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DARBA VISPAREJS RAKSTUROJUMS

Témas aktualitate un pétijuma problémas nostadne

Musdienas buvmaterialu industrija strauji attistas, dominé tendence arvien vairak
izmantot augstas stipribas materialus. Kops 20. gadsimta sakuma zinatnieki un cementa
kompozitu tehnologi strada pie jaunu, atskirigu dazada veida konstruktivo daudz
komponensu cementa kompozitu izstrades — sakot ar samazinatu cementa daudzumu,
samazinatiem pildvielu izmériem, disperso stiegrojumu Skiedru veida, kimiskajam
piedevam un pazeminatu tdens un cementa attiecibu, ka ari dalu cementu aizvietojot ar
otrreizéjiem izejmaterialiem u. c. Jaunas cementu kompozitu matricas ir daudz stiprakas,
izturigakas, ka ari dabu saudz€josakas, jo augstas stipribas cementa kompozitu
veidoSana tiek patéréts mazak cementa — konstruktivo elementu mazo izméru dél, ka
ari tadél, ka dala cementa tiek aizstata ar otrreiz izmantojamiem materialiem, samazinot
neatjaunojamo resursu un daba nesadaloSo materialu daudzumu. Pielietojot jaunos
materialus kopuma tiktu veicinata ilgtspéjiga un ekologiskaka buvnieciba, dodot
ieguldijumu pasaules globala siltumnicas efekta samazinasana (Prisco et al., 2009; Bajare
et al., 2012; Korjakins et al., 2010; Xi et al., 2010; Batayneh et al., 2007, Mageswari,
Vidivelli, 2010 u.c.). Sadu jauno, augstas stipribas konstruktivo cementa kompozitu
izmantoSana buvnieciba |autu samazinat ari materiala kop€jo patérinu, ka ari buatiski
samazinat konstrukciju kopéjo svaru, buvét augstakas buves, izmantot buvelementus ar
efektivaku Skérsgriezumu un projektét graciozakas plansieninu konstrukcijas, realizéjot
jaunas, sarezgitakas formas. Cementa kompozita uzlabotas ipasibas padaritu tos par
izdevigakiem materialiem no ekonomiska viedokla un par iespéjams vienigajiem
materialiem specializétas buvniecibas joma.

Jaunizveidoto cementa kompozitu matricam vispariga gadijuma ir uzlabotas
fizikalas 1pasSibas, pieméram, mikrostruktira — lielaku tilpumu aiznem cementa pasta,
samazinata porainiba, ka rezultata cementa kompozitiem ir mazaka udensuzsuce un
labaki salizturibas raditaji (Graybeal, 2006; Neville, Brooks, 2010; Gilbert, Ranzi, 2011;
Justs, Shakhmenko, 2010 u. c.), ka art uzlaboti materialu pretestibas raditaji spiedes
slogojuma. Lai ari ietekme uz Sim ipasibam ir apzinata, tomér pastav skeérsli, kas kavée So
jauno, sava zina moderno, augstas un seviski augstas stipribas un uzlaboto ipasibu
cementa kompozitu plasu izmantoSanu buvnieciba. Viens no galvenajiem kavékliem ir
nepietiekama informacija par Sadu cementa kompozitu ilglaicigajiem un ilgizturibas
raditajiem, kas ir batiski, lai garantétu drosu un ilgu buvju ekspluataciju.

Pasaulé ir izstradati dazadi standarti betona S$ludes, rukuma 1paSibu
eksperimentalai noteikSanai, bet, apskatot visus pieejamos standartus un modelus
jasecina, ka sniegta informacija nav viennozimiga, ir nepilniga Tapat japiemin, ka pasaulé
neeksisté standartizétas cementa kompozitu Slides noteikSanas metodes stiepé.
Savukart cementa kompozitu plaisu pétijumiem ir pieejami tikai plaisu atvéruma lieluma
noteikSanas standarti, bet nav pieejamas standartizétas plaisu izpétes metodikas, kas
sniegtu informaciju par plaisu un mikroplaisu rasanos, attistibu un raksturu. Diemzél
standarts, kas attiecas uz Eiropas regionu — EN 12390 ,Sacietéjusa betona testésana” —
nesniedz informaciju par to, ka nosakamas cementa kompozitu ilglaicigas un ilgizturibas
Ipasibas — slude, rukums, plaisu izpéte.



Vél viens butisks Skérslis ir projektéSanas normu ievieSanas aizkavéSanas.
Jaunajiem cementa kompozitiem nav piemérojamas aprobétas aprékina proceduras,
kuras izmanto tradicionalajam betonam. EsoSie standarti un aprékina modeli dod
iespéju novertét Sludes un rukuma deformacijas tradicionalajam, parastas stipribas
betonam, kas izmantojams klasiskajam konstrukcijam. Pielietotie cementu kompozitu
sastavi, izmantotas izejvielas, apkartéjas vides apstakli, paraugu geometrija un vecums
var |oti atsSkirties no modelos ievértétajiem faktoriem. Pie zejas datu lielas neatbilstibas
dél ir nekorekti izmatot Sos ieprieks izstradatos mode|us.

Lai jaunos cementa kompozitus varétu izmantot, projektéjot drosas, efektivaku
Skérsgriezumu konstrukcijas, nepiecieSams izstradat jaunu metodologiju, kura butu
sniegta informacija par to, ka nosakamas dazadu, ipaSi smalkgraudainu cementa
kompozitu (kam pildvielas lielakais geometriskais izmérs <5 mm) raksturigas Tpasibas.
legutas, ilglaicigas TpasSibas un plaisu izpétes dati veicinatu arvien racionalaku, spriegumu
laukiem atbilstoSaku, jauno cementa kompozitu izveidoSanu.

Darba meérkis

Promocijas darba meérkis ir izstradat un eksperimentali parbaudit metodologiju
Tpasi smalkgraudainu (<5 mm) cementa kompozitu (ISCK) Slides vienasigo deformaciju
spiedé un stiepé un zusanas rukuma vienasigo deformaciju noteiksanai, ka ari stiepes
plaisu attistibas izpétei un analizei.

Darba uzdevumi

Lai 1stenotu darba meérki, izvirziti Sadi uzdevumi:

1. lzveidot metodologijas teorétisko un eksperimentalo pamatojumu. Veikt Sludes,
rukuma deformaciju un plaisu noteikSanas metodiku, modelu apkopojumu, izpéti
un analizi.

2. lzstradat jaunu metodologiju, kas TpasSi piemérota ISCK un ar kuras palidzibu var
noteikt Slides vienasigas deformacijas spiedé un stiep€, Zusanas rukuma vienasigas
deformacijas, ka ari veikt stiepes plaisu attistibas izpéti un noteikt to atvéruma
lielumu.

3. Parveidot stendu cementa kompozitu Sludes vienasigo deformaciju noteikSanai
stiepé un adaptét esoso koka un polimérmaterialu sludes vienasigo deformaciju
noteikSanas stendu spiede.

4. lzveidot jaunu stiepes parbaudes stendu, kas butu atbilstosaks ISCK plaisu rasanas,
attistibas, plaisu rakstura, plaisu atvéruma lieluma noteikSanai ar digitalo attélu
parvietojumu noteikSanas un analizesmetodiku.

5. Veikt 1pasSi smalkgraudainu (<5 mm) cementa kompozitu Slides vienasigo
deformaciju spiedé un stiepé, Zusanas rukuma vienasigo deformaciju noteikSanas,
ka ari stiepes plaisu attistibas izpétes un analizes metodologijas eksperimentalu
aprobaciju.

6. Analizet galvenos, eksperimentalo parbauzu aprobacijas rezultatus dazadiem —
parastas, augstas un seviski augstas stipribas cementa kompozitiem ar borsilikata
spuldzu stikla, montmorilonita, mikro- un nanosilikas mineralo piedevu,



polivinilalkohola (PVA) skiedram, ka ari atrast ISCK ilglaicigo darbibu aprakstoSos
vienadojumus.
Izstradat priekslikumus normativo dokumentu EN 1992-1-1:2005 ,Betona
konstrukciju projektésana” un EN 12390 ,Sacietéjusa betona testésana”
pilnveidosanai.

Pétijuma zinatniska novitate
Izstradata metodologija 1pasi smalkgraudainu (<5 mm) cementa kompozitu (ISCK)
Sludes vienasigo deformaciju spiedé un stiepé un ZaSanas rukuma vienasigo
deformaciju noteikSanai un stiepes plaisu attistibas izpétei, kas dod iespéju
laboratorijas apstaklos noteikt realo parastas, augstas un seviski augstas stipribas
ISCK SlGdes vienasigas deformacijas spiedé un stiepé, ZiSanas rukuma vienasigas
deformacijas, ka ari stiepes plaisu atvéruma lieluma veértibas, kuras nav iespéjams
noteikt ar esoSajam standartizétajam metodikam un modeliem.
Aprobacijas gaita eksperimentali iegltas jauno, atskirigo, konstruktivo cementa
kompozitu spiedes un stiepes stipribas, elastibas modulu, Sludes vienasigas
deformacijas stiepé un spiedé, ziSanas rukuma vienasigas deformacijas un stiepes
plaisu atvéruma lieluma veértibas, ka ari realizéta plaisu rasanas, attistibas un
rakstura izpéte, kas lidz Sim Siem materialiem nav veikta. Metodologija aprobéta
15 dazadiem ipasi smalkgraudainiem (<5 mm) parastas, augstas un seviski augstas
stipribas cementa kompozitiem, dazada vecuma un daZzadas geometriskas formas
paraugiem, divas mitruma koncentracijas, pie konstanta slogojuma.
Parveidots stends slides vienasigo deformaciju noteikSanai stiepé (Sobrid pasaulé
neeksisté standartizétas Sludes deformaciju stiepé noteikS8anas metodes) un
adaptéets Sludes vienasigo deformaciju noteikSanas stends spiedé, kurS lauj
izmantot paraugus (<70 mm), kas vairak raksturigi augstas un seviski augstas
stipribas cementa kompozitu konstrukciju izmériem. Izmantojot Sos stendus,
paraugiem iespéjams pielikt konstantu slodzi un noturét to nemainigu ilgu laiku,
turklat eksperimentu laika nav nepiecieSama spriegumu limena korekcija,
kalibrésanas liknes ir linearas, netiek patéréti energoresursi, iespéjams parbaudit
cementa kompozitus, kam pildvielu maksimalais izmérs <5 mm, vienlaikus
nodroSinot materialu ietaupijumu.
Piedavats Sludes vienasigas deformacijas stiepé noteikt, izmantojot koncentrétas
stiepes (CT) paraugus, kas dod iespéju samazinat eksperimentalo rezultatu izkliedi
un ir 1pasi piemerots ISCK deformaciju nolasisanai, izmantojot tikai vienu digitalo
deformaciju meritaju atskirlbba no citu autoru piedavatajam metodém, kuras
izmanto divus vai vairak deformaciju méritajus.
Atrisinats stiepes deformaciju noteikSanas jautajums ar precizitati +0,1 um,
izmantojot digitalo attélu parvietojumu noteikSanas un analizes metodi, jo
cementa kompozitu stiepes raditas, absolltas deformacijas ir 10-20 reizes
mazakas par spiedes raditajam deformacijam un ir problematiska Sada lieluma
deformaciju registrésana.
Izveidots jauns, vienasigais parbaudes stends stiepé, kas nodroSina plaisu un
mikroplaisu attistibas izpéti. Uz jauna stenda eksperimentali iegltie spriegumu-



deformaciju Itknu raksturi ir atbilstosaki teoreétiskajiem pienémumiem un citu
autoru rezultatiem, ka ari uzrada labu sakritibu ar digitalo attélu parvietojumu
noteikS8anas un analizes metodika iegltajiem rezultatiem. Eksperimentala
aprobacija pierada, ka jaunais parbaudes stends ir atbilstoSaks augstas un seviski
augstas stipribas ISCK mazu izméru paraugiem (150 x 150 x 12 un 100 x 50 x 12 mm)
salidzinajuma ar universalajam parbaudes iekartam, kas nav piemérotas mazo
izméru paraugiem un |énajam slogosanas atrumam, radot iekartas sakotnéjo
tuksgaitu, ka art mikroplaisu izpétei, jo rada parak lielas kustibas, ta liedzot iespéju
ieglt asus augstas izskirtspéjas fotoattélus.

e Piedavati ISCK kopéjo, ilglaicigo deformaciju un ZuSanas rukuma vienasigo
deformaciju procesus aprakstoSie modeli — eksponentvienadojumi, kas dod
vislabako sakritibu ar eksperimentalajiem datiem un ar kuru palidzibu var
prognozét no lidziga materiala veidotu konstrukciju elementu ilglaicigo
deformaciju lielumu. Piedavato modelu determinacijas koeficients R® = 0,993, kas
norada uz |oti augstu eksperimentalo datu un aprakstosas liknes sakriSanu. Pasreiz
lietotie Slddes un rukuma deformaciju aproksiméjoSie modeli nav piemérojami un
nekorekti apraksta jauno, atskirigo ISCK S|Gdes vienasigo un Zasanas rukuma
vienasigo deformaciju procesus, jo ir liela iekSéjo un aréjo ietekmes faktoru
nesakritiba.

e Rekomendéts papildinat Eiropas reglamentéto standartu EN 12390 ,Sacietéjusa
betona testésana” ar Sludes deformaciju spiedé un stiepé noteikSanas metodikam.
Pieradits, ka sludes deformaciju vienasiga spiedé un stiepé noteikSanas metodes
dod ticamus rezultatus (V<22 %) un ir piemérotas dazadas stipribas cementa
kompozitiem.

Promocijas darba praktiskais nozimigums

Darba nozimiguma vértéjuma izdalami tris galvenie ieguto rezultatu izmantosanas
virzieni, kuros tos iespéjams sekmigi pielietot.

Piedavata un darba aprobéta 1pasi smalkgraudainu (<5 mm) cementa kompozitu
(ISCK) Slides vienasigo deformaciju spiedé un stiepé un Zisanas rukuma vienasigo
deformaciju noteikSanas un stiepes plaisu attistibas izpétes metodologija, kas dod
iespéju laboratorijas apstaklos noteikt realo parastas, augstas un seviSki augstas
stipribas ISCK Sludes vienasigas deformacijas spiedé un stiepé, zusanas rukuma
vienasigas deformacijas, stiepes plaisu atvéruma lieluma veértibas, ka art veikt stiepes
plaisu rasanas, attistibas un rakstura izpéti.

Metodologijas aprikojuma ietilpst parveidots Slides vienasigo deformaciju
noteikSanas stends stiepé un adaptéts sludes vienasigo deformaciju noteikSanas stends
spiedé, ka arT jauns parbaudes stends stiepé — plaisu izpétei. Slides deformacijas stiepé
piedavats veikt, izmantojot koncentrétas stiepes (CT) paraugus.

Jaunradita ISCK ilglaicigo 1pasSibu noteikSanas un plaisu attistibas izpétes
metodologija nosaka cementa kompozitu sastava, paraugu izgatavosanas un
eksperimentalo parbauzu veikSanas procediru aprakstus, ka art ieguto datu apstradi un
aparaturas izvéli.
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Piedavata metodologija izmantojama mehanisko 1pasibu parbauzu laboratorijas, lai
noteiktu Sludes vienasigas deformacijas spiedé un stiepé, Zusanas rukuma vienasigas
deformacijas, stiepes plaisu atvéruma lieluma vértibas, plaisu sakSanas, attistibas un
rakstura izpétes datus, kas nepiecieSami jaunizveidoto, racionalo, ekologiskako,
konstruktivo cementa kompozitu izveidei, ka ari inZenieriem — droSu konstrukciju
projektéSana no Siem materialiem. Dotas tehniskas rekomendacijas cementa kompozitu
ipasibu noteiksanai.

lzmantojama digitalo attélu parvietojumu noteikSanas metode ir piemérotaka
stiepes radito, mazo deformaciju, mikroplaisu un plaisu registrésanai, kas ir butiski
specifiskas ekspluatacijas konstrukcijam.

Jauna metodologija pastarpinati atstas ari labvéligu efektu uz pasaules ekologisko
situaciju, jo, plasak izmantojot jaunizveidotos ISCK un samazinoties konstrukciju
Skérsgriezuma izmériem, tiks samazinats kopéjais patéréta cementa daudzums un,
aizstajot dalu cementa ar dazadam otrreizéjam mineralajam piedevam, tiks samazinats
daba neatjaunojamo resursu un nesadaloSo materialu daudzums, kas kopuma veicinas
ilgtspéjigu un ekologiskaku buvniecibu, dodot ieguldijumu pasaules globala siltumnicas
efekta samazinasanai.

Sniegti priekslikumi izmainam standartos EN 1992-1-1:2005 ,,Betona konstrukciju
projektéSana” un EN 12390 ,Sacietéjusa betona testésana”.

Promocijas darba izstradatie literatlras apkopojumi izmantojami stiegrbetona
speckursa lekciju materialu sagatavosanai par slides un rukuma ipasibu noteikSanu un
plaisu attistibas izpéti dazadiem uz cementa bazes veidotiem materialiem.

