SAS6 Aw/g0.7SAS4  Xw/g0.7SAS6
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Figure 4.1.Foam gypsum bending strength depending on volume density
for various manufacturing technologies.
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3. PRODUCTION AND TESTING OF FOAM GYPSUM
EXPERIMENTAL MODELS

For determination of absorption ratio in a reverberation chamber, foam
gypsum plates with manufacturing technology w/g 0.6 and 4 ml of SAS and
size of 300x300x40 mm were produced. In accordance with the standard
LVS EN ISO 354:2003 minimum permissible absorbent area for parameters
of a reverberation chamber is 6.0 m? Measurements of duration of
reverberation and calculations of absorption ratio were carried out
according the standard LVS EN ISO 354:2003 “Acoustics - Measurement
of Sound Absorption in a Reverberation Chamber”. Weighted average value
of sound absorption ratio was determined according the standard LVS EN
ISO 11654:2000 “Acoustics. Sound Absorbers for Use in Buildings. Rating
of Sound Absorption”.
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Figure 3.1.Sound absorption ratio measurements in reverberation chamber.
Frequency curve in 1/3 octave bands for foam gypsum with manufacturing
technology with w/g ratio of 0.6, 4 ml of SAS.

— — - frequency characteristic curve of measured a values (in 1/3 octave band);
B - Average value of absorption ratio a in octave bands.
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Sound absorption ratio measurement results for foam gypsum carried out
in reverberation chamber are shown in Figure 3.1. This Figure displays sound
absorption ratio values both in 1/3 octave frequencies and middle frequencies.
The maximum sound absorption ratio value was observed at 1 kHz (0.91) and
for adjacent 1/3 octave middle frequencies it is very close to maximum at
500 Hz (0.86) and 2 kHz (0.89). Fall in absorption ratio values for the material
is observed at low frequencies that can be prevented by including the material
into a suspended ceiling system or by installation rockwool behind the material.
Weighted average sound absorption ratio calculated in accordance with the
standard LVS EN ISO 11654:2000 is 0.8 that corresponds to absorber class B.

The result obtained is by 0.2 greater than sound absorption ratio obtained
in impedance tube because in an impedance tube sound falls perpendicularly to
the surface of the sample but in a reverberation chamber a diffuse sound field is
created and sound falls at different angles, thus improving absorption capacity.

In accordance with requirements laid down in the standard LVS EN
14246:2006 “Gypsum Elements for Suspended Ceilings. Definitions,
Requirements and Test Methods” bending strength must be determined for plate
size of 600x600 mm. The plates were of the same thickness (40 mm) as for
testing in the reverberation chamber.

Strength tests of gypsum ceiling plate products are carried out in
accordance with the standard LVS EN 14246:2006 “Gypsum Elements for
Suspended Ceilings. Definitions, Requirements and Test Methods”. The sample
shall be dried and tested at temperature of 23+£2 °C and humidity of 50+5 %.
The test shall be carried out with sample of 600600 mm loosely placed on
supports with a span of 585 mm. A round load of 6000100 g shall be applied
to the sample placed on supports over entire length of the sample parallel to
supports. The load shall be applied for 30 min and then the damages (cracks)
shall be assessed. During the test, the sample must not break down and after the
test no cracks must appear.

All samples passed the loading test with the load of 6 kg and during a
visual inspection no cracks were observed, therefore, they were loaded until
failure by gradually increase in the load by 400 g until failure of the sample.
Calculated material bending strength at load of 6 kg is 0.055 MPa, but strength
test with beams (40x40x160 mm) at three-point bending shows that bending
strength of foam gypsum manufactured with use of this technology is 0.13 MPa
(see Table 2.4), i.e., 2 times greater than calculated strength and the loaded foam
gypsum plate should endure a load 2 times greater. An average load of 15 kg
was needed for failure of the foam gypsum ceiling plates, which theoretically is
bending strength of 0.137 MPa and 2.5 times greater than the bending strength
laid down in the standard LVS EN 14246:2006 and by 5 % greater than the
strength specified for test on beams with three-point bending.
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4. FOAM GYPSUM MANUFACTURING TECHNOLOGY
IMPROVEMENT OPTIONS WITH USE OF DISPERSE HEMP
SHIVES REINFORCEMENT