Pielietotie materiali un pétisSanas metodika

Metodologijas aprobacijai noteikti stipribas raditaji, slides vienasigas deformacijas
spiedé un stiep€, ZuSanas rukuma vienasigas deformacijas, stiepes plaisu rasanas,
attistiba, plaisu raksturs un plaisu atvéruma lielums sadiem ISCK — ar borsilikata spuldzu
stiklu, ar montmorilonita mineralo piedevu, ar mikro- un nanosilikas mineralajam
piedevam un ar polivinilalkohola (PVA) Skiedram un to kokteili.

Cementa kompozitu maisijumu izveidoSanai izmantots divvarpstu laboratorijas
mikseris (BHS, 3 kW, 20—100 apgr./min).

Paraugu spiedes stipriba noteikta spiedes iekarta , Controls”, Mod. Nr. C56G2, ar
precizitati +1 % un iekartas méerdiapazonu 0-3 kN; slogosanas atrums 0,8 MPa/s.

Cementa kompozitu paraugu stiepes stipriba noteikta universalaja parbaudes
iekarta ,Instron 8516” ar mérdiapazonu 0-120 kN vai ,,MTS 858 Bionix Test System” ar
meérdiapazonu 0-100 kN un slogosanas atrumu 0,005 mm/s vai universalaja testa
iekarta ,Instron E3000” ar mérdiapazonu 0-3 kN un slogosanas atrumu 0,03 mm/s.
Eksperimentalo datu registrésanai izmantotas ,WaveMaker” un ,Instron”
datorprogrammas.

Slides stenda sviru pleca attieciba spiedé ir 1:40 un stiepé — 1:20. Atsvaru
precizitate spiedé — 1/100 kg jeb 0,01 % un stiepe 1/10 000 kg jeb 0,0001 %. Lidz ar to
Sludes sviru precizitate spiedé ir 0,01 x40=10,4 kg un stiepé — 0,0001 x20=
+0,002 kg.
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Deformaciju meérisanai izmantoti Aistova sistémas elektriskie tenzometri ar iedalas
vértibu 1 um un maksimalo gajienu 5 mm, mehaniskie pulkstena méritaji ,IC” ar
iedalas vértibu 1/100 mm un maksimalo gajienu lidz 10 mm un digitalie deformaciju
meritaji HBM DD1 ar precizitati 0,5 um un maksimalo gajienu +2,5mm, ka ari
daudzkanalu registrésanas iekarta (data logger) ,,Spider 8”. Mérinstrumentu kalibrésana
veikta izgatavotajripnicas.

Paraugu svara izmainas noteiktas ar svariem , Kern” ar precizitati £0,001 kg.

Cementa kompozitu paraugu plaisu atverumu lielumi noteikti universalaja
parbaudes iekarta ,Instron 5500R” ar mérdiapazonu 0—100 kN vai DTU jaunizveidotaja
stiepes parbaudes stenda ar slogoSanas atrumu ~5 um/s. Plaisu atvéruma meérisanai
izmantota digitala deformaciju mérierice ,Instron extensometer” ar precizitati £2,5 um
un maksimalo gajienu £25 mm.

Stiepes plaisas veidosSanas, attistiba un raksturs novérots, izmantojot augstas
izSkirtspéjas digitalo fotokameru Nikon 3D ar 24 megapikselu izSkirtspéju ar fikséto
makro objektivu AF-S MICRO NIKKOR 60 mm 1:2:8G ED. Fotoobjektiva fokusa attalums —
60 mm. Plaisu novérosana lietots gredzenveidigais gaismas dioZu prozektors Macro LED
Ring Light.

Eksperimentali iegutie dati apstradati, izmantojot MS ,Excel”, MathWork
»Matlab”, GOM ,Aramis”, Imetrum LTD ,Imetrum”, HBM , CatMan®, Breeze systems
»NKRemote”, Oakdale Engineering ,DataFit” un , Time Stamp” datorprogrammas.

Pétijuma teoréetiska un metodologiska baze

Promocijas darbs balstas uz Sadam zinatnu nozarém un apaksSnozarém.
e Buvmateriali un bavtehnologija
e Bilvmehanika
e Buvkonstrukcijas
e Materialzinatne
e Materialu mehanika un pretestiba
e Materialu fizika
e Optika
e Vides inZenierzinatne

Pétijuma diapazons un ieguito rezultatu pielietojuma robezas

Izstradata ISCK ilglaicigo 1paSibu noteikSanas un plaisu attistibas izpétes
metodologija ir speka, izpildoties Sadiem nosacijumiem:

e pielietoto cementa kompozitu Sludes deformaciju spiedé noteikSanas paraugu
mazakais izmérs (b) ir ierobezots ar matricas lielakas pildvielas pieckarsu izmeéru
(@) — bmin=25@, bet lielakais izmérs (/) ir ierobeZots ar stenda maksimali
iespéjamo, ievietojamo parauga garumu;

e Sludes vienasigas deformacijas spiedé un vienasigas zuSanas rukuma deformacijas
nosakamas, izveéloties vienotu parauga geometriju abam paraléli veicamajam
parbaudém; ieteicams izmantot paraugus ar geometriskajiem izmériem, kas atbilst
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nosacljumam — <

b
7 , kur b — parauga skérsgriezuma lielakais izmérs; | — parauga

N

garums;

e stiepes stipribas un Sludes vienasigo deformaciju noteikSanai stiepé un plaisu
attistibas izpétei ieteicams izmantot platnveida paraugus ar iezagéjumu viena vai
abas parauga puses;

e Sludes parbauzu spriegumu limenis, nosakot deformacijas linearaja Slides posma,
atrodas robezas lidz 40 % no graujoso spriegumu lieluma;

e slogojuma sakums un ilgums, ka ari atslodzes ilgums Sludes parbaudés atkarigs no
izvirzita mérka un var but neierobezots;

e ilglaicigas parbaudes var tikt veiktas paraugiem divas mitruma koncentracijas —
gaissausiem un mitriem;

e laboratorija rekomendéts wuzturét pastavigus apkartéjas vides apstaklus
(temperatiru un gaisa mitrumu).

Aizstavesanai izvirzitie darba rezultati

e Metodologija, kas 1pasi piemérota ISCK ilglaicigo ipasSibu — S§Jides vienasigo
deformaciju spiedé un stiep€, Zusanas rukuma vienasigo deformaciju, ka ari stiepes
plaisu attistibas izpétei un plaisu atvéruma lieluma noteiksanai.

e legutas dazadu jaunu, atSkirigu, konstruktivo cementa kompozitu raksturigas
ipasSitbas — S§ludes vienasigas deformacijas spiedé un stiepé, ZusSanas rukuma
vienasigas deformacijas, ka ar1 veikta stiepes radito plaisu izpéte — plaisu rasanas,
attistiba, raksturs un noteikts plaisu atveéruma lielums.

e Parveidots stends $S|ludes vienasigo deformaciju noteikSanai stiepé un adaptéts
stends S|udes vienasigo deformaciju noteikSanai spiede.

e |zveidots jauns parbaudes stends vienasiga stiep€, kas TpasSi piemérots ISCK un
nodrosSina to plaisu un mikroplaisu attistibas izpéti.

e Eksponentvienadojumi ISCK kope€jo, ilglaicigo, vienasigo deformaciju un Zusanas
rukuma vienasigo deformaciju prognozésanai no lidziga materiala veidotu
konstrukciju elementiem.

e Rekomendacijas Eiropas reglamentéta standarta EN 12390 ,Sacietéjusa betona
testéSana” papildinasanai ar Slides deformaciju spiedé un stiepé noteikSanas
metodikam.

Promocijas darba rezultatu aprobacija

Promocijas darba rezultati zinoti un apspriesti 15 starptautiskajas konferencés.
Galvenie darba rezultati izklastiti 15 zinatniskajas publikacijas. Sesas no tam ir
indeksétas Scopus datu baze. Citéto publikaciju skaits — 4, citétas 26 reizes, h-indekss — 4.

Daliba starptautiskajas konferences

1. The second International Conference on “Advances in Civil, Structural and
Mechanical Engineering — CSM’ 14” of Institute of Research Engineers and
Doctors,
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Birmingham, Great Britain, November 16—-17, 2014 (Sprince A., Pakrastinsh L.,
Vatin N., Long-term Behaviour of Fibre Reinforced Cement Composites).

2. The 4" International Conference “Advanced Construction” of Kaunas University of
Technology, Kaunas, Lithuania, October 9-10, 2014 (Sprince A., Pakrastinsh L.,
Korjakins A.,Behaviour of Fibre Reinforced Cement Based Composites).

3. The 3" International Conference on Competitive Materials and Technology
Processes ic-cmtp3, Miskolc — Lillafiired, Hungary, October 6—10, 2014 (Sprince A.,
Pakrastinsh L., Vatin N., Crack Formation in Cement Based Composites).

4. 11" International Conference ,Modern Building Materials, Structures and
Techniques”, Vilnius, Lithuania, May 16-17, 2013 (GaileL., SprinceA,,
Pakrastinsh L. Specific Challenges of Adopting Eurocodes in Latvia).

5. The International Scientific Conference ,,Civil Engineering’13” of Latvia University
of Agriculture, Jelgava, Latvia, May 16-17, 2013 (Sprince A., Pakrastinsh L., Creep
Behavior of High Performance Fiber Reinforced Concrete (HPFRC)).

6. The 9" International Scientific and Practical Conference ,Environment.
Technology. Resources” of Rezekne University, Rezekne, Latvia, June 20-22, 2013
(Sprince A., Pakrastinsh L., Case Study on Early Age Shrinkage of Cement-based
Composites).

7. The 8" International Conference Concrete in the Low Carbon Era, Dundee, Great
Britain, July 9-11, 2012 (Sprince A., Pakrastinsh L., Korjakins A. Experimental creep
tests on concrete made with montmorillonite nano particles).

8. XVII International conference on mechanics of composite materials Jurmala, Latvia,
May 28 — June 1, 2012 (Sprince A., Pakrastinsh L., Korjakins A., Shakhmenko G.,
Bumanis G. Experimental Study on early age creep and shrinkage of PVA fiber
reinforced high strength concrete).

9. The 3" International conference HiPerMat2012 ,Ultra-High Performance Concrete
and Nanotechnology for High Performance Construction Materials”, Kassel,
Germany, March 7-9, 2012  (Sprince A,, Pakrastinsh L., Korjakins A.,
Shakhmenko G., Bumanis G. Early age creep and shrinkage of high performance
concrete).

10.The 52" International Scientific Conference of Riga Technical University. Riga,
Latvia, October 13, 2011 (Sprince A., Pakrastinsh L., Korjakins A., Shakhmenko G.
Effect of Montmorillonite Nano Admixture on Long-term Deformations of
Concrete).

11.The 7% European FIB Congress on Concrete Engineering CCC2011 ,Innovative
materials and technologies for concrete structures”, Balatonfiired, Hungary,
September 22—-23, 2011 (Sprince A., Pakrastinsh L., Korjakins A., Shakhmenko G.,
Bumanis G. Creep tests on concrete made of different active additives).

12.The 36™ International Conference OW11 ,0Our world in concrete & structures” of
Ci-Premier Pte Ltd, Singapure, Singapure, August 14-16, 2011 (SprinceA.,
Pakrastinsh L., Korjakins A. Creep deformations on high strength concrete made of
montmorillonite mineral nano particles).

13.The 8" International Scientific Conference »Environment. Technology. Resources”
of Rezekne University, Rezekne, Latvia, June 20-22, 2011 (Sprince A., Korjakins A.,
Pakrastinsh L. Creep behaviour of concrete with glass waste microfiller).
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14.

15.

The International Scientific Conference ,,Civil Engineering’11” of Latvia University
of Agriculture, Jelgava, Latvia, May 12-13, 2011 (Sprince A., Pakrastinsh L.,
Korjakins A. Experimental study on creep of new concrete mixtures).
The 51" International Scientific Conference of Riga Technical University, Riga,
Latvia, October 11-15, 2010 (Sprince A., Korjakins A., Pakrastinsh L. Eksperimental
study of FRC beams in bending and shear).

Publikacijas
Sprince A., Pakrastinsh L., Vatin N., Crack Formation in Cement Based Composites
// Proceeding of the 3" International Conference on Competitive Materials and
Technology Processes ic-cmtp3, Miskolc — Lillafired, Hungary, October 6-10,
2014. (lesniegta publicésanai).
Sprince A., Pakrastinsh L., Vatin N., Long-term Behaviour of Fibre Reinforced
Cement Composites // Proceedings of the second International Conference on
“Advances in Civil, Structural and Mechanical Engineering — CSM’ 14” of Institute
of Research Engineers and Doctors, Birmingham, Great Britain, November 16-17,
2014, PP. 116-121. doi: 10.15224/978-1-63248-006-4-63 (tiks indekséta SCOPUS
datu baze).
Sprince A., Pakrastinsh L., Korjakins A., Behaviour of Fibre Reinforced Cement
Based Composites // Proceedings of the 4" International Conference “Advanced
Construction” of Kaunas University of Technology, Kaunas, Lithuania, October 9—
10, 2014, PP. 103-107 (tiks indekséta SCOPUS datu bazé).
Sprince A., Fischer G., Pakrastinsh L., Korjakins A. Crack Propagation in Concrete
with Silica Particles // Advanced Materials Research Vol. 842 (2014) PP. 470-476.
Trans Tech Publications, Switzerland. doi:10.4028/www.scientific.net/ AMR.842.470
(indekseta SCOPUS datu baze).
Gaile L., Sprince A., Pakrastinsh L. Specific Challenges of Adopting Eurocodes in
Latvia. Procedia Engineering, Volume 57, 2013, Pages 294-301, ISSN 1877-7058,
DOI:10.1016/j.proeng.2013.04.040 (indekséta ISI Web of Science un SCOPUS datu
baze).
Sprince A., Korjakins A., Pakrastinsh L. Time-dependent Behavior of High
Performance Fiber-reinforced Concrete // Advanced Materials Research Vol. 705
(2013) PP. 75-80. Trans Tech Publications, Switzerland.
doi:10.4028/www.scientific.net/AMR.705.75 (indekséta SCOPUS datu baze).
Sprince A., Pakrastinsh L., Creep Behavior of High Performance Fiber Reinforced
Concrete (HPFRC) // Proceedings of the International Scientific Conference ,,Civil
Engineering’13” of Latvia University of Agriculture, Jelgava, Latvia, May 16-17,
2013. PP. 1-4.
Sprince A., Pakrastinsh L., Case Study on Early Age Shrinkage of Cement-based
Composites // Proceedings of the 9" International Scientific and Practical
Conference ,Environment. Technology. Resources”, Rezekne, Latvia, June 20-22,
2013, Volume Il, PP. 79-84 (indekseta SCOPUS datu bazé).
Sprince A., Pakrastinsh L., Korjakins A. Experimental creep tests on concrete made
with montmorillonite nano particles // Proceedings of the 8" International
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conference “Concrete in the Low Carbon Era”, Dundee, Great Britain, July 9-11,
2012. PP. 111-122.

10. Sprince A., Pakrastinsh L., Korjakins A., Shakhmenko G., Bumanis G. Early age creep
and shrinkage of high performance concrete // Proceedings of Ultra-High
Performance Concrete and Nanotechnology for High Performance Construction
Materials 3" International conference HiPerMat2012. Kassel, Germany, March 7—
9, 2012. PP. 309.-315.

11. Sprince A., Pakrastinsh L., Korjakins A., Shakhmenko G., Bumanis G. Creep tests on
concrete made of different active additives // Proceedings of the 7" European FIB
Congress on Concrete Engineering CCC2011 ,Innovative materials and
technologies for concrete structures”, Balatonfured, Hungary, September 22-23,
2011. PP. 257-260.

12. Sprince A., Pakrastinsh L., Korjakins A. Creep deformations on high strength
concrete made of montmorillonite mineral nano particle // Proceedings of the
36" International conference OW11 ,0Our world in concrete & structures”,
Singapure, Singapure, August 14-16, 2011. Volume XXX (2011): PP. 397—-406.

13. Sprince A., Pakrastinsh L., Korjakins A. Experimental study on creep of new
concrete mixtures // Proceedings of the International Scientific Conference ,,Civil
Engineering’11” of Latvia University of Agriculture, Jelgava, Latvia, May 12-13,
2011. PP. 20-26 (indekséta SCOPUS datu bazé).

14. Sprince A., Korjakins A., Pakrastinsh L. Creep behaviour of concrete with glass
waste microfiller // Proceedings of the 8" International Scientific and Practical
Conference ,Environment. Technology. Resources”, Rezekne, Latvia, June 20-22,
2011, Volume Il, PP. 125-131 (indekséta SCOPUS datu bazé).

15. Sprince A., Pakrastinsh L., Korjakins A., Shakhmenko G. Effect of Montmorillonite
Nano Admixture on Long-term Deformations of Concrete // Scientific Journal of
Riga Technical University, Construction Science, vol. 12, Riga 2011, PP. 52-58.

Promocijas darba sastavs un apjoms

Promocijas darbs sastav no anotacijas, ievada, piecam galvenajam nodalam, kas
sadalitas apaksnodalas, secinajumiem, literatliras avotiem un diviem pielikumiem.

Darbs satur 172 lappuses, 92 attélus, 8 tabulas, 158 literatliras avotus un
2 pielikumus.

Pirmaja nodala dots esoSo metodiku apkopojums un analize, ka ari to galvenas
priekSrocibas un trakumi. Precizéts darba mérkis un uzdevumi.

Otraja nodala piedavata jaunizveidota ISCK ilglaicigo Tpasibu noteikSanas un plaisu
attistibas izpétes metodologija.

TreSaja nodala veikta jaunizveidotas metodologijas eksperimentala aprobacija.

Ceturtaja nodala atspoguloti un analizéti galvenie eksperimentalas aprobacijas
rezultati.

Piektaja nodala apkopotas un izstradatas rekomendacijas darba rezultatu
praktiskai izmantoSanai, ka ari standartu un projektéSanas normu pilnveidosanai.
Nosléguma izteikti darba galvenie secinajumi.
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PROMOCIJAS DARBA SATURS

Promocijas darba ievaddala formuléta pétijuma probléma, izvirzitais mérkis un
galvenie uzdevumi ta sasniegSanai, ka ari izcelta pétijuma zinatniska novitate un
praktiskais nozimigums, definétas pétijuma robezias un pétijuma teorétiska un
metodologiska baze.

1. Literatliras apskats / pétijuma teorétiskais un eksperimentalais pamatojums

Musdienas (20.-21. gs.) pasaules limena probléma ir globala sasilSana, ko izraisa
siltumnicas efektu veicinoSo gazu koncentracijas pieaugums atmosféra, kas galvenokart
rodas no izplides gazém un dazadiem izmeSiem. Neko nemainot, ari turpmak tiek
prognozéta Zemes vidéjas temperatlras strauja paaugstinasanas, kas iespaidos pasaules
klimatu, veicinot arvien augstaku juras limena celSanos, izraisot neprognozéjamas
vétras, pludus utt.

Eiropas Savieniba ir izvéléjusies klimata parmainas par jomu, kam pievérSama ipasa
uzmaniba. Viena no tautsaimniecibas apakSnozarém, saistitam ar klimata parmainam, ir
ekologiska blvnieciba, kas visa pasaulé ir izpelnijusies lielu uzmanibu un atbalstu.

BUvnieciba iesaistitajiem cilvekiem jaapzinas, ka jebkura €ka, katra apdzivota vieta,
tapat ka autotransports vai rupnieciskas iekartas, ari piesarno apkartéjo vidi. Gan
bdvmaterialu razoSana un transportésana, gan pats celtniecibas process un turpmaka
ékas ekspluatacija rada izejvielu un energijas patérinu, gaisa un udens piesarnojumu,
troksni, atkritumus, mikroklimata un apkartéjas vides izmainas. Visas €kas un apdzivotas
vietas kopuma batiski samazina neatjaunojamos dabas resursus un noslogo vidi (Kruse,
1995).

Ekologiskas buvniecibas uzdevums ir saimniekot un iztikt ar atjaunojamajiem dabas
resursiem, lidz minimumam ierobeZojot neatjaunojamo dabas bagatibu izmantosanu.
Ekologiska bavnieciba ietver virkni nosacijumu, tai skaita atbilstoSu bluvmaterialu izveli,
neatjaunojamo izejvielu patérina, ka ari atkritumu daudzuma samazinasanu u.c.
(Bokalders, Bloka, 2013). Viens no ekologiskas buavniecibas virzieniem ir ilgtspéjiga
blvnieciba, kuras pamata ir blvnieciba bez atkritumiem. Ari Latvija 2008. gada ir uzsakts
darbs ilgtspéjigas blvniecibas normativo aktu izstradé. 2010. gada tika dibinata Latvijas
llgtspéjigas buvniecibas padome, kuras uzdevumos ir sabiedribas izglitoSana un
ilgtspéejigas buvniecibas popularizacija, darbs, saistits ar ilgtspéjigu projektu ievieSanu un
noveértésanu u. c. (Latvijas ligtspéjigas buvniecibas padome, 2015).

Domajot par pasaules ekologisko stavokli, Sobrid 1pasi aktuala ir atkartoto, otrreiz
lietojamo materialu izmantosana, jo katru gadu atkritumu apjoms pasaulé strauji pieaug
(~5 % gada; Taylor et al., 2006). Eiropas kopiena vien rada aptuveni 200 miljonus tonnu
sadzives atkritumu gada (Vilcina, 2010). Izmantojot alternativus, otrreiz izmantojamus,
recikletus izejmaterialus, tiktu samazinats ne tikai atkritumu apjoms, bet ari Sobrid
lietojamo izejmaterialu razoSanas apjoms, tadéjadi samazinot ari CO, izpludes
daudzumu atmosféra, kas rodas dazadu buvnieciba izmantojamo izejmaterialu
izgatavoSana. Pieméram, katru gadu cementa razoSanas procesa daba izplust lidz 10 %
no kopéja oglskabas gazes daudzuma, kas veicina globalo sasilSanu. Latvija ik gadus tiek
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savakts art 300-500 tonnu stikla, kas, ka zinams, daba laika gaita nenoardas (Korjakins,
2011).

Cementa kompoziti ir svarigi konstruktivie materiali, kas tiek izmantoti visa pasaule —
gan virszemes konstrukcijas, gan udeni, gan pazemeg, veidojot dazada tipa konstrukcijas.
Musdienas klienti ir kJuvusi prasigaki, savukart arhitekti drosmigaki, piedavajot arvien
sarezgitakas formas buves, planojot konstrukcijas, kam ir aizvien lielaki laidumi un
augstums, lielakas parkares. Nereti Sadam blvém nepiecieSams izmantot nesosas
konstrukcijas, kam ir samazinati, planaki, reizém ari sarezgitakas formas Skérsgriezumi,
pieméram, mainiga augstuma laidumi utt., lidz ar to aizvien lielaka uzmaniba tiek
pievérsta ne tikai cementa kompozitu stipribas, bet ari deformativajam, ilglaicigajam,
ilgizturibas 1pasibam un to izraisitajam sekam, veicinot droSu konstrukciju projektésanu
un ekspluataciju.

Cementa kompoziti ir maksligi akmensveida kompoziti, cementa/pildvielu
blvmateriali, kam ir tadas laika mainigas 1pasibas ka rukums, $lide un ar tam saistito
plaisu veidosanas un attistiba, kas batiski ietekmeé konstrukciju spéju veikt tam izvirzitos
uzdevumus. Slide cementa kompozitd attélo materiala dimensionalas izmainas laika
pastavigas un mainigas slodzes iespaida. Papildus sSludei, neatkarigi no ta, vai cementa
kompozits tiek slogots vai ne, Zustot taja rodas rukuma deformacijas. Rukumu definé ka
neslogota cementa kompozita tilpuma samazinajumu, nemainoties temperaturai. Pat
péc cementa kompozita sacietéSanas rukuma deformacijas turpina attistities.

Attieciba uz laika ietekmi cementa kompozitu deformacijas var iedalit divas
kategorijas: no laika neatkarigas deformacijas un no laika atkarigas deformacijas,
savukart attieciba uz slodzes ietekmi cementa kompozitu deformacijas var iedalit no
slodzes atkarigas deformacijas un no slodzes neatkarigas deformacijas (sk. 1.1. att.).
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1.1. att. Deformaciju iedalljums (ACI 209.1R-05, 2005)
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Cementa kompozita Slides procesu mehanismi ir sarezgiti un joprojam nav lidz
galam izpétiti. Joprojam nav vienotas, universalas cementa kompozitu slides un rukuma
procesus izskaidrojoSas teorijas, kas butu apstiprinata ar to atbalstoSiem
eksperimentalajiem pétijumiem. Neviena no ierosinatajam teorijam nav lidz galam
attiecinama uz visiem iegutajiem $|ides un rukuma noveérojumu rezultatiem. lespéjams,
ka Slude vienlaikus ietver sevi divus vai vairak mehanismus, tomér vél nav ieguti
eksperimentalie pieradijumi art Sadai kombinétai teorijai. Jaatzimé, ka SlGdes pétijumi
galvenokart ir empiriski. legtto datu interpretaciju analitisku modelu forma ievérojami
apgratina fakts, ka, mainot vienu parametru, cementa kompozita maisijuma vienmer
mainas veél vismaz viens.

Slides deformaciju lielums galvenokart ir atkarigs no slodzes lieluma, ki ari no
cementa kompozita stipribas un sJides un rukuma ipasibas tapat ietekme ari liels skaits
dazadu citu faktoru, pieméram, cementa kompozita sastavs (hidratétas cementa pastas
apjoms cementa kompozita, pildvielu veids, apjoms, to geometrija un 1pasibas, kimiskas
piedevas, Skiedru veids, daudzums un geometrija), apkartéjas vides apstakli (mitrums,
temperatdra), ka art cementa kompozita elementa geometriska forma un izmeri.

Daudzu vadoso pétnieku (Neville, Brooks, Bazant, Gardner, Lockman, Fanourakis,
Gilbert, Ranzi, Baweja, Kim, Wittmann, Rusch, AnekcaHapoBckuii u. c.) eksperimentalie
pétijumi pieradijusi, ka parastas stipribas cementa kompozitiem sJudes deformacijas var
but vairakas reizes lielakas neka sakotnéjas — acumirkligas deformacijas. Tapat ari to, ka
apméram 50 % no Sludes gala vértibas veidojas pirmajos 2—3 ménesos kops slogojuma
sakuma un apméram 90 % — pirmo 2-3 gadu laika, bet savu gala vértibu ta sasniedz
aptuveni péc 10 gadiem (pienemts praktiskiem nollkiem), bet teorétiskajos aprékinos
pienem, ka Slide savu gala vértibu sasniedz aptuveni péc 30 gadiem. Savukart rukuma
deformacijas strauji pieaug pirmajas 2—4 nedélas, péc tam deformaciju pieaugums laika
ir neliels un savu gala vertibu rukuma deformacijas sasniedz aptuveni péc gada.

Nonemot slodzi ilgstoSi slogotam cementa kompozita elementam, norisinas
elastigs deformaciju atgriezeniskums, kam 2 lidz 3 nedélu laika seko pakapenisks Sludes
deformaciju atgriezeniskums (~20 %), bet lielaka dala no Slides deformacijam (~80 %) ir
paliekosas un neatgriezeniskas (Theryo, Parson, 2011).

Sltdde un rukums ievérojami iespaido cementa kompozitu konstrukciju darbibu un
ietekmé to ilgmuzibu, izturibu un stabilitati. Praksé pienemts, ka Slide un rukums ir
viena otru papildinoSas paradibas, kuru ietekmé var rasties un turpinaties tada
nevélama paradiba ka plaisu veidoSanas. Tadéjadi no laika atkarigo deformaciju lieluma
un attistibas atrumam ir batiska nozime, veicot projektésanu.

Projektéjot cementa kompozitu konstrukcijas, tas veido ekonomiskas un
racionalas, turklat konstrukcijam jaatbilst paredzetajiem darba apstakliem un ilgmuzibas
prasibam. Lai apmierinatu Sos kritérijus, tiek nemtas véra ne tikai deformacijas, kas
rodas uzreiz péc slodzes pielikSanas, bet ari deformacijas, kuras attistas slogosanas laika,
t.i., Sludes deformacijas.

Ja Sis Tpasibas nav zinamas vai netiek ievérotas normas dotas pielaujamas vértibas,
visbiezak konstrukcijas un to elementi, galvenokart tiesi slides un rukuma ietekme,
parmerigi izliecas, nevienmerigi maina savus geometriskos izmérus, klist nestabili,
nepielaujami daudz plaisa. llglaicigas deformacijas var radit ieprieks saspriegto
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konstrukciju sasprieguma zudumus, iekSéjo spriegumu pardaliSanos vai reakciju
pardaliSsanos statiski nenosakamos loceklos, kas var dramatiski samazinat slodzes
uznemsanas spéju un novest pie ekonomiskiem zaudéjumiem un nedrosas konstrukciju
talakas ekspluatacijas. Tapat ilglaicigas deformacijas — Slude un rukums — var radit ne
vien buvju atsevisko dalu un elementu, bet ari visas buves nevienmérigu kopéjo
deformaciju — atskirigo betonésanas laiku, mainigo apkartéjas vides apstaklu un
konstruktivo elementu dazado, geometrisko izméru dél. Ja nepilnibas pamana laikus, tad
visbiezak tas tiek savlaicigi novérstas, bet, ja bojajumus nepamana vai ignoré, tie var
novest pie konstrukciju bojaejas. Biezi Sadas konstrukcijas tiek likvidétas ilgi pirms
paredzéta kalposanas laika beigam (Ping, 1992; Rusch, 1983; Neville, 1983, 2002;
Bazant, Wittmann, 1983; Bazant, Murphy, 1992; Branson, 1977; Gilbert, 1988 u. c.).

Gan spiedes, gan stiepes slodzes radita slude ir buatiska, ilglaiciga konstrukcijas
ipasdiba. Slides deformaciju spiedé nevélamas sekas ir minétas ieprieks. Stiepes izraisita
Slude ir nozimiga, lai novértétu plaisu rasanas risku, Tpasi cementa kompozitu agra
vecuma, ka ari novéertejot cementa kompozitu pretestibu rukuma un temperaturas
spriegumu izraisitai plaisa$anai, kas taldk var izsaukt parmérigu izlieci. Slades
deformaciju lielums stiepé jazina ari, aprékinot stiepes spriegumus ieprieks saspriegtas
sijas, projektéjot udeni aizturosas konstrukcijas, kimisko vielu rezervuaros u.c.
(Westman, 1995; Neville et al., 1983; Marangon et al., 2012; Kovler et al., 1999;
Bissonnette, Pigeon, 1995; Atrushi, 2003; Guomin, 2008; @stergaarda et al., 2001,
Langeb et al., 2001 u. c.).

Ka zinams, plaisas cementa kompozitu elementos veidojas galvenokart stiepes
spriegumu del, tade| ir svarigi konstrukciju noslodzes laika prognozéet konstrukciju
elementu darbibu, izsaukto reakciju un iespejamo seku attistibu. Ta ka cementa
kompozitu slide un rukums ir maz atgriezeniski procesi, tad vairuma gadijumu tos, tapat
ka plaisas, var pieskatit konstrukciju darbibu pasliktinosam, paliekosajam sekam.

Plaisasana jebkura veida cementa kompozitam ir batisks trikums. Plaisu dél
cementa kompozits k|ust neviendabigs, samazinas ta stipriba un ilgizturiba. Spriegumu-
deformaciju sakariba tiesa veida ir saistita ar mikroplaisu attistibu, jo tas ir plaisas, kas
veidojas cementa kompozita saistiSanas procesu laika (saistes plaisas) un izplatas apkart
esos$aja java. Ka atzist pétnieki (Winteretal., 1963, 1966, 1969; Slate, Matheus, 1967,
Shah, Chandra, 1970; Shah, Slate, 1968; Darwinetal., 1997; AClI-Committee-224, 2001;
Reinhardt, Naaman, 1992; Naaman, Reinhardt, 2003), mikroplaisam ir batiska ietekme
uz cementa kompozita darbibu un sabrukuma raksturlielumiem. Viens no veidiem, ka
ierobezot So trukumu, ir dazada veida un materiala Skiedru izmantoSana, kuras palidz
pardalit spriegumus, veidojot Skiedru tiltus starp cementa kompozita plaisu malam,
tadéjadi samazinot plaisu kopéjo daudzumu, to veidoSanas atrumu un attistibu, plaisu
atvéruma lielumu, ka art mainot plaisu raksturu (Li, Liang, 1986; Fischer, Li, 2007,
Pereira, 2012; Hillerborg et al., 1976; Karihaloo, 1995; Bazant, Oh, 1983; Stang et al.,
2006; Bazant, 2001, 2008 u. c.).

Pedejas desmitgadés arvien vairak tiek veidoti jauni, atskirigi cementa kompoziti,
sakot ar samazinatu cementa daudzumu, samazinatiem pildvielu izmeériem, disperso
stiegrojumu Skiedru veida, kimiskajam piedevam un pazeminatu Udens un cementa
attiecibu u. c., veidojot cementa kompozitu matricas, kas ir daudz stiprakas, izturigakas
un dabu saudzejosSakas, jo tiek samazinats cementa patérins un izmantoti otrreiz
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parstradatie materiali, pieméram, borsilikata spuldzu stikls (Prisco et al., 2009; Bajare et
al., 2012; Korjakins et al., 2010; Xi et al., 2010; Batayneh et al., 2007; Mageswari,
Vidivelli, 2010). Viens no perspektivakajiem virzieniem ir augstas stipribas cementa
kompozitu (High Strength Cement Composite — HSCC), augstu TpaSibu cementa
kompozitu (High Performance Cement Composite — HPCC) un seviski augstas stipribas
cementa kompozitu (Ultra High Strenght Cement Composite — UHSCC) izstrade un
izmantos$ana.