One of the options to improve foam gypsum sound absorption and strength
properties is adding residues of agricultural hemp processing (shives). By
adding to foam gypsum short (2.5+5.0mm) and long (5.0+10.0 mm)
reinforcement in various concentrations, we can diversify foam gypsum
structure and physico-mechanical properties. The composite material was
produced by dry mineralization method with mixing water, gypsum, surface
active substance (SAS) and adding hemp reinforcement. Hemp shives
concentration ¢, g kg is the amount of shives in grams per kg of dry gypsum
material. Hemp shives concentration was varied within limits of 15+50 g kg

With adding shives reinforcement, number of pores per 1 mm?” decreases
but the decrease is negligible, while it increases the pore area. Sound absorption
ratio of modified foam gypsum improves by 10+15%. The common tendency
of sound absorption ratio o depending on foam gypsum density is that o
increases when foam gypsum volume density decreases (Skujans, Iljins, 2010).
This trend is also observed when modifying the gypsum foam with hemp
reinforcement. Modifying foam gypsum material with hemp shives gives a
possibility to obtain better sound absorption ratio at equal foam gypsum volume
density properties (Figure 4.1.).

11 a=-0.0014p + 1.1047
2 =
0s | R* = 0.8872
o
0.6
0.4

02 + a=-0.0012p+0.9267 = * O
0 R2=0.783 \

150 250 350 450 550 650 750 850
Volume density (p),kg m

a=-0.0014p + 1.0528
R>=0.8426

Sound absorption ratio, aW

Source: developed and supplemented by the author {Boencis, 2011b)

Figure 4.1.Weighted sound absorption ratio for hemp shives
reinforcement-modified foam gypsum depending on foam gypsum volume
density.

X - sound absorption ratio of foam gypsum without reinforcement;

e - sound absorption ratio of foam gypsum with long shives reinforcement;
O - sound absorption of foam gypsum with short shives reinforcement.
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Increase in long hemp heaves reinforcement concentration decreases
the volume density as well as bending and compressive strength, but
increase in short hemp shives reinforcement concentration increases the
material volume density, but strength indicators growth is not proportional
to concentration growth. Adding disperse hemp shives reinforcement to
foam gypsum enables increase in bending strength by =1.5 times and
improvement of sound absorption by 10+15 %. This is an option for further
improvement of the technology.
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CONCLUSIONS

Proposals have been developed for foam gypsum manufacturing
technology that provides a possibility to obtain the material with the
specified material structure and thickness complying with requirements
for weighted average sound absorption ratio class C at frequency range of
250 Hz+4000 Hz laid down in the standard LVS EN ISO 11654:2000, and
at the same time provides sufficient material strength properties. By use of
manufacturing technology with the composition w/g of 0.6 and 4 ml of
SAS, foam gypsum with volume density of 400 kgm™ and bending
strength of 0.13 MPa was obtained that is 2.5 times greater than the
requirements for foam gypsum sound absorption plate bending strength
laid down in LVS EN 14246:2003, and compressive strength of
0.21 MPa, with sound absorption ratio of 0.62 obtained in impedance tube
(thickness of 50 mm) corresponding to material class C and absorption
ratio of 0.80 obtained in reverberation chamber (thickness of 40 mm)
corresponding to material class B.

It has been established that foam gypsum sound absorption material and
mineral wool display analogous behaviour regarding sound absorption
ratio and product thickness. Sound absorption ratio at 250 Hz is better
with material thickness of 100 mm, but with increase in frequency the
maximum sound absorption ratio is achieved with thinner samples.