Sadu materidlu izmanto%ana bivnieciba dotu iespéju samazindt materialu
patérinu, ka ari konstrukciju kopéjo svaru, buvet augstakas buves, izmantot efektivaka
Skérsgriezuma buvelementus un projektét graciozakas plansieninu konstrukcijas, ka art
realizét jaunas, sarezgitakas formas. Cementa kompozita uzlabotas ipasibas padara to
par izdevigaku materialu no ekonomiska viedokla un par iespéjams vienigo materialu
specializétas buvniecibas joma.

Sobrid daudz tiek pétitas $3du jaunizveidotu materialu fizikalas un stipribas
ipasibas. Tie nodroSina augstakas pakapes mehaniskas T1pasSibas un ilgmuaZibu
(paaugstinatu izturibu pret koroziju, nodilumu, ka ari augstu gazes un udens
necaurlaidibu, spéju pretoties kimiskajam un citam agresivam iedarbém), bet to darbiba
pielikto spriegumu ietekmeé var atSkirties no tradicionala, parastas stipribas betona
darbibas.

Lai ar1 dazadu faktoru ietekme uz Sim 1pasibam ir apzinata, pieaugosais jauno
cementa kompozitu izmantoSanas apjoms tiek ierobezots, jo pastav skérsli, kas kavé So
jauno, sava zina moderno, augstas un seviski augstas stipribas un uzlaboto ipasibu
cementa kompozitu plasu izmantoSanu buvnieciba (Graybeal, 2006; Neville, Brooks,
2010; Gilbert, Ranzi, 2011; Justs, Shakhmenko, 2010 u. c.).

Viens no galvenajiem Skérsliem ir pagaidam nepietiekama informacija par Sadu
cementa kompozitu ilglaicibas raditajiem un iespéjamo palielinato jutigumu pret
plaisasanu — 3ada nepietiekama ilglaicigo un ilgizturibas ipaSibu izpéte butiski var
ietekmeét droSu un ilgu buvju ekspluataciju. Tapat nav izveidoti buvnormativi, kas
atbilstu konstrukciju projektésanai no Sadiem uzlabotiem cementa kompozitiem.

Konstrukcijas cementa kompozita Slude ir vienlaikus gan vélama, gan nevélama
paradiba. No vienas puses ta ir vélama, jo nodroSina cementa kompozitam
nepiecieSamo elastibas pakapi, samazinot aréjas slodzes izraisitos spriegumus un
novérsot spriegumu koncentraciju, bet no otras puses — Sludes deformacijas darba
slodZzu iedarbiba biezi vien izraisa parmeérigu izlieci, kas savukart var izraisit nestabilitati
(piem., arkas), plaisasanu, garu kolonnu izliekSanos, iepriek$s saspriegtu konstrukciju
sasprieguma zudumu un iekSéjo spriegumu un reakciju pardaliSanos statiski
nenosakamos locek|os. Ja konstrukcija ir nestabila, Sludes un rukuma deformacijas var
dramatiski samazinat slodzes uznemsanas spéju. Tadél ir svarigi noteikt maksimalo
deformaciju palielinajumu laika.

Slades un rukuma deformaciju lieluma prognozésanai ir batiska nozime, lai
novértétu cementa kompozita konstrukciju noturibu pret plaisam un nepielaujami lielu
izlieci.

Slades lielums, kas nepiecie$ams konstrukciju aprékinos, var tikt novértéts dazadas
pakapés. Pakape ir atkariga no aprékinamas konstrukcijas tipa un aprékinam pieejamo
datu kvalitates. Gadijumos, kad nepiecieSams tikai aptuvens S§ludes deformaciju
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novertéjums, ir iespéjams novéertét paredzamas Sludes deformacijas, balstoties tikai uz
paris parametriem, — tadiem ka relativais gaisa mitrums, cementa kompozita vecums
un elementa dimensijas. Otra gal€jiba ir konstrukciju, jutigu pret deformacijam,
aprékins. Saja gadijuma $|Gdes deformaciju novértéjums tiek balstits uz apjomigu,
laboratorija iegutu rezultatu kopumu un datoranalizi (Fanourakis, Ballim, 2003). Ideala
varianta tiek mekléts kompromiss starp vienkarSu rezultatu prognozésSanu un
laboratorija iegltu datu precizitati.

Slades iedarbiba uz konstrukcijam galvenokart janem véra lietojamibas
robezstavokla parbaudés. Cementa kompozita konstrukciju lietojamibas defekti,
pieméram, parmériga plaisasana un/vai parak liela izliece, ir bieZi sastopami. Nestspé&jas
robezstavokli Slides efekti jaapskata tikai gadijumos, kad tie ir arkartigi lieli, pieméram,
parbaudot nestspéjas robezstavokla stabilitati, kad svarigi ir art otras kartas efekti (otras
kartas efekti ir papildu iedarbibas efekti, ko rada konstrukciju deformacijas).

Visparpienemts uzskatit, ka dzelzsbetona konstrukcijas spiedes spriegumus,
parasti, uznem cementa kompozits, bet stiepes spriegumus — térauda stiegrojums. Tas
ari izskaidro faktu, ka visa veida zinatniskaja literatira Sobrid iespé&jams atrast plasu
informaciju par sludi spiedé€, bet slude stiepé ir pétita nepietiekami, ko pastiprina ari tas,
ka nav atrodams neviens standarts, kas nosacitu, ka eksperimentali noteikt ilglaicigo
parametru veértibas stiepé. Tapat batiski atzimét, ka tikai tradicionalajam, parastas
stipribas betonam ir veikti plasi, eksperimentalie pétijumi un ilglaicigo parametru
vértibas (spiedes slogojuma) ir atrodamas dazados standartos un empirisko datu
bibliotekas.

Pasaulé ir izstradati dazadi standarti betona ilglaicigo 1pasSibu eksperimentalai
noteikSanai, bet, apskatot visus pieejamos standartus un modelus slides deformaciju
noteikSanai spiedée, jasecina, ka sniegta informacija nav viennozimiga, ir nepilniga un
izstradatas metodikas ir vairak piemeérotas parastas stipribas betoniem. Galvenokart
Sludes deformacijas spiedé ieteikts noteikt, izmantojot cilindriskus paraugus, piedavatas
paraugu geometrijas attiecibas svarstas no //2 Iidz //4, tapat ir standarti, kas iesaka lietot
prizmatiskas formas paraugus. Deformacijas galvenokart tiek ieteikts noteikt, ieliekot
paraugus atsperu stendos, bet Siem stendiem ir butiski trikumi — paraugus nav
iespéjams paklaut nemainigai slodzei neierobeZoti ilga laika posma, jo uzspriegums
atsperé ar laiku samazinas un eksperimentu laika nepiecieSamas veikt spriegumu lilmena
korekcijas. Hidropneimatisko stendu galvenais trukums ir to atkariba no elektriskas
stravas, lidz ar to slogojuma vienmeérigums var svarstities atkariba no elektriskas stravas
stipruma, turklat ir papildizdevumi elektroenergijas patérina dé|. Tapat Sie standarti nav
pieméroti smalkgraudainu un mazu izméru paraugiem, kadi tiesi raksturigi augstas un
seviski augstas stipribas cementa kompozitiem. Lielaka dala standartu paredz, ka paraléli
Sludes parbaudém janosaka art zusanas rukuma deformacijas, tomér nav dota
viennozimiga informacija par rukuma paraugu geometriju, ka art nav noradits, kura
parauga dala sis deformacijas nosakamas.

Diemzel standarts EN 12390 ,Sacietéjusa betona testésana”, kas attiecas uz
Eiropas regionu nesniedz informaciju par to, ka nosakamas betona ilglaicigas un
ilgizturibas 1pasibas — slude, rukums, plaisu izpéte. Uz Eiropas regionu var tikt attiecinati
ari standarti ISO 1920-9:2009 ,, Testing of concrete — Part 9: Determination of creep of
concrete cylinders in compression”, kura sniegta informacija par to, ka nosakamas tikai
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Sludes deformacijas spiede, un ISO 1920-8:2009 ,Testing of concrete — Part8:
Determination of drying shrinkage of concrete for samples prepared in the field or in the
laboratory”, kura savukart aprakstits, ka nosakamas zusanas rukuma deformacijas.
Batiski pieminét, ka nekur pasaulé nav izstradats standarts cementa kompozita Sjudes
deformaciju stiepé noteikSanai. Lidz Sim tikai dazi autori ir veikusi Sadus eksperimentus,
izmantojot pasu izveidotu metodiku un iekartas.

Cementa kompozita plaisu pétijumiem ir pieejami tikai plaisu atvéruma lieluma
noteikSanas standarti, tai skaita ari aizgutie un adaptétie standarti no citu materialu
testéSanas metodikam, ka, pieméram, no metala testésanas standarta (ASTM-Standard
E399). Lidz Sim nav izstradatas standartizétas plaisu izpétes metodikas, kas sniegtu
informaciju par plaisu un mikroplaisu rasanos, attistibu un raksturu. Galvenais princips
visam plaisu noturibas testu metodikam ir ieprieks izveidots iezagejums, kas pastiprina
spriegumu koncentraciju, un pieliekot slodzi stimulé un lauj precizi prognozét plaisas
attistibas vietu un virzienu. Pie Sadiem ieprieks izveidotiem nosacijumiem, iespéjams
novéertét materiala spéju pretoties stiepes spékam un noverot galveno plaisu attistibu
un plaisu atveruma lielumu.

Eksisté loti daudz dazadu, empirisku Sludes spiedé un ZzZusanas rukuma
prognozésanas aprékina modelu, kas paredzéti parastas stipribas betoniem un, kas
balstiti uz plasSiem eksperimentaliem cementa kompozita SJudes un rukuma datiem, kas
ieguti apkopojot dazadu pasaules pétnieku veikto eksperimentu rezultatus. Jebkurs
matematiskais vai empiriskais prognozésanas modelis dod aptuvenu ilglaicigo Tpasibu
vértibu, jo katra no tiem ir ievertéta tikai dala batisko, cementa kompozita Tpasibu
ietekméjoSo faktoru. Liela dala empirisko modelu nem véra cementa tipu, spiedes
stipribu, cementa kompozita parauga vecumu, efektivo parauga biezumu, relativo gaisa
mitrumu, bet citus butiskus ilglaicigo 1pasSibu faktorus, ka pieméram, cementa un
granulometrisko sastavdalu daudzumu, G/c attiecibu, gaisa daudzumu, granulometrijas
veidu, cementa kompozita cietéSanas panémienu, zisanas ilgumu, slodzes raksturu,
slogojuma ilgumu, cementa kompozita formu, gaisa temperaturu ieverté nepilnigi.
Literatara kopa minéti ~30 dazadi ieksejie un aréjie ilglaicigo ipasibu ietekméjosie
faktori. Vispilnigak, t. i., 21 faktoru no tiem, pielieto modeli RILEM Model B3 (1995), bet
tas tapat ka lielaka dala no tiem stingri rekomendeéts tikai parastas stipribas betoniem.

Cementa kompozita Slides un rukuma testi ir laikietilpigi un ieprieks pastiprinata
uzmaniba japievers funkcijas izvélei, kas tiks izmatota eksperimentali iegttas liknes
piedziSanai. Péc relativi atrajos Sludes testos iegutajam funkcijam, japaredz deformacijas
Joti ilga laika perioda.

Vel viens butisks Skeérslis ir projektéSanas normu ievieSanas aizkavésanas.
Jaunajiem cementa kompozitiem nav piemérojamas aprobétas aprékina procediras,
kuras izmanto tradicionalajam betonam. Augstas un seviski augstas stipribas cementa
kompozitiem ir atskiriga spiedes stipriba un elastibas modulis — galvenie faktori, kurus
ievérté projektésana. Cementa kompozitu stipribu ievérté nestspéjas robeistavokla
aprékinos, savukart to elastibu un deforméjamibu — galvenokart, lietojamibas
robezstavokla noteikSana. EsoSie standarti un aprékina modeli dod iespéju novertét
Slades un rukuma deformacijas tradicionalajam, parastas stipribas betonam, kas
izmantojams klasiskam konstrukcijam. Tapat jaatzime, ka, apskatot dazados mode]us, ko
piedava autori visa pasaulé, konstatéts, ka to vértibas empiriskajas shémas ir loti
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aptuvenas un izmantojamas lielakoties mazsvarigu buvju ilglaicigo 1pasibu
prognozésanai, jo realie cementu kompozitu sastavi, izmantotas izejvielas, apkartéjas
vides apstakli, paraugu geometrija un vecums var Joti atsSkirties no modelos
ievértétajiem parametriem. Ja nav lielas parametru sakritibas, ir nekorekti izmatot Sos
ieprieks izstradatos modelus, jo tad€jadi var rasties neprecizitates apréekinos.

Eiropa Sobrid noteiktais buvkonstrukciju projektésanas standarts ir EN 1992-1-
1:2005 Betona konstrukciju projektésana. 1-1. dala: ,,Visparigie noteikumi un noteikumi
ékam”, kura 3.1.1. nodalas (1) punkta minéts, ka Sis standarts lietojams normalas un
augstas izturibas betonam, kura kubiska stipriba nav augstaka par 105 MPa (atsaucoties
uz standarta 3.1. tabulu). Tapat EN 1992-1-1:2005 3.1.4. nodalas (2) punkta minéts, ka
standarta 3.1. att. dotas S|udes koeficienta vertibas ir izmantojamas tikai gadijumos, kad
netiek prasita augsta precizitate un kad betona cilindriska stipriba neparsniedz 90 MPa,
bet nav noradits, ka rikoties, ja projekta tiek prasita augstaka precizitate un tiek
izmantoti augstakas stipribas cementa kompoziti.

Eiropas regionam attiecinamais standarts EN 1992-1-1:2005 dod $|tdes koeficientu
vértibas, kuras nekorekti lietot no modela atSkirigam cementa kompozitam un
konstrukciju apréekiniem. Lai dotie EN 1992-1-1:2005 Sludes koeficienti butu
izmantojami, butu japielieto butisko ietekmes faktoru parejas koeficienti. Bet, lai tos
noteiktu, ir javeic plasi eksperimentali pétijumi dazadu veidu parastas un augstas
stipribas cementu kompozitiem.

EN 1992-1-1:2005 apréekina modelis sniedz gatavus Sludes koeficientu noteikSanas
grafikus, bet nav atrodama informacija par cementa kompozitu, kam ieguti un apkopoti
ilgstoSie parametri un izejas dati, lidz ar to nav iespéjams salidzinat konkrétam
projektam paredzéta betona atbilsttbu EN 1992-1-1:2005 betonam un tadeéjadi ir
nekorekti izmantot Sis grafiski iegltas vertibas konstrukciju aprekinos.

Standarta ACI 209R-92 1997.gada parapstiprinataja pielikuma (ACI 209R-92
“Predictionof Creep, Shrinkage, and Temperature Effectsin Concrete Structures”),
apkopoti dazadi §lides un rukuma deformaciju ietekméjodo faktoru koeficienti. Sis
standarta pielikums ir vienigais Sada veida inZenieraprékinu paligmaterials, apkopojot
lielu skaitu dazadu autoru eksperimentalos datu no 1937.—1979. gadam. Dazadu faktoru
ietekmes koeficienti izmantojami tikai parastas stipribas cementa kompozitam un Sie
koeficienti nebutu korekti lietojami musdienu augstas un seviski augstas stipribas
cementa kompozitu atskirigo iekSéjo un arejo faktoru ieguto, ilglaicigo 1pasSibu
korigésanai un, lai tos talak korekti izmantojami inZenierapréekinos.

Musdienas nav veikts jauno, atskirigo cementa kompozita sastavu un uzlaboto
Ipasibu cementa kompozitu eksperimentalo, ilglaicigo parametru apkopojums — nav
izveidota eksperimentalo datu bibliotéka un nav atrasti dazadu iekSéjo un ar€jo, Sludes
un rukuma ietekméjoso faktoru koeficienti, kas batu japielieto konstrukciju aprékinos
un, kas atvieglotu inZenieru darbu.

Lai jaunos cementa kompozitus varétu izmantot projektéjot drosas konstrukcijas,
nepiecieSams izstradat jaunu metodologiju, kura butu sniegta informacija ka nosakami
dazadi materialu raksturojosie parametri.
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2. liglaicigo 1pasibu noteikSanas un plaisu attistibas izpétes metodologija

Konstrukciju vai to modelu eksperimentalo parbauzu rezultata var uzzinat patiesos
dazadu ipasibu raksturigos lielumus. Laboratorija veicamie eksperimenti dod iespéju
ieglt paaugstinatas precizitates rezultatus. Konstrukciju modeléSsana un darbibas
prognozeésana savukart nav iespéjama bez informacijas par atsevisko komponensu
TpasSibam. Lai rastu iespéju noteikt cementa kompozitu 1pasibu raksturigos parametrus,
ir izstradata jauna ilglaicigo 1pasSibu noteikSanas un plaisu attistibas izpétes
metodologija, kas izmantojama mehanisko 1pasibu parbaudes laboratorijas.

Metodologija vispariga gadijuma iedalas tris dalas: pirma — materiala un paraugu
izgatavoSanas apraksts, otra — dazada veida eksperimentalo testu procediru apraksts,
un treSa — ieguto datu apstrade un mekléjamo parametru noteikSana. Metodologija
ietver tehnisko pamatojumu, definicijas, iekartu un meériericu izvéles pamatprincipus, ka
ari registréjamo parametru sarakstu.

Pirmaja dala veic dazadu cementa kompozitu sastavu projektésanu, sastavdalu
sagatavoSanu, to daudzuma noteikSanu un sajaukSanu, veidnu sagatavoSanu un
nepiecieSamo formu, eksperimentalo paraugu betonésanu, paraugu pirmapstradi péc
atveidnosanas un talaku sagatavosanu eksperimentalajam parbaudéem. Otraja dala veic
parbaudes iekartu sagatavosSanu un eksperimentalas parbaudes, savukart tresaja dala
veic datu detalizétu apstradi.

Eksperimentala programma iedalas tris dalas:

[ Eksperimentala programma }

[ Islaicigie testi } [ liglaicigie testi } [ llgizturibas testi }

Eksperimentalas programmas pirmaja dala veic 1slaicigos testus un nosaka
cementa kompozita stipribas raditajus — spiedes un stiepes stipribu, ka ari elastibas
moduli. Cementa kompozita stipribas raditaji nepiecieSami, lai talak noteiktu slodzu
lTmeni, kas savukart nepiecieSams otras dalas ilglaicigajos testos. Otraja dala nosaka
cementa kompozita ilglaicigos raditajus ar un bez slodzes pielikSanas, atbilstoSi Sludes
vienasigas deformacijas spiedé, stiepé un zZusanas rukuma vienasigas deformacijas.
Tresaja dala veic cementa kompozita ilgizturibas parbaudes (plaisu izpéti — plaisu
veidosanos, talako attistibu, raksturu un plaisu atvéruma lieluma noteikSanu).
Metodologija strukturizéti paradita shéma, sk. 2.1. att.

Spiedes stipribas noteikSanai izmantot 100 x 100 x 100 mm kubus, 40 x 40 x 160 mm
prizmas un @47 x190 mm cilindrus. Pielietojot parejas koeficientus, stipribas
noteikSanai var tikt izmantoti art citu izméru paraugi. Stiepes stipribu nosaka, izmantojot
kuponveida (Coupon) — 100 x 50 x 12 un 150 x 70 x 12 mm (sk. 2.5. att.) vai koncentrétas
slodzes (Compact Tension — CT) formas paraugus — 150 x 150 x 12 mm (sk. 2.4. att.).
Eksperimentala spiedes, stiepes stipriba nosakama atbilstosi ilglaicigo slodzes testu
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sakuma dienai, jo, izejot no graujosas slodzes lieluma, tiek aprékinats slodzes lielums,
kas japieliek vienasigai Sludei paklautajiem paraugiem.

METADOLOGIJA TPASI SMALKGRAUDAINU CEMENTA KOMPOZITU
ILGLAICIGO TPASIBU NOTEIKSANAI UN PLAISU ATTISTIBAS IZPETEI

Definicijas

204

Paraugu izvéles pamatojums

24

Aparatiras izvéles pamatojums

202

Eksperimentalo paraugu sagatavosana

- o N

[ Kubi ] [ Cilindri ] { Prizmas ] | Platnveida ]

204

Eksperimentalo parbauzu procediiras

L

‘ Islaicigie testi } { liglaicigie testi } [ ligizturibas testi ]
- Spiedes stipriba - Zb3anas vienasigais rukums ~ Stiepes plaisu rasanas,
—  Stiepes stipriba - $|ade vienasiga spiedé attistiba un talakas
- Elastibas modulis - S]ade vienasiga stiepé izplatibas raksturs

— Plaisu atvéruma
@ lieluma noteikSana

Nosakamie parametri

<

Datu apstrade

2.1. att. Ipasi smalkgraudainu cementa kompozitu ilglaicigo 1pasibu noteik3anas un plaisu
attistibas izpétes metodologijas shema

Elastibas moduli nosaka no elastigajam deformacijam, kas norisinas Sludes
parbaudes sakuma.

Slides vienasigo deformaciju spiedé un ZG%anas vienasigo rukuma deformaciju
noteikSanai izmanto @ 47 x 190 mm izméru cilindriskos paraugus vai 40 x 40 x 160 mm
izméru prizmatiskos paraugus. Visiem §Judes un rukuma paraugiem uz sanu virsmam
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uzlimé aluminija plaksnes (10 x 15 mm), kas izvietotas centriski un simetriski, lai
nodroSinatu deformaciju meérinstrumentu ,nazu” stabilu novietojumu. Vienam
cilindriskajam paraugam uzlimé sesas, bet prizmatiskajam paraugam — Cetras plaksnes.
Attalums starp divu aluminija plakSnu centriem ir 50 mm. Pamats|ides veértibas
noteikSanai daju paraugu, tai skaita rukuma, ietin divas kartas aluminija folijas, tadéjadi
nodrosinot, ka neiestasies ZiSanas process un tajos norisinasies tikai pamats|tude.

Visiem Slades paraugiem, pirms tos ievieto S|Gdes sviru stenda, uz sanu virsmam
piestiprina deformaciju mérierices — tenzometrus (strain gauge). Slides sviru stendu
darbibas principu sk. 2.2. att.
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™
2.2. att. Vienasigas $)ldes spiedé sviru stends (F3 = F4 x sviru plecs)

Vienasigo Sludes deformaciju stiepé noteikSanai izmantojami kuponveida vai CT
formas paraugi. Pirms eksperimentalajam parbaudém simetriski iezagéjumam pielime
aluminija plaksnes (10 x 10 mm; sk. 2.4. un 2.5. att.). Visiem paraugiem simetriski
iezagéjumam piestiprina deformaciju noteikSanas mérierices — Aistova tenzometrus vai
HBM DD1 digitalos deformaciju méritajus ta, lai to “nazi” atrastos uz pielimétajam
plaksném; tenzometru baze — 50 mm. Tenzometri pie paraugiem piestiprinati ar
elastigam gumijam. Paraugus ar pievienotiem deformaciju meritajiem ievieto Sludes
stiepé sviru stendos (sk. 2.3.att.), pa vienam paraugam katra stenda. HBM DD1
deformaciju meérijumus caur daudzkanalu registrésanas iekartu (data logger) HBM
»Spider 8” registré datora, izmantojot HBM ,,CatMan” datorprogrammu.

Stends izveidots uz nekustiga nesosa ramja ar 400 mm garu sviru. Stenda augsdala
iekarts slodzes parneses elements, kas pielauj rotacijas kustibu. Stenda apaksdala
izveidots stings elements. Stenda slodzes parneses elementu galos ar @ 12 mm skriGvém
tika pievienoti stiprinasanas adapteri, kas nepiecieSsami, lai stenda varétu ievietot
paraugu (sk. 3.2. att.). Adapters un paraugs tiek savienoti ar @ 20 mm stieniem. Kad
paraugs ir ievietots stenda, stenda apaksejas dalas elements ar uzgriezna palidzibu tiek
noreguléts, lai iztaisnotu paraugu. Paraugi tiek slogoti ar atsvaru palidzibu, liekot tos uz
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stenda sviras gala iekarta stiena. Pielikta slodze tiek registréta un kontroléta ar
dinamometra palidzibu. Slides absolGtas deformacijas stiepé ir aptuveni 10-20 reizes
mazakas neka Sludes deformacijas spiedé€, un to registrésanai rekomendé lietot digitalos
deformaciju méritajus, kas ir pietiekami jutigi un spéj uztvert mikrodeformacijas. Slades
sviru stends nemainigu slodzi notur neierobezoti ilgu laika posmu.

iy

ﬁ_|
2.3. att. Vienasigas S]udes stiepé sviru stends ar ievietotu kuponveida paraugu
(F> = F1x sviru plecs)

Visus S§Judes paraugus slogo ar konstantu statisko slodzi, regulari veicot
deformaciju nolasijumus. Sasniedzot eksperimenta intereséjoso slogojuma ilgumu,
slodzi pakapeniski nonem un paraugu atstaj Sludes sviru stenda, lai noteiktu
atgriezeniskas deformacijas laika. Lai noteiktu korektu $lGdes lielumu, no kopé&jam
deformacijam jaatnem rukuma deformacijas, kas noteiktas paraléli identiskas
geometrijas paraugiem un vienados apkartéjas vides apstaklos, tikai bez slodzes. Testu
laika registre ari telpas apkartéjas vides mitrumu un temperaturu.

Stiepes slodzes un ilgizturibas 1pasibu noteikSanai un izpétei sagatavo CT paraugus
ar gala izmériem 150 x 150 x 12 mm (sk. 2.4.att.) vai kuponveida paraugus —
100 x50 x 12 un 150x70x 12 mm (sk. 2.5.att.). CT formas paraugi ir adaptéti no
metala plaisu testa standarta ASTM-E647, 2005. Stiepes spriegumu intensitates
palielinasanai stiepes paraugus veido iespéjami planus. Lai skaidri varétu novérot plaisu
veidosanos, attistibu un raksturu, ir batiski, lai parauga virsma buatu lidzena. Plaisas
parasti paradas maksimalo spriegumu zona. Lai plisums butu prognozéjams un tiktu
konkretizéta plaisas paradisanas vieta (tas ir ari ar fotoobjektivu apskatamais laukums),
CT paraugam iezage 80 mm garu un 0,5-2 mm dzilu, bet kuponveida paraugam paraléli
parauga 1sakajai malai pa centralas ass linijas perimetru iezagé vispirms 2 mm un tad
10 mm (parauga 1saka Skérsizméra virziena) dzilus iezagéjumus (Paegle, Fischer, 2011,
2013; Pereira et al., 2012). Savukart paraugam 150 x 70 x 12 mm iezagé 20 mm garus un
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2 mm Saurus iezagéjumus abas parauga puseés. lezagéjuma gala stiepes slogojuma laika
koncentrésies maksimalie spriegumi, Saurais iezagéjums papildus palielinas spriegumu
intensitati.

Pirms eksperimentalajam parbaudém paraugiem centriski un simetriski iezagéjumam
pieliek vienu (CT paraugiem) vai divus (kuponveida paraugiem) deformaciju meéritajus,
kas slogosanas laika fiksé parauga iezagéjuma atvéruma lielumu — CMOD. Paraugus
kopa ar deformaciju meéritajiem centriski ieliek stiepes iekartas satvéréjzoklos.
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2.5. att. Kuponveida paraugu geometrija
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Viens no veidiem, ka noveérot cementa kompozita mikroplaisu rasanos, attistibu un
raksturu, veikt to analzi, ka art mérit atvéruma lielumu, ir izmantot digitalo attélu
parvietojumu meérisanas un analizes metodes — GOM ,Aramis” un Imetrum LTD
»lmetrum”, no kuram mikroplaisu mérisanai atbilstosaka un precizaka ir bezkontakta
meérisanas sistéma GOM ,Aramis”. Eksperimentalie pétijumi apliecina, ka universalas,
liela mérdiapazona parbaudes iekartas nav piemeérotas mikroplaisu un plaisu izpétei un
plaisu atvérumu mérijumiem paraléli izmantojot liela tuvinajuma makro objektivu, jo pat
loti maza iekartas darbibas atruma gadijuma — ~5 um/s, parbaudamaja parauga rodas
parak lielas kustibas, lidz ar to nav iespéjams iegut asus augstas izskirtspéjas fotoattélus.
Parbauzu laika mikroplaisu novérosanai izmantotais makro objektivs, ar aci neredzamo
kustibu del, zaude fokusa esoSos parauga virsmas punktus un nespéj nodrosSinat
pietiekami kvalitativu fotoattélu uznemsanu, kurus talak spétu apstradat GOM , Aramis”
datorprogramma.

Testa izmanto fikséto objektivu ar fokusa attalumu 60 mm. Testa veikSanai izmanto
fotoaparata uzstadijumus — diafragma F11, ekspozicija 1/30, I1SO 200. Ik sekundi uznem
vienu fotoattélu ar 24 megapikselu izskirtspéju. Pirms testa uzsaksanas fotokameru
novieto uz stativa un nolimeno, lai fotoaparata matrica batu paraléla parauga virsmai un
lai maksimali visi redzamies virsmas punkti butu fokusa. Virsmas un matricas paralelitati
(t.i., skatu meklétaja redzamo virsmas visu punktu asumu) kontrolé, fotokameru
sinhronizéjot kopa ar datoru un izmantojot nekomercialo Breeze Systems ,,NK Remote*
datorprogrammu, lai datora ekrana redzétu to pasu, ko fotoaparata skatu meklétaja.
Attalumam starp fotokameras matricu un parauga virsmu jabut 175 mm, fikséjot
36 x 24 mm lielu virsmas laukumu (sk. 2.4. att.). Testa veikSanai izmanto talvadibas pulti
un fotokamera ieblavéto automatisko fotoattélu uznemsanas taimeru ar laika intervalu
1 sekunde. Pirms slogojuma pielikSanas uznem vienu fotoattélu bez slodzes un vienu
fotoattelu kopa ar pie plaisas pieliktu linealu vai milimetru papiru. Lai GOM , Aramis”
datorprogramma no fotoattéliem varétu nolasit parvietojumus jeb virsmas punktu
attalinasanos, pirms testa parauga virsmu apsmidzina, izmantojot minikompresoru un
aerografu (airbrush) ar smalkiem melnas krasas putekliem. Lai iegltu augstas kvalitates
fotoattélus, testa laika paraugus apgaismo ar intensivas gaismas prozektoriem, kas
novietoti ta, lai gaisma uz parauga virsmas bUtu vienmériga un neraditu €nas. Ar
universalo parbaudes iekartu ,Instron” iegltos slodzes datus sinhronizé ar GOM
»Aramis” datorprogrammu, papildus izmantojot Mathworks ,MatLAB” un , Timestamp”
datorprogrammas.

Plaisu veidoSanos un attistibu, ka ari plaisu atvéruma lielumu var noteikt ari ar
digitalo parvietojumu méridanas aparatiiras komplektu ,Imetrum“. Saja metodé paraugs
ar specialas videokameras palidzibu parbaudes laika tiek nepartraukti filméts, mérot
divu vai vairaku punktu savstarpéjo attalumu izmainas — parvietojumus. Ar , Imetrum”
aparaturas komplektu, lidzigi ka ar digitalo attélu parvietojumu noteikSanas metodi
GOM , Aramis”, parvietojumus var noteikt da?ados parauga apgabalos. Saja metodé
universalas parbaudes iekartas ,Instron” slodzes dati uzreiz sinhronizéjas ar ,Imetrum”
datorprogrammas veiktajiem nolasijumiem. Izmantojot So metodi, paraugi ieprieks nav
jaapsmidzina ar melnas krasas putekliem. ,Imetrum” videokameru pirms testa
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nolimeno, noregulé asu fokusu uz intereséjoSo apgabalu — t.i. tur, kur prognozéjami
veidosies plaisa, un parauga virsmu apgaismo ar intensivu gaismul.

Augstas stipribas cementa kompozitu stiepes stipriba ir salidzinosi maza (~5-10 %
no spiedes stipribas) un ir problematiski piemeklét testa iekartas, kas butu piemérotas
plaisu jutigiem, augstas stipribas cementa kompozitiem, mazam slodzém un kuru
darbibas laika iekarta nerastos nepiemeéroti lielas kustibas, tapéc tika izveidots jauns
parbaudes stends, sk. 2.6. att. (stenda autori G. Fischer un A. Sprince), kas ir speciali
projektéts un piemeérots mazam stiepes slodzém un ir precizaks, stradajot ar nelieliem
parvietojumiem. Eksperimentali parbaudits, ka, izmantojot So iekartu, ir iespéjams iegut
precizakas materialus aprakstosas liknes un ta ir izmantojama mikroplaisu un plaisu
noverosanai, méerisanai un analizei.