Total macropore area in foam gypsum of 0.44+0.46 mm? per mm?
ensures sound absorption ratio of 0.41+0.43, pore area of 0.48 mm? per
mm? ensures sound absorption ratio of 0.52 and foam gypsum with pore
area of 0.50+0.55 mm? per mm? ensures sound absorption ratio of 0.61.
Total macropore area of 0.57 mm? ensures sound absorption ratio of 0.72.
For all foam gypsum manufacturing technologies discussed in the thesis,
the average maximum value of sound absorption ratio at the entire
analyzed frequency range was obtained at material thickness of 50 mm.
Samples for model testing were produced with thickness of 40 mm
because in case of use of technology with w/g 0.6 and 4 ml of SAS the
difference between the sound absorption ratio o for 50 and 40 mm
samples is negligent (0.03), making it possible to reduce the material
consumption.

A mathematical model of moisture drying has been created that
adequately describes experimental researches and main foam gypsum
samples drying parameters dependence on foam gypsum volume density
has been established.

Adding disperse hemp shives reinforcement (2.5+5.0 mm concentration
15+50 g kg™) to foam gypsum increasing bending strength ~1.5 times and
improves ound absorption coefficient by 10+15 %.

76



IZMANTOT A LITERAT URA/ BIBLIOGRAPHY

1. Akthar F.K., Evans J.R.G. (2010) High porosity (> 90%) cementitious
foams. Cement and Concrete Researgbl. 40, No. 2, p. 352-358.

2. Allard J.F., Attala N. (2009) Propagation of Sound in Porous Media:
Modelling Sound Absorbing Material®nited Kingdom: John Wiley &
Sons, Chichester. 358 p.

3. Allin S. (2005) Building with Hemp.Ireland: Seed Press Rusheens,
Kenmare, Co. Kerry. 151 p.

4. Ar darba vides troksni saisd risku noertéSanas un nairSanas
vadlnijas [tie$saiste], Riga, 2003. [Skaftits 2011.12.12.]. Pieejams:
http://osha.lv/lv/publications/docs/troksnis_vadlinijas.pdf

5. Arenas J.P., Crocker M.J. (2010) Recent Trends in Porous Sound-
Absorbing Materials, Sound & Vibration'Vol. 7, p. 12-17.

6. Bacellar R.S., D’Almeida J.R.M. (2009) Mechanical Properties of
Pupunha (Bactris gasipaes) Palm. Chemical Engineering Transactians
Vol. 17, p. 1771-1776.

7. Brencis R., Iljins U., Skujans J., Gross U. (2012) Research of foam
gypsum drying process and heat flow transfer. In: Chemical
Engineering Transactions Proceeding of international scientific
conference. Vol. 29, p. 583-588.

8. Brencis R., Skujans J., Iljins U., Ziemelis 1., Osits N. (2011b) Research
on foam gypsum with hemp fibrous reinforcement. Chemical
Engineering Transactions Proceeding of international scientific
Conference, Vol. 25, p. 159-164.

9. Bruijn P.B., Jeppsson K.H., Sandin K., Nilsson C. (2009) Mechanical
properties of lime—hemp concrete containing shives and fibres.
Biosystems Engineeringol. 103, p. 474-479.

10.Chen Z., Sucech S., Faber K.T. (2010) A hierarchical study of the
mechanical properties of gypsum. Journal of Materials Scienc&ol. 45,
p. 4444-4453.

11.Cox L., Van Dijk S. (2002) Foam concrete: a different kind of mix.
Concrete Vol. 36, No. 2, p. 54-55.

12.D’Almeida A., Mello Filho J., Toledo Filho R. (2009) Use of curaua
fibers as reinforcement in cement composites. Chemical Engineering
TransactiongVol. 17, p. 1717 — 1722. DOI: 10.3303/CET0917287.

13. Defraeye T., Blocken B., Carmeliet J. (2012) Analysis of convective
heat and mass transfer coefficients for convective drying of a porous flat
plate by conjugate modeling. International Journal of Heat and Mass
Transfer Vol. 55, p. 112-124.

14. Dincer 1., Dost S. (1995) An analitical model for moisture diffusion in
solid objects during drying. Drying TechnologyVol. 13, p. 425-435.

77



15.Duval A., Bourmaud A., Augier L., Baley C. (2011) Influence of the
sampling area of the stem on the mechanical properties of hemp fibers.
Materials LettersVol. 65, No. 4, p. 797-800.