Parbaudes stenda darbibas princips idejiski aizguts no skruvspilu darbibas.
Sakotnéji izvirzitas ramja geometriskas un testam stabilas prasibas: ramis veidots ar
minimalu, péc iespéjas mazaku kopéjo augstumu, lai to vajadzibas gadijuma varétu
palikt zem mikroskopa, un izgatavots no masiva materiala, lai testa laika to nevarétu
viegli izkustinat, bet tai pasa laika tads, lai tas butu parvietojams bez papildus
cilvekresursiem.

lekartas pamata ir stabils, nertsosa térauda ramis, kas sastav no kustigas un
nekustigas dalas (ta geometriju un izmérus sk. 2.6. att.). Ramis veidots ta, ka slogoSanas
laika tikai ta kustiga dala parvietojas horizontali pa ieprieks izfrézétam sliezu vietam.
Abas dalas tika ievietotas skrives — @ 18 mm, / = 80 mm, kas paredzétas, lai uz tam
varéetu uzlikt CT paraugu. Lai paraugs slogojuma laika brivi varétu pagriezties, zem un
virs parauga uz skraveém uzlikti ,SKF” gultni un péc tam uzskruvéti uzgriezni. Stiepes
spéka registrésanai pie ramja kustigas dalas ar @ 12 mm skravi tika pieskravéts neriisosa
térauda S-tipa stiepes slodzes dinamometrs ,,HBM RSCC”, mérdiapazons — 0-1000 N.
Dinamometrs tika saslégts ar datu registrésanas iekartu. Dinamometra otrs gals caur |oti
smalkas vitnes skravi (@ 12 mm), kas iziet caur stenda rami, tika pieskrivéts pie
mikrometra. Mikrometra gals pagriezams ar roku. Lai varétu kontrolét pagrieziena lenki,
mikrometra gala izveidota skala; iedalas vértiba — 2°. Mikrometrs griezt ar atrumu
~5 um/s (~1 skalas iedala/ sekundé).
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3. Jaunizveidotas metodologijas eksperimentala aprobacija

Izmantojot jaunizveidoto cementa kompozitu ilglaicigo TpaSibu noteikSanas un
plaisu attistibas izpétes metodologiju, laboratorijas apstaklos iegistamas paaugstinatas
precizitates realo materialu 1pasibu raksturigas vértibas. Tapat ar to iespéjams novértét
dazadu iekséjo un aréjo faktoru, pieméram, cementa kompozitu vecuma un apkartéjas
vides apstakl|u ietekmi uz konstrukciju elementu darbibu, ko nav iespéjams novertet ar
teorétiskiem aprékiniem un kas maksimali tuvu atbilst konstrukciju konkretizétajiem
apkartejas vides apstakliem, slogojuma lielumam un ilgumam, ka ari konstrukciju
geometriskajam atskiribam. Sis Tpadibas var tikt noteiktas projekta paredzétajam
cementa kompozita sastavam, kas var atskirties no standartos aprakstita.

Jaunizveidota metodologija nodrosina materiala 1pasibu un drosSu konstrukciju
aprékiniem nepiecieSamo parametru noteikSanu. Ta ir universala un deriga dazadu
cementa kompozitu ilglaicigo ipasSibu noteikSanai un plaisu attistibas izpétei, un
aprobéta parastas, augstas un seviski augstas stipribas cementa kompozitiem, dazada
vecuma cementa kompozita paraugiem, atskirigu geometrisko formu paraugiem divas
mitruma koncentracijas. Metodologija ietilpstoSas metodikas kopuma parbauditas
15 dazadiem cementa kompozitiem. Eksperimentalajos testos parbauditi: dazadu
izméru kubi, prizmas, cilindri un platnveida iezagétie paraugi (CT un kuponveida).

Cementa kompozitu sastavi izgatavoti un iebetonéti, paraugu izgatavosana,
apstrade un eksperimentalas parbaudes veiktas Rigas Tehniskas universitates (RTU)
Blvniecibas inZenierzinatnu fakultates (BIF) Blavmaterialu un Bavizstradajumu (B,, un B;),
Blvkonstrukciju (BK), Bavmehanikas (By) katedru un Danijas Tehniskas universitates
(DTU) Civilo inZenieru fakultates (BYG) laboratorijas.

Kopuma izveidoti un parbauditi Sadi cementa kompoziti (grafikos atspoguloto
dazadu cementa kompozitu apziméjums un atsifréjums):

e PS — parastas stipribas cementa kompozits. Kubiska spiedes stipriba 28 dienu
vecuma ~30MPa, parbaudits tikai plaisu parbaudés, paraugu izmeéri
150 x 150 x 12 mm;

e 20% S — augstas stipribas cementa kompozits, kam ka piedeva, kas aizstaj daju
cementa daudzuma, izmantots 20 % borsilikata spuldzu stikla mikroizméru dalinu
pulveris, kas ieglts no otrreiz parstradata spuldzu stikla. Kubiska spiedes stipriba
28 dienu vecuma ~60 MPa. liglaicigo parbauzu parauga izméri 40 x 40 x 160 mm,;
eksperimentalo testu sakuma cementa kompozita parauga vecums 51 diena;
spriegumu limenis ilgstosajos slodzes testos 40 % no graujoSajiem spriegumiem;
ilglaicigo 1pasSibu testos paraugi turéti zem konstantas, statiskas (nemainigas)
slodzes 90 dienas, bet atslodzé — 30 dienas; gaissauss;

e 40% S — augstas stipribas cementa kompozits, kam ka piedeva, kas aizstaj daju
cementa daudzuma, izmantots 40 % borsilikata spuldzu stikla mikroizméru dalinu
pulveris, kas ieguts no otrreiz parstradata spuldzu stikla. Kubiska spiedes stipriba
28 dienu vecuma ~55 MPa. liglaicigo parbauzu parauga izméri 40 x 40 x 160 mm,;
eksperimentalo testu sakuma cementa kompozita parauga vecums 51 diena;
spriegumu limenis ilgstosajos slodzes testos 40 % no graujosSajiem spriegumiem;
ilglaicigo 1pasibu testos paraugi turéti zem konstantas, statiskas slodzes 90 dienas,
bet atslodzé — 30 dienas; gaissauss;
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Ref S — augstas stipribas cementa kompozits (references sastavs cementa
kompozitam ar borsilikata spuldZzu stikla piedevu). Kubiska spiedes stipriba
28 dienu vecuma ~63 MPa. liglaicigo parbauzu parauga izméri 40 x 40 x 160 mm,;
eksperimentalo testu sakuma cementa kompozita parauga vecums 51 diena;
spriegumu limenis ilgstosajos slodzes testos 40 % no graujosajiem spriegumiem;
ilglaicigo 1pasibu testos paraugi turéti zem konstantas, statiskas slodzes 90 dienas,
bet atslodzé — 30 dienas; gaissauss;

ECC — cementa inZenierkompozits (Engineered Cementitious Composites) —
parastas stipribas cementa kompozits, kas pieder pie Skiedrbetonu tipa cementa
kompozitiem, bet, kam raksturiga augstaka stiepes izturiba un daudz plaisu
veidoSanas (multiple cracking), palielinoties stiepes spriegumam. Cementa
kompozita sastavs mikromehaniski veidots no smalkiem pelniem (fly ash), smiltim
(maksimalais izmérs 0,18 mm), kvarca pulvera, cementa un tdens. Kubiska spiedes
stipriba 28 dienu vecuma ir ~40 MPa, parbaudits tikai plaisu parbaudés, paraugu
izmeéri 150 x 150 x 12 mm;

ECC PVA — cementa inzenierkompozits ar PVA (2 %) Skiedram. Kubiska spiedes
stipriba 28 dienu vecuma 47 MPa. llglaicigo parbauZu parauga izmeéri
@ 40 x 160 mm; eksperimentalo testu sakuma cementa kompozita parauga
vecums 28 dienas; spriegumu limenis ilgstoSajos slodzes testos 25% no
graujosajiem spriegumiem; ilglaicigo 1pasibu testos paraugi turéti zem konstantas,
statiskas slodzes 815 dienas — 2 gadus un 3 ménesus; gaissauss;

NS M — augstas stipribas cementa kompozits, kam ka piedeva, kas aizstaj dalu
cementa daudzuma, izmantots 1 % montmorilonita mineralu nanoizméru dalinas,
kas batiba ir loti smalks, speciali apstradatu mala dalinu pulveris. Kubiska spiedes
stipriba 28 dienu vecuma ~55MPa. llglaicigo parbauzu parauga izmeéri
40 x 40 x 160 mm; eksperimentalo testu sakuma cementa kompozita parauga
vecums 57 dienas; spriegumu limenis ilgstosajos slodzes testos 40% no
graujosajiem spriegumiem; ilglaicigo 1pasibu testos paraugi turéti zem konstantas,
statiskas slodzes 90 dienas, bet atslodzé — 30 dienas; gaissauss;

Ref MS — augstas stipribas cementa kompozits (references sastavs cementa
kompozitam ar montmorilonita mineralu nanopiedevu). Kubiska spiedes stipriba
28 dienu vecuma ~78 MPa. liglaicigo parbauzu parauga izméri 40 x 40 x 160 mm,;
eksperimentalo testu sakuma cementa kompozita parauga vecums 57 dienas;
spriegumu limenis ilgstosSajos slodzes testos 40 % no graujosajiem spriegumiem;
ilglaicigo Tpasibu testos paraugi turéti zem konstantas, statiskas slodzes 90 dienas,
bet atslodzeé — 30 dienas; gaissauss;

HSC PVA MS — seviski augstas stipribas cementa kompozits ar PVA Skiedru
»kokteili” (2 %) un mikrosilikas piedevu. Kubiska spiedes stipriba 28 dienu vecuma
~112 MPa. llglaicigo parbauzu parauga izméri @47 x 190 mm; eksperimentalo
testu sakuma cementa kompozita paraugu vecums 28 dienas; spriegumu limenis
ilgstoSajos slodzes testos 25 % no graujosajiem spriegumiem; ilglaicigo Tpasibu
testos paraugi turéti zem konstantas, statiskas slodzes 90 dienas, bet atslodze —
30 dienas; gaissauss;
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e HSC PVA NS — seviski augstas stipribas cementa kompozits ar PVA Skiedru
»kokteili” (2 %) un mikrosilikas un nanosilikas piedevu. Kubiska spiedes stipriba
28 dienu vecuma ~110 MPa. llglaicigo parbauzu parauga izméri @47 x 190 mm;
eksperimentalo testu sakuma cementa kompozita paraugu vecums 28 dienas;
spriegumu limenis ilgstosajos slodzes testos 25 % no graujosajiem spriegumiem;
ilglaicigo 1pasibu testos paraugi turéti zem konstantas, statiskas slodzes 90 dienas,
bet atslodzé — 30 dienas; gaissauss;

e HSC MS REF — seviski augstas stipribas cementa kompozits bez Skiedram
(references sastavs cementa kompozitam ar PVA Skiedru ,kokteili” (2 %) un
mikrosilikas piedevu). Kubiska spiedes stipriba 28 dienu vecuma ~128 MPa.
liglaicigo parbauzu parauga izméri @ 47 x 190 mm; eksperimentalo testu sakuma
cementa kompozita paraugu vecums 28 dienas; spriegumu [imenis ilgstosajos
slodzes testos 25 % no graujoSajiem spriegumiem; ilglaicigo 1pasSibu testos paraugi
tureti zem konstantas, statiskas slodzes 50 dienas; gaissauss;

e HSC M — seviski augstas stipribas cementa kompozits, kam ka piedeva, kas aizstaj
dalu cementa daudzuma, izmantotas 1 % montmorilonita mineralu nanoizméru
dalinas, kas batiba ir |oti smalks, speciali apstradatu mala dalinu pulveris. Kubiska
spiedes stipriba 28 dienu vecuma ~103 MPa. llglaicigo parbauzu parauga izmeri
40x40x160 mm; eksperimentalo testu sakuma cementa kompozita paraugi
51 dienu veci; spriegumu limenis ilgstosajos slodzes testos 30 % no graujosajiem
spriegumiem; ilglaicigo TpasSibu testos paraugi turéti zem konstantas, statiskas
slodzes 90 dienas, bet atslodzé — 40 dienas; gaissauss;

e HSC R — seviski augstas stipribas cementa kompozits (references sastavs cementa
kompozitam ar monmorilonita piedevu). Kubiska spiedes stipriba 28 dienu vecuma
~100 MPa. llglaicigo parbauzu parauga izméri 40 x 40 x 160 mm; eksperimentalo
testu sakuma cementa kompozita paraugi 51 dienu veci; spriegumu limenis
ilgstoSajos slodzes testos 30 % no graujosajiem spriegumiem; ilglaicigo Tpasibu
testos paraugi turéti zem konstantas, statiskas slodzes 90 dienas, bet atslodzé —
40 dienas; gaissauss;

e HSC PVA 0,6 % — seviski augstas stipribas cementa kompozits ar PVA Skiedram
(0,6 %). Kubiska spiedes stipriba 28 dienu vecuma ~78 MPa. llglaicigo parbauzu
parauga izméri 40 x40 x 160mm, eksperimentalo testu sakuma cementa
kompozita paraugi 1, 4, 7 un 14 dienu veci, spriegumu limenis ilgstosajos slodzes
testos 25 % no graujoSajiem spriegumiem; ilglaicigo 1pasibu testos paraugi turéti
zem konstantas, statiskas slodzes 28 dienas, bet atslodzé — 7 dienas; gaissauss

e HSC R (PVA) — seviski augstas stipribas cementa kompozits (references sastavs
cementa kompozitam ar PVA skiedram). Kubiska spiedes stipriba 28 dienu vecuma
~78 MPa. liglaicigo parbauzu parauga izméri 40 x 40 x 160 mm, eksperimentalo
testu sakuma cementa kompozita paraugi 1, 4, 7 un 14 dienu veci, spriegumu
[Tmenis ilgstoSajos slodzes testos 25 % no graujoSajiem spriegumiem; ilglaicigo
ipasSibu testos paraugi turéti zem konstantas, statiskas slodzes 28 dienas, bet
atslodzé — 7 dienas; gaissauss;

Cementa kompozitu sastavi izgatavoti atbilstoSi recepSu projektéSanas
nosacijumiem. Péc paraugu iebetonéSanas un noteikta cementa kompozita vecuma
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sasniegSanas, paraugi tika sagatavoti eksperimentalajam parbaudém, pirms tam
nosverot un parbaudot paraugu dimensionalo atbilstibu.

Lai noteiktu cementa kompozitu stipribu, vismaz tris paraugi no katras sastava tika
paklauti spiedes vai stiepes parbaudém. Vidéja graujosa stipribas vértiba tika izmantota,
lai aprekinatu pieliktas slodzes lielumu vienasigajiem $|ludes paraugiem.

liglaicigo 1pasSibu parbaudes veiktas RTU laboratorija. Vienasigas Sludes paraugi
ievietoti SlUdes sviru stendos (sk. 3.1. un 3.2. att.) un noslogoti ar konstantu sprieguma
[Tmeni, kas bija 20-40 % no graujosas slodzes attiecigaja cementa kompozita vecuma.
Vienasigas S|udes paraugi zem nemainigas slodzes atstati [1dz 90 dienam, bet atslodzé
(bez slodzes) lidz 30 dienam. Paraléli vienasigas Sludes parbaudém spiedé vienados
temperaturas un mitruma apstaklos tika veiktas ari ZuSanas vienasigas rukuma
parbaudes.

3.1. att. S]ides vienasigo deformaciju spiedé noteikdana (RTU laboratorija)
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3.2. att. S|Gdes vienasigo deformaciju stiepé noteik$ana (RTU laboratorija)

Plaisu attistibas izpéte veikta DTU laboratorija, izmantojot universalo parbaudes
iekartu “Instron 8516” vai DTU jaunizveidoto parbaudes stendu stiepé un paraugus
slogojot ar atrumu 0,005 mm/s (sk. 3.3. un 3.4.att.). Paraléli plaisu atvéruma
meérijumiem ar deformaciju meritajiem, veikta plaisu saksanas, attistibas, rakstura un
plaisu atvéruma lieluma noteikSana, izmantojot digitalo attélu parvietojumu noteikSanas
un analizes metodiku.

3.3. att. Plaisu rasanas un talakas attistibas noteikSana, izmantojot ari bezkonatkta digitalo
attélu parvietojumu noteikSanas un analizes metodiku (DTU laboratorija)
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3.4. att. Plaisu attistibas izpéte uz jaunizveidota parbaudes stenda stiep€, izmantojot ari
bezkonatkta digitalo attélu parvietojumu noteikSanas un analizes metodiku (DTU laboratorija)

Stiepes stipriba un plaisu atvéruma lielums noteikts ari RTU laboratorija,
sk. att. 3.5., izmantojot paraugus 150x 70x 12 mm; 150x150x 12 mm ar ieprieks
izveidotiem iezagéjumiem, paraugus ievietojot universalaja testa iekarta “Instron
E3000”. Slogosanas atrums 0,03 mm/s.

3.5. att. Stiepes stipribas, stiepes slodzes un plaisu atvéruma lieluma noteikSana ar kuponveida
un koncentrétas stiepes paraugiem, izmantojot bezkontakta digitalo parvietojumu noteikSanas
metodi ,Imetrum” (RTU laboratorija)
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4.Galvenie metodologijas eksperimentalas aprobacijas rezultati un to analize

Metodologijas aprobacijas gaita eksperimentali iegltas dazadu jauno cementa
kompozitu stipribas, deformé&jamibas, ilglaicigo un ilgizturigo ipasibu vértibas un
noskaidroti drosu konstrukciju projektéSanas parametri, kadi lidz Sim Siem materialiem
nav bijusi noskaidroti. Noskaidrota dazadu faktoru ietekme uz to islaicigajam un
ilgstoSajam Tpasibam:

e dazadu cementa kompozitu stipribu (parastas, augstas un seviski augstas) ietekme;

e divu, dazadu mitruma koncentraciju (gaissauss un mitrs) ietekme;

e dazadu cementa kompozita piedevu (borsilikata spuldzu stikla, montmorilonita,
nano- un mikrosilikas, PVA Skiedru) ietekme;

e dazada cementa kompozitu aprupes laika ietekme jeb eksperimentu veikSana
dazados cementa kompozita vecumos;

e daZadas paraugu formas un izméru ietekme jeb méroga faktors.

Dazadu cementa kompozitu parbauzu eksperimentali iegutie rezultati apstiprina
daudzu vadoSo pétnieku (Neville, Brooks, Bazant, Gardner, Lockman, Fanourakis,
Gilbert, Ranzi, Baweja, Kim, Wittmann, Rusch u. c.) izteiktas hipotézes. legltie rezultati
liecina: jo cementa kompozits ir blivaks, jo tas ir stipraks, jo ilga laika perioda mazak
deforméjas (tas izskaidrojams ar neaizpildito gela telpas relativo lielumu cementa
akmeni: par cik lielaka ir $i telpa, par tik mazaka ir stipriba un lielaka s|ide. Gela telpas
lielums savukart ir ciesi saistits ar cementa daudzumu un G/c attiecibu, kas, ka zinams, ir
samazinats, lai sasniegtu cementa kompozita stipribas pieaugumu). Tapat apstiprinajas
hipotéze, ka, jo cementa kompozits ir sausaks un vecaks, jo tas deforméjas mazak, kas
izskaidrojams ar cementa kompozita kimiskajiem procesiem ta Zusanas laika. Tapat
eksperimentali pieradits, ka cementa kompozita gala stipriba pieaug lidz ar cementa
kompozita vecumu un to butiski neietekmé ta paklausana slogojumam.

Attéla 4.1. paradita dazadu cementa kompozitu spiedes stipriba.
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4.1. att. Dazadu augstas un seviski augstas stipribas cementa kompozitu
kubiska spiedes stipriba
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Parbaudot dazadu elastibas modulu vértibas dazadas mitruma koncentracijas,
konstatéts, ka mitriem paraugiem elastibas modulis ir lielaks neka gaissausiem, kas
varétu but izskaidrojams ar to, ka mitram paraugam nav nostiprinajusas saites starp
cementa kompozita matricas dalinam. To pasu apstiprina ari eksperimentalie testi, kuros
salidzinats vienasigas Sludes deformaciju lielums dazadas mitruma koncentracijas.
Noskaidrots, ka mitrie paraugi SliGdé mazak neka Zusanai paklautie paraugi.

Agra cementa kompozita vecuma vienasigo Sludes deformaciju spiedé parbaudes
apstiprina hipoteézi, ka, pieaugot cementa kompozita vecumam, samazinas ta elastigo
deformaciju lielums un pieaug elastibas modula vértiba, tapat laika gaita samazinas ari
Sludes deformaciju lielums un samazinas sludes modula vértiba, kas izskaidrojams ar
gela daudzuma samazinasanos cementa akmeni.

Eksperimentalie dati tapat apstiprina ari to, ka vispar augstas stipribas cementa
kompoziti Slidé mazak neka parastas stipribas cementa kompoziti un Si atskiriba ir
~50%. Tas izskaidrojams ar to, ka augstas stipribas cementa kompoziti ir
smalkgraudainaki un to matricu pakojums ir blivaks. Sadiem cementa kompozitiem ir
mazaka G/c attieciba, kas art ietekmé ilglaicigo 1pasibu deformaciju lielumu.

Attéla 4.2. paraditas dazadu cementa kompozitu vienasigas, kopé€jas, relativas
deformacijas.
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4.2. att. Dazadu augstas un seviski augstas stipribas cementa kompozitu vienasigas,
kopgjas, relativas deformacijas spiede

Slades koeficients parada §|ides deformacijas un elastigo deformaciju attiecibu
laika. Dazada sastava un stipribas cementa kompozitu eksperimentali iegutie dati
liecina, ka augstas stipribas cementa kompozita Sludes koeficients, tapat ka parastas
stipribas cementa kompozitiem tas ir robezas no ~0,5 lidz 3, kas nesaskan ar literaturas
avotu datiem, kas Ilidz ar stipribas pieaugumu prognozé koeficienta butisku
samazinasanos. legutie rezultati parada, ka parastas un augstas stipribas cementa
kompozitu elastigo un Sludes deformaciju attieciba laika saglabajas lidziga.

Attéla 4.3. paraditi dazadu cementa kompozitu sltdes koeficienti spiedé.
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4.3. att. Dazadu augstas un seviski augstas stipribas cementa kompozitu
Slades koeficients spiedé

Jaunizveidoto cementa kompozitu teorétisko un eksperimentalo, ilglaicigo 1pasibu
vertibu atskiribas parsniedz 20 %, kas apstiprina iepriekS minéto, ka atskirigie aré€jie un
iekséejie faktori butiski ietekmé cementa kompozitu Tpasibas. EsosSie empiriskie modeli ir
lietojami tikai lielas faktoru sakritibas gadijuma un drosi izmantojami parastas stipribas
betoniem, bet nav piemérojami atskirigu cementa kompozitu ilglaicigo ipasibu
prognozésanai. leguta, liela rezultatu atskiriba apliecina, ka visprecizakais veids
jaunizveidoto cementa kompozitu ilglaicigo T1paSibu noteikSanai ir laboratoriskas
parbaudes.

Ipatnéja $lude ir visobjektivakais ilglaicigais parametrs, jo tas izslédz at3kirigo,
parbaudés izmantoto spriegumu ietekmi uz ilglaicigo deformaciju vértibu lielumiem.

Attéla 4.4. paradita dazadu cementa kompozitu ipatnéja Slude spiedeé.
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4.4. att. Dazadu augstas un seviski augstas stipribas cementa kompozitu Tpatnéja slide spiedé

41



Slades modulis ir pielikta sprieguma un $Jides deformaciju attieciba. Sis ilglaicigais
parametrs izmantojams ilglaicigi slogotu konstrukciju deformaciju noteikSanai. Sludes
modulis laika samazinas, kas izskaidrojams ar Sludes deformaciju pieaugumu. Jo Sludes
modulis ir mazaks, jo materials vairak sjade.

Attéla 4.5. paraditi dazadu cementa kompozitu slides moduli spiedeé.
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4.5, att. Dazadu augstas un seviski augstas stipribas cementa kompozitu S|ides modulis spiede

Tapat eksperimentali noskaidrots, ka cementa kompozitiem pievienotais
montmorilonits butiski neietekmé cementa kompozita mehaniskas un deforméjamibas
Ipasibas.

Ar1 nanosilikas mineralai piedevai nav butiskas ietekmes uz cementa kompozitu
stipribas, deformativajiem, ilglaicibas un ilgizturibas raditajiem. Rezultatu atSkiribas
starp cementa kompozitiem ar un bez nanosilikas ir 2—7 % robezas.

Bet borsilikata spuldzu stikla mikropiedeva, kas daléji (20 %) aizvieto cementu, dod
lidzveértigus rezultatus (atskirtba ir Ildz 20 %) references cementa kompozita rezultatiem.
Tas liek secinat, ka Sada jaunizveidota cementa kompozita, kas pagatavots izmantojot
otrreiz parstradatus materialus, izmantoSana praktiskaja buvnieciba butu ekologiskaka
un dabai draudzigaka.

Tapat no eksperimentalajiem rezultatiem ieguts, ka PVA Skiedras uzlabo parastas
stipribas cementa kompozitu ilglaicigas un ilgizturigas 1pasibas. Vienasigas S$|udes
deformaciju lielums spiedé samazinas par ~50-80 %, savukart PVA Skiedru izmantosana
augstas un seviski augstas stipribas cementa kompozitiem nesniedz, kas varétu buat
izskaidrojams ar to, ka Skiedru izvietojums ir nevienmérigs, ar gadijuma raksturu, ka ari
ar to, ka iejauksanas procesa tiek piesaistits vairak gaisa un veidojas tukSumi, un sadu
Skiedrainu cementa kompozitu ir tehnologiski grutak viendabigi iestradat cementa
kompozita veidnos, lidz ar to cementa kompozita sastavs ir porainaks.

Eksperimentalas plaisu parbaudes skaidri parada un apstiprina hipotézi, ka,
pielietojot Skiedru ,kokteili”, tiek panakta lielaka materiala darbibas un sabrukuma
efektivitate neka tad, ja izmanto tikai viena veida Skiedras,, jo katram Skiedru garumam
(tipam) ir sava funkcija: 1sas Skiedras nostiprina cementa matricu un veic garo Skiedru
iespiléSanu, bet garas Skiedras savieno lielas plaisas, veidojot Skiedru tiltus starp plaisu
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malam un nepielauj cementa kompozita trauslu, péksnu sabrukumu, kas 1pasi svarigi
nesoso konstrukciju ekspluatacija.

Attéla 4.6. paradita dazadu cementa kompozitu stiepes slodzes un plaisu atvéruma
lieluma sakariba.
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4.6. att. Dazadu cementa kompozitu stiepes slodze un plaisu atvéruma lielums (CMOD)

4.7. attéla redzama ECC matricas daudzu plaisu veidoSanas (multiple cracking), kas
novérojama, izmantojot digitalo attélu parvietojumu noteikS8anas un analizes metodi —
GOM ,, Aramis” datorprogrammu.
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4.7. att. ECC matricas stiepes parauga skaidri redzama daudzplaisainiba (multiple cracking),
kas novérota, izmantojot digitalo attélu parvietojumu noteikSanas un analizes metodi —
,GOM Aramis” datorprogrammu
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4.8. att. Plaisu attistiba paraugiem ar nonosiliku un PVA Skiedru kokteili noteikta, izmantojot
digitalo parvietojumu noteikSanas un analizes metodi — GOM , Aramis” datorprogrammu
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Cementa kompozitos mikroplaisas paradas, kad tas ir sasniedzis ~10-20 % no
graujosas stipribas. Pieaugot spriegumiem, mikroplaisas palielinas, apvienojas un,
sasniedzot materiala specifisko kritisko vértibu K., t.i., pie ~60-80 % no graujosas
stipribas, sakas galvenas plaisas veidoSanas (sk.4.8.att.), kam seko plaisas
stabilizéSanas. Kad spriegumi plaisas gala ir sasniegusi savu kritisko vértibu (materials ir
sasniedzis graujoSo stipribu stiepé), plaisa sak atvérties un strauji aug ldz materiala
sabrukumam.

Lai novertétu laboratorija ieglito datu atbilstibu, precizitati un stabilitati, tika veikta
rezultatu statistiska analize. Eksperimentos iegltas rupjas kludas tika izslegtas ar
30 metodi. Rezultatu atbilstiba un precizitate noteikta ticamibas intervala 95 % ar
standartnovirzes vértibu (vidéjo, kvadratisko novirzi) S; un variaciju koeficientu V.
Standartnovize parada cementa kompozita ipasibu izkliedi ap videéjo vertibu. Jo iegutais
rezultats ir tuvaks videjai vértibai, jo standartnovirzes lielums ir mazaks. Variaciju
koeficients ir standartnovirzes un vidéjas rezultatu véertibas attieciba, paradot véertibu
mainigumu ap vidéjo vertibu. Vispariga gadijuma materiala 1pasibu izkliede ir saistita ar
materiala neviendabibu, izgatavoSanas tehnologiju, parauga geometrisko nestabilitati,
parbaudes metodes, iekartas un meérierices precizitati un darbibas korektumu.

Uzskatama statistisko datu apstrade paradita vienam cementa kompozitam ar
mikrosilikas mineralo piedevu un PVA Skiedru kokteili. Spiedes slogojuma kubiskajiem
paraugiem S, ir 2,5 MPa un Vir 2,1 %, bet cilindriskajiem paraugiem S, ir 6 MPa un Vir
7,2 %, sk. 4.9. att.
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4.9. att. Spiedes stipribas standartnovirze kubiskajiem (100 x 100 x 100 mm)
un cilindriskajiem (@47 x 190 mm) paraugiem

Savukart stiepes slogojuma platnveida paraugu S; ir 0,2 MPa un V ir 5,6 %.
Elastibas modula standartnovirze, kas noteikta cilindriskajiem paraugiem, ir 5,2 GPa un
variaciju koeficients ir 10,7 %. Kop€jas, relativas, vienasigas deformacijas spiede
maksimala S, vértiba ir 111,5 mm/mm-107°, bet vidéja S, vertiba ir 79,7 mm/mm-107° un
maksimalais V ir 17,7 %, vidéjais V — 10,7 % (sk. 4.10. att.). ZG3anas rukuma vienasigo
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deformaciju maksimala S; vertiba ir 43 mm/mm-10"°, bet vidéja S; vertiba ir
24,8 mm/mm-10"° un maksimalais V ir 22,3 %, vidéjais V — 8,5 %. Literaturas avotos
noraditais, pielaujamais V ka stipribas, ta ilglaicigajas parbaudeés, ir 15-20 % (Omar et al.,
2008; Tarnopolskii, Kincis, 1985; Ckyapa et al., 1971; Neville et al., 1983).
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4.10. att. Kopégjas, relativas, vienasigas deformacijas spiedé standartnovirze,
noteikta cilindriskajiem (¢ 47 x 190 mm) paraugiem
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5. Rekomendacijas

Balstoties uz darba iegltajiem, eksperimentalajiem rezultatiem noteikti jauno
augstas stipribas cementa kompozitu darbibu aprakstoSie vienadojumi, kas izmantojami
no lidziga materiala veidotu konstrukciju vienasigo Slides un zusanas vienasigo rukuma
deformaciju prognozeésanai.

Autores sniegtie, aprakstoSie vienadojumi uzskatami paraditi vienam cementa
kompozitam — augstas stipribas cementa kompozitam ar mikrosilikas mineralo piedevu
un PVA skiedru kokteili.

Kopéjo, relativo, vienasigo deformaciju un Zasanas vienasigo rukuma deformaciju
rezultatu aprakstosas liknes (sk. 5.1., 5.2.) un tas eksponentvienadojums ir
Y=a+b-In(x)+c-exp(-x), kur a, b un c ir eksperimentalas konstantes, x — laiks
(dienas), determinacijas koeficients R* = 0,9932.
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5.1. att. Kopé€jo, relativo, vienasigo deformaciju aprakstosa likne un tas vienadojums augstas
stipribas cementa kompozitam ar mikrosilikas mineralo piedevu un PVA Skiedru kokteili

Standartos un normas Sludes un rukuma paradibas ir nepietiekami izvérstas un
tajos sniegtas vertibas ir izmantojamas tikai ierobeZotas stipribas diapazona cementa
kompozitiem. Lai butu iespejams projektét un buvet konstrukcijas no augstas stipribas
cementa kompozitiem, bUtu javeic izmainas esoSaja, Eiropas regiona reglamentétaja
standarta EN 1992-1-1:2005 ,Betona konstrukciju projektésana. 1-1. dala: , Visparigie
noteikumi un noteikumi ékam””. Izmainas butu saistitas ar stipribas klase palielinasanu,
lai ta kubiska stipriba butu lielaka par Sobrid noradito 105 MPa. Tapat butu japarstrada
esosa Sludes koeficientu noteikSanas shéma, paredzot to ari augstakas stipribas
cementa kompozitiem vai ievieSot papildus parejas koeficientus.
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5.2. att. ZU$anas vienasigo, realtivo rukuma deformaciju aprakstosa likne un tas vienadojums
augstas stipribas cementa kompozitam ar mikrosilikas mineralo piedevu un PVA skiedru kokteili

Svarigi batu pievienot noradi, ka sarezgitu un nozimigu, ka ari deformaciju jutigu
konstrukciju ilglaicigo un ilgizturigo Tpasibu prognozésanai papildus javeic laboratoriskas
IpasSibu noteiksanas parbaudes, ieteicams tados apkartéjas vides apstaklos, kados
konstrukcijam prognozéts atrasties to ekspluatacijas laika, lai parliecinatos par
aprékinato vai shematiski noteikto vertibu pareizibu. Tapat ari nepiecieSama papildus
norade, ka standartos noraditie Sludes koeficienti, ka ari esosas standartizétas
empiriskas liknes nav izmantojamas gadijumos pie lielas iekSéjo un aréjo ietekmes
faktoru nesakritibas, ka ari ilglaicigo deformaciju prognozésanai deformaciju jutigam un
nestandarta konstrukcijam.

Lai varetu veikt korektus inZzenierapréekinus, paredzot jaunos, uzlaboto sastavu un
ipasSibu cementa kompozitus, butu nepiecieSams izveidot eksperimentalo datu
biblioteku, apkopjot un izanalizéjot dazadu autoru eksperimentalos rezultatus un
atrodot geometrisko formu, cementa kompozita vecuma, slogojuma ilguma, apkartéjo
vides apstaklu un citu ietekmeéjoso faktoru parejas koeficientus, kas butu izmantojami
ilglaicigo parametru precizaku vértibu noteiksanai.