16.Foret R., Guigou-Carter C., Chene J.B. (2010) Porous material
parameters influencing the acoustic performances of building
construction systems. In:. International sceintific conference
.Internoise 2010, noise and sustainability13-16 June 2010 Lisbon
Portugal, p. 1-10. CD

17.Grubliauskas R., Butkus D. (2009) Chamber investigation and
evaluation of acoustic properties of materials. Journal of Environmental
Engineering and Landscape Manageméful. 17, p. 97-105.

18. Handbook of Industrial Drying 2007). Editor A.S. Mujumdar.
London:Taylor & Francis Group. 1280 p.

19. leteikumi pargipSa pkk&u, konstrukciju,gipSa apmetumu un ghu
lietoSanu ugunsaizsartbas konstrukcdjs [tiessaiste] (2008). Latvijas
republikas Ekonomikas ministrija. [Skatits 2011.03.02.]. Pieejams:
http://www.em.gov.lv/images/modules/items/iet280710.pdf

20.1ljins U., Skujans J., Ziemelis 1., Gross U., Veinbergs A. (2009)
Theoretical and experimental research on foam gypsum drying process,
In: Chemical Engineering TransactianBroceeding of international
scientific Conference, Vol. 17, p. 1735-1740.

21.Khan M.R., Chen Y., Belsham T., Lagué C., Landry H., Peng Q., Zhong
W. (2011) Fineness and tensile properties of hemp (Cannabis sativa L.)
fibres. Biosystems Engineerinyol. 108, p. 9-17.

22.Khan M.R., Chen Y., Lagué C., Landry H., Peng O., Zhong W. (2010)
Compressive properties of Hemp (Cannabis sativa L.) stalks. Biosystems
Engineering Vol. 106, p. 315-323.

23. Kubicki B. (2007), Same old sounds new technology for long standing
acoustic problems. Construction SpecifieVol. 60, p. 54-60.

24.Kymaéldinen H.R., Sjoberg A.M. (2008) Flax and hemp fibres as raw
materials for thermal insulation. Building and EnviromentaMol. 43, p.
1261-1269.

25. Laukaitis A., Fiks B. (2006) Acoustical properties of aerated autoclaved
concrete. Applied AcousticsVol. 67, p. 284-296.

26.Le Troédec M., Rachini A., Peyratout C., Rossignol S., Max E., Kaftan
O., Fery A., Smith A. (2010) Influence of chemical treatments on
adhesion properties of hemp fibres. Journal of Colloid and Interface
ScienceVol. 356, p. 303-310.

27.LVS EN 14246:2006. GipSa elementi piektajiem griestiem.
Definicijas, praghas un tegBanas metodesRiga: Latvijas Valsts
Standarts, 2006.

78



28.

29.

30.

31.

32.

33

34.

35.

36.

37.

38.

39.

40.

LVS EN ISO 11654:2000. Akustika - Sk@as absorbtaji ekas - Skaas
absorbcijas parametriRiga: Latvijas Valsts Standarts, 2000.

LVS EN ISO 354:2003. Akustika. Skegas absorbcijas @riSana
reverbericijas kamed. Riga: Latvijas Valsts Standarts, 2003.

Mathur V.K. (2006) Composite materials from local resources.
Construction and Building Material&/ol. 20 , p. 470-477.

Musielak G., Kieca A. (2009) Temperature dependence of the moisture
diffusion coefficient in a high moisture content material. Chemical and
Process Engineerind/ol. 30, p. 231-242.

Nilsson T., Gustafsson P.J. (2007) Influence of dislocations and
plasticity on the tensile behaviour of flax and hemp fibres. Composites
Part A: Applied Science and Manufacturjiépl. 38, p. 1722-1728.

.Pielikums zinojumam par kalkakmens resursu pieejamibu Latvija un

iespgjam izsludinat starptautisku tenderi jaunas cementa riipnicas
izveidei. LR ekonomikas ministrija 2005. gada 21. oktobrT [tieSsaiste]
[skatits  2012.09.07.].  Pieejams:  http://www.portalslv.lv/preses-
relizes.php?id=119732

Sedan D., Pagnoux C., Smith A., Chotard T. (2008) Mechanical
properties of hemp fibre reinforced cement: Influence of the fibre/matrix
interaction.. Journal of the European Ceramic Socjeépl. 28, p. 183-
192.

Sgard F.C., Olny X., Atalla N., Castel F. (2005) On the use of
perforations to improve the sound absorption of porous materials.
Applied AcousticsVol. 66, p.625-651.

Skinner C., Peters J., Vandenbroeck J. (2006) Acoustic Absorbers: A
third way for the management of sound in automobiles. In: UTECH
2006 Maastricht, The Netherland, p. 1-14.

Skujans J., Iljins U., Ziemelis 1., Gross U., Ositis N., Brencis R.,
Veinbergs A., Kukuts O. (2010) Experimental research of foam gypsum
acoustic absorption and heat flow, In: Chemical Engineering
TransactionsVol. 19, p.79-84.

Skujans J., Vulans A., Iljins U., Aboltins A. (2007) Measurements of
Heat Transfer of Multi-Layered Wall Construction with Foam Gypsum.
Applied Thermal Engineerindol. 27, No. 7, p. 1219-1224.

Tang R., Etzion Y. (2004) Comparative studies on the water evaporation
rate from a wetted surface and that from a free water surface. Building
and EnviromentVol. 39, p. 77-86.

Timber Buildings. Low-Energy Constructioni2010). C.Bene (ed.).
Bozen: Bolzano University Press. 175 p.

79



41.Tran Le A.D., Maalouf C., Mai T.H., Wurtz E., Collet F. (2010)
Transient hygrothermal behaviour of a hemp concrete building
envelope. Energy and Buildingsvol. 42, p. 1797-1806.

42.Ulme A., Freivalde L. (2009) Atjaunojamo izejvielu attistiba Latvijas
teritorija, RTU zinmitniskie rakstj 9. sér., Materialzinatne, 4. sgj., Ipp. 63-
67.

43.Voronina N. (1994) Acoustic properties of fibrous materials. Applied
AcousticsVol. 42, p. 165-174.

44.Voronina N. (1997) An empirical model for Rigid frame porous
materials with high porosity. Applied AcoustigsVol. 51, No. 2, p. 181-
198.

45.Voronina N. (1996) Improved empirical model of sound propagation
through a fibrous material. Applied AcousticsVol. 48, p. 121-132.

46.Yang T.L., Chiang D.M., Chen R. (2001) Development of a novel
porous laminated composite material for high sound absorption. Journal
of Vibration and ContrglVol. 7, No. 5, p. 675-698.

47.Yuanjian T., Isaac D.H. (2007) Impact and fatigue behaviour of hemp
fibre composites. Composites Science and Technoldgyl. 67, p. 3300-
3307.

48.Tamxuner P.A., Mepxkun ATl (1981) [Ilosepxnocmmuo-axmuenvie
sewecmea 6 cmpoumenscmee. baxy: Azepraemip. 131 c.

49.Topnor FO.I1., Mepkun A.Il., Pymsanes .M., Kooumze T.E. (1984)
TexHoNmorMss OOJETYCHHBIX TICHOTHUIICOBBIX MaTepuaioB. B KH.
Buicokonpounwiii eunc 6 umoycmpuaibHom cmpoumenvscmae. Tesucol
ooxn. Pura: JlarHWWcTpoutensctBa, c. 118-121.

50.Ckysac  FO.P. (1987) Texnonocuueckue cnocodvl u320moeieHus
neHoeunca - 6cneHu8aHuemM — Ha ~ cemkax.  ABroped.muc  Ha
couck.kaua.TexH.Hayk.  05.23.05. Kpackogo: CtpouTtensHbIe
MaTepuaisl U u3aenus. 24 c.

51. Ckysuc H0.P., UyuyeB A.C., Xopomenxkuii B.I'. (1984) HccnenoBanue
PEOTOTHYECKUX CBOMCTB THMIICOBBIX cMecei ¢ nobaBkamu [TAB. B kH.:
Texnonoeuuweckas mexanuxa 6emona. Pura: Prwxk.monurexs. uH-T, c. 25-
32.

52. Uleiikun A.E., Yexosckuit F0.B., bpyccep M.U. (1979) Cmpyxmypa u
ceoticmea yemenmuwix bemonos. Mocksa: Ctpoituzaar. 344 c.

53.Munmen.E., Kaccembman X.@., J[lamen.I'., Tlomenm P. (1982)
Cmpoumenvras ¢uszuxa. Mocksa: Ctpoinzaar. 293 c.

54 MImuar JLM. (1969) Ilpouzeoocmeo akycmuueckux mMamepuanos.
Mocksa: Ctpoiinznar. 175 c.

80



	Raitis Brencis. Putuģipša tehnoloģijas pilnveidošana skaņas absorbcijas materiālu izgatavošanai = Foam gypsum technology development for sound absorption material production : promocijas darba kopsavilkums inženierzinātņu (Dr.sc.ing.) doktora zinātniskā grāda iegūšanai Būvzinātnes nozarē, Būvmateriāli un būvtehnoloģija apakšnozarē, Jelgava, 2013, 80 lpp.
	INFORMĀCIJA
	INFORMATION
	SATURS / CONTENTS
	IEVADS
	PROMOCIJAS DARBA REZULTĀTU APROBĀCIJA
	MATERIĀLI UN METODES
	1. AKUSTISKAS MATERIĀLU UZ MINERĀLO SAISTVIELU BĀZES IZGATAVOŠANA UN PIELIETOŠANA
	1.1. Šūnu betonu klasifikācija un iegūšanas tehnoloģijas
	1.2. Porainas struktūras ietekme uz fizikāli mehāniskajām īpašībām

	2. PUTUĢIPŠA IZGATAVOŠANAS TEHNOLOĢIJAS IETEKMEUN TĀS PILNVEIDOŠANA SKAŅAS ABSORBCIJAS MATERIĀLAIZGATAVOŠANAI
	2.1. Putuģipša žūšanas modelis
	2.2. Pielietotās tehnoloģijas ietekme uz poru struktūru
	2.3. Stiprības pētījumi
	2.4. Siltumplūsmas pētījumi
	2.5. Skaņas absorbcijas īpašības pie dažādām frekvencēm un materiālu biezumiem
	2.6. Skaņas absorbcijas īpašības pie dažādām putuģipša izgatavošanas tehnoloģijām

	3. PUTUĢIPŠA EKSPERIMENTĀLO MODEĻU IZGATAVOŠANA UN PĀRBAUDES
	4. PUTUĢIPŠA IZGATAVOŠANAS TEHNOLOĢIJASPILNVEIDOŠANAS IESPĒJAS, PIELIETOJOT KAŅEPJUDISPERSO STIEGROJUMU
	SECINĀJUMI
	INTRODUCTION
	APPROBATION OF RESULTS
	MATERIALS AND METHODS
	1. PRODUCTION AND APPLICATION OF MINERAL BINDERSBASEDACOUSTIC MATERIALS
	1.1. Classification and production technologies for cell concrete
	1.2. Effect of porous structure on physico-mechanical properties

	2. FOAM GYPSUM MANUFACTURING TECHNOLOGY EFFECT AND ITS IMPROVEMENT FOR SOUND ABSORPTION MATERIALS PRODUCTION
	2.1. Drying model for foam gypsum
	2.2. Effect of applied technology on pore structure
	2.3. Researches on strength properties
	2.4. Researches on heat flow
	2.4. Effect of pores on foam gypsum sound absorption
	2.5. Sound absorption properties at various frequencies and material thicknesses
	2.6. Sound absorption properties for various foam gypsum technologies

	3. PRODUCTION AND TESTING OF FOAM GYPSUM EXPERIMENTAL MODELS
	4. FOAM GYPSUM MANUFACTURING TECHNOLOGY IMPROVEMENT OPTIONS WITH USE OF DISPERSE HEMP SHIVES REINFORCEMENT
	CONCLUSIONS
	IZMANTOTĀ LITERATŪRA/ BIBLIOGRAPHY