Eiropas standarta EN 1992-1-1:2005 , Betona konstrukciju projektésana. 1-1. dala:
,Visparigie noteikumi un noteikumi ekam”” konstrukciju darbibas prognozésanai
rekomendéjams papildus ieviest ilglaicigo parametru — slides moduli, kas izmantojams,
veicot ilgstosSi slogotu konstrukciju deformaciju noteikSanu. Tapat ieteicams sniegt
noradi, ka Sads parametrs aprékinams.

Ar mérki veikt laboratoriskas parbaudes, Eiropa reglamentétais standarts EN 12390
,Sacietéjusa betona testéSana” butu japapildina ar sacietéjusa betona S|udes
deformaciju spiedé un stiepé noteikSanas metodikam, kuras butu aprakstitas testa
proceduras un datu ieguve, ka ari talaka datu izmantosSana sludes koeficienta, ipatnéjas
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Sludes un Sludes modula aprekinasana. Standarts japapildina ari ar plaisu attistibas
izpétes veikSanas metodiku — digitalo attélu parvietojumu noteikSanas un analizes
metodiku.

Konstrukciju darbibas prognozésanai ilglaicigas slodzes ietekmé, rekomendéjams
lietot kopéjo, relativo, vienasigo Sludes (spiedes gadijuma) un Zisanas vienasigo rukuma
deformaciju vértibu, jo abas paradibas summéjas, tadeéjadi sniedzot nelabvéligako
gadijumu, kas butu vérsts uz konstrukciju projektésanas drosibas pusi.

Lai noteiktu korektas vienasigas Sludes deformacijas stiepé un spiedé, Tpasi
attiecinams uz cementa kompozitiem agra vecuma, kad tie vél nav sasniegusi savu
nosacito gala stipribu, no kopéjam, relativajam, vienasigajam deformacijam jaatnem
zuSanas vienasigas rukuma deformacijas, kas noteiktas identiska sastava, identisku
paraugu cementa kompozitiem vienados apkartéjas vides apstaklos, deformacijas meéerot
tapat ka sludes paraugiem — parauga vidusdala.

Cementa kompozitu stiepes raditas, absolttas deformacijas ir daudzkart mazakas
par spiedes raditajam deformacijam, lidz ar to ir problematiska sada lieluma deformaciju
registréSana; lai noteiktu precizas vienasigas Sludes un ZisSanas vienasigas rukuma
deformaciju vertibas, ieteicams lietot digitalo attélu parvietojumu noteikSanas un
analizes metodes.

Promocijas darba gaita eksperimentali noskaidrotas dazadu jauno cementa
kompozitu Tslaicigas, ilglaicigas un ilgizturibas 1pasibas, kadas lidz Sim nav bijusas
noskaidrotas. Lai veiktu jauno cementa kompozitu sastavu uzlaboSanu un to
izmantoSanu praktiskaja bavnieciba, palielinot paraugu statistisko daudzumu javeic
atkartotas eksperimentalas parbaudes.

Promocijas darba iesaktos augstas stipribas cementa kompozitu ilglaicigos,
eksperimentalos un analitiskos pétijumus nakotné buatu nepiecieSams turpinat,
parbaudot cita veida augstas un seviski augstas stipribas cementa kompozitus noltka
atrast racionalakus, optimali labakus cementa kompozitu sastavus mausdienu
paaugstinatajam, konstruktivajam prasibam — paaugstinatam slodzeém, palielinatiem
konstruktivo elementu laidumiem, samazinatiem Skérsgriezuma izmériem, pieaugosajai
elementu geometriskajai sarezgitibai un konstrukciju drosai ekspluatacijai, ilglaicibai un
ilgtspéjibai. Tapat butu jaturpina veidot eksperimentalo datu, statistisko biblioteku, kas
nepiecieSama parejas koeficientu noteikSanai un augstakas stipribas cementa kompozitu
ilglaicigo Tpasibu prognozéesanai, un precizaku aprakstoso vienadojumu noteiksanai.
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Secinajumi
Promocijas darba izvirzitais merkis un uzdevumi ir sasniegti. Pétijums sniedz
metodologiju Tpasi smalkgraudainu (<5 mm) cementa kompozitu (ISCK) slides vienasigo

deformaciju spiedé un stiepé un Zusanas rukuma vienasigo deformaciju noteiksanai, ka
ari stiepes plaisu attistibas izpétes veikSanai un analizei.

Promocijas darba rezultata ir ieglti Sadi galvenie secinajumi.

1. lzstradata 1pasi smalkgraudainu (<5 mm) cementa kompozitu $ludes vienasigo
deformaciju spiedé€, stiepé un Zisanas rukuma vienasigo deformaciju noteikSanas
un stiepes plaisu attistibas izpétes metodologija dod iespéju laboratorijas apstaklos
noteikt realo parastas (4/c > 0,45; fuos = 12—40 MPa), augstas (0/c < 0,4; fuos = 40—
120 MPa) un seviski augstas (0/c 2 0,2; fuos = 120-400 MPa) stipribas ISCK slades
vienasigas deformacijas spiedé un stiepé, zZusanas rukuma deformacijas un plaisu
atvéruma lieluma vértibas, kuras nav iespéjams noteikt ar esoSajam
standartizétajam metodikam un empiriskajiem modeliem.

2. Metodologija aprobéta, izmantojot 15 dazadu parastas, augstas un seviski augstas

stipribas ISCK daZzada vecuma un atskirigu geometrisko formu paraugus, divas
mitruma koncentracijas, pie konstanta slogojuma. Aprobacijas laika eksperimentali
noteiktas jauno cementa kompozitu spiedes un stiepes stipribas, elastibas modulu,
Sludes vienasigas deformacijas spiedé un stiepé, Zusanas rukuma vienasigas
deformacijas un stiepes plaisu atvéruma lieluma vértibas, ka ari veikta stiepes
plaisu rasanas, attistibas un rakstura izpéte, kas lidz Sim Sadiem materialiem nav
noteikts.
Noskaidrots, ka pie vidéjas aritmétiskas ticamibas 95 % spiedes stipribas
maksimalais variaciju koeficients (V) ir intervala 2—8 % un ilglaicigi slogotu paraugu
kopé€jo vienasigo deformaciju maksimalais V atrodas intervala 16-22 %, kas ir loti
labs raditajs uz cementa bazes veidotiem materialiem.

3. legutie rezultati pierada, ka gan parastas, gan augstas stipribas cementa
kompozitiem elastigo deformaciju (slodzes pielik§anas bridi) un s|lides deformaciju
attiecibas izmainas laika ir robezas no 0,5 lidz 3,0, kas nesaskan ar EN 1992-1-
1:2005 ,,Betona konstrukciju projektésana”, kura lidz ar stipribas pieaugumu tiek
prognozéts Sludes koeficienta lieluma samazinajums.

4. Parveidotais Sludes vienasigo deformaciju noteikSanas stends stiepé un adaptétais
Sludes vienasigo deformaciju noteikSanas stends spiedé dod iespéju parbaudit
cementa kompozitus ar pildvielu maksimalo izméru lidz 5 mm, izmantot paraugus
(£ 70 mm), kas vairak raksturigi augstas un seviski augstas stipribas cementa
kompozitiem un to konstrukciju izmériem. lzmantojot Sos stendus, paraugiem ir
iespéjams pielikt konstantu slodzi un noturét to nemainigu ilgu laika posmu,
eksperimentu laika nav nepiecieSamas spriegumu limena korekcijas, kalibréSanas
ltkknes ir linearas, nav japatéré energoresursi, vienlaikus nodroSinot materialu
ietaupijumu. Butiski pieminét, ka nekur pasaulé nav izstradats standarts cementa
kompozitu slides deformaciju stiepé noteiksanai.
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5.

Izveidotais, vienasigais parbaudes stends stiepé nodroSina plaisu un mikroplaisu
attistibas izpéti. Eksperimentali iegutie spriegumu-deformaciju liknu raksturi ir
tuvaki teorétiskajiem pienémumiem un citu autoru rezultatiem, ka ari uzrada labu
sakritibu ar datiem, kas ieguti ar digitalo attélu parvietojumu noteikSanas un
analizes metodiku. Eksperimentala aprobacija pierada, ka jaunais, vienasigais
parbaudes stends stiepé ir piemeérots plaisu un mikroplaisu izpétei un ir
atbilstosaks augstas un seviski augstas stipribas ISCK maza izméra paraugiem
(150 x 150 x 12 un 100 x 50 x 12 mm) salidzinajuma ar universalajam parbaudes
iekartam, kas nav piemeérotas paraugu mazajiem izmériem, lénajam slogosanas
atrumam, ka ari mikroplaisu izpétei, jo rada parak lielas kustibas, kas nedod iespéju
ieglt asus, augstas izSkirtsp€jas fotoattélus.

Piedavatais Sludes vienasigo deformaciju stiepé koncentrétas stiepes (CT) paraugs
dod iesp€ju samazinat eksperimentalo rezultatu izkliedi un ir 1pasi piemérots ISCK.
Izmantojot CT paraugus, materiala sabrukums ir prognozéjams, deformaciju
nolasisanai tiek izmantots tikai viens digitalais deformaciju méritajs atskirtba no
citu autoru piedavatajam metodém, kuras izmanto divus un vairak deformaciju
meritajus.

Atrisinats stiepes deformaciju registrésanas jautajums, izmantojot digitalo attélu
parvietojumu noteikSanas metodi ar 0,1 um precizitati, jo cementa kompozitu
stiepes raditas, absolutas deformacijas ir 10-20 reizes mazakas par spiedes
raditajam deformacijam un ir problematiska Sada lieluma deformaciju registracija.
Ar So metodi iespéjams noteikt un izpétit mikroplaisu un plaisu rasanas, augsanas,
zaro$anas, apvienosanas, stabilizé$anas un atvérdanas stadijas. Sada tipa metodes,
iespéjams, ir vienigas, ar kuru palidzibu var noteikt specifiskas ekspluatacijas
konstrukciju materialu T1pasibas, kuriem nav pielaujamas plaisu rasanas un
attistibas parbaudes.

Pasreiz lietotie SJudes un rukuma deformaciju aprakstoSie modeli nav piemérojami
un nekorekti apraksta jauno, atskirigo ISCK vienasigo $ludes un ZuSanas rukuma
vienasigo deformaciju procesus, jo pastav liela iek$éjo un aréjo ietekmes faktoru
nesakritiba, tapéc tiek piedavati jauni ISCK kopéjo ilglaicigo, vienasigo deformaciju
un ZziSanas rukuma vienasigo deformaciju procesus aprakstoSie modeli —
ekspoentvienadojumi, kas dod vislabako sakritibu ar eksperimentalajiem datiem
(determinacijas koeficienti R? = 0,993) un ar kuru palidzibu var prognozét no lidziga
materiala veidotu konstrukciju elementu ilglaicigo, kop€jo un zZusanas rukuma
vienasigo deforméesanas lielumu.

Pieradits, ka Sludes deformacijas vienasiga spiedé un stiepé noteikSanas metodes
dod ticamus rezultatus (V<22 %) un ir piemérotas dazadas stipribas cementa
kompozitiem, tapéc rekomendéts papildinat Eiropas reglamentéto standartu
EN 12390 ,Sacietéjusa betona testéSana” ar Sludes deformaciju spiedé un stiepé
noteikSanas metodikam.
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GENERAL REVIEW OF THE DOCTORAL THESIS

Subject Actuality and Formulation of the Problem

Nowadays the construction material industry is developing rapidly, with an ever
increasing tendency towards the use of high-strength materials. Since the beginning of
the 20™ century, scientists and cement composite technologists are working on
developing new, various types of structural multi-component cement composites, the
solutions ranging from mixtures with a reduced quantity of cement and smaller
aggregate dimensions, to fibers being used as disperse reinforcement, introduction of
various chemical additives and a lowered cement-water ratio, as well as substituting
some of the cement with recycled materials, etc. The new cement composite matrixes
are much stronger, more durable and more environmentally friendly, as the production
of high-strength cement composites requires less cement due to smaller dimensions of
the structural elements, as well as due to partial substitution of the cement with
recycled materials, thus reducing the amount of non-renewable resources used in
production and providing recycling opportunities for non-biodegradable waste. The use
of the new composite materials would promote sustainable and ecological construction,
contributing to a reduction of the global greenhouse effect (Prisco et al., 2009; Bajare et
al., 2012; Korjakins et al., 2010; Xi et al., 2010; Batayneh et al., 2007; Mageswari,
Vidivelli, 2010, etc.). The use of these new high-strength structural cement composites
in construction would allow to also reduce the overall consumption of the material, and
to substantially decrease the total weight of the structures, to build higher structures
and to use structural elements with a more effective cross-section. It would allow the
designers to produce more elegant thin-walled structures, implementing new, more
complex forms. The improved properties of the cement composite materials would
make them more convenient from the economical point of view, and could even make
them the only material used in specialized construction.

The newly developed cement composite matrixes, in general, have improved
physical properties, e.g., their microstructure — cement paste accounts for a larger part
of the volume, and the porosity is reduced, leading to cement composites with smaller
water absorption and better frost resistance properties (Graybeal, 2006; Neville, Brooks,
2010; Gilbert, Ranzi, 2011; Justs, Shakhmenko, 2010, etc.), as well as improved behavior
of the material under compression loading. Although the effect on these properties has
been conscious, there are still several obstacles that prevent a more widespread use of
these newly developed, modern high and ultra-high strength cement composites in
construction. One of the main problems is insufficient information about the long-term
properties and durability parameters of these cement composites, which are essential in
ensuring safe and prolonged exploitation of structures.

Across the world, there have been various standards for experimental
determination of concrete creep and shrinkage developed properties, but, upon
reviewing the available standards and models, it becomes evident that the provided
information is ambiguous and incomplete, and that the developed methodologies are
suitable for normal strength concrete and not suitable for specimens with reduced
cross-sections, which are characteristic to structures made of high and ultra-high
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strength cement composites. In addition, it must be noted that nowhere in the world
there have been any standardized methods developed for determining tensile creep
strains in cement composites. In regards to cement composite cracks, there are only
standards for determining the size of the crack mouth opening displacement; however,
there is no standardized methodology available for researching cracks and providing
information about the initiation, propagation, development, and characteristics of
cracks and micro-cracks. Unfortunately, the standard applicable to the European region —
EN 12390 “Testing hardened concrete” — does not provide any information about how
to determine the long-term properties and durability-related parameters of cement
composites, i.e. creep and shrinkage strains, research of crack development.

Another major obstacle is the delayed introduction of design standards. The
approbated calculation procedures that are used for the traditional concretes cannot be
applied to the new cement composites. The existing standards and calculation models
allow evaluating the creep and shrinkage strains only in the traditional, normal strength
concretes used for conventional structures. However, the actual composition of the
cement composites, the raw materials used, the environmental conditions, the
geometry and age of the specimens can be substantially different from the factors taken
into consideration in these models. Due to the discrepancies of the input data, it is not
permissible to use these previously developed models.

For the new cement composites to be used in the design of safe structures with a
more efficient cross-section, it is necessary to develop a new methodology that would
provide information on how to determine the characteristics of various extra fine
aggregate cement composites (with the largest aggregate dimension <5 mm). The
obtained data on long-term properties and crack development research would advance
the progression of increasingly rational new cement composites that would be better
suited to the stress fields in each particular application.

Objective of the Study

The objective of the doctoral thesis is to develop and experimentally verify a
methodology for determination of uniaxial compressive and tensile creep strains and
uniaxial drying shrinkage strains, as well as to research and analyze tensile crack
development in extra fine aggregate (<5 mm) cement composites (EFACC).

The Tasks of the Doctoral Thesis

In order to achieve the objective of the research, the following tasks were defined:

1. To prepare the theoretical and experimental basis of the methodology. To
summarize, research and analyze the methodologies and models used for the
determination of creep, shrinkage strains, and crack development.

2. To develop a new methodology that is specifically suited for EFACC and that allows
to determine uniaxial compressive and tensile creep strains and uniaxial drying
shrinkage strains, as well as to research the development of tensile cracks and to
determine the size of their mouth opening displacement.

3. To modified a cement composite testing stand for the determination of uniaxial
tensile creep strains, and to adopt an existing timber and polymer material testing
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stand for the determination of uniaxial compressive cement composite creep
strains.

To develop a new uniaxial tensile testing stand that would be more suitable for the
determination of the initiation, propagation, characteristics and crack mouth
opening displacement size in EFACC using a digital image-based monitoring
system.

To experimentally approbate the methodology for determination of uniaxial
compressive and tensile creep strains and uniaxial drying shrinkage strains, as well
as tensile crack development research and analysis in extra fine aggregate (<5 mm)
cement composites.

To analyze the main approbation results obtained from the experimental tests on
various — normal, high and ultra-high strength cement composites with
borosilicate lamp glass, montmorillonite, micro- and nano silica mineral additives
and polyvinyl alcohol (PVA) fibres — and to define the equations describing the
long-term behavior of EFACC materials.

To develop recommendations for improving the standards EN 1992-1-1:2005
“Design of concrete structures” and EN 12390 “Testing hardened concrete”.

The Scientific Novelty of the Work

A methodology has been developed for the determination of uniaxial compressive
and tensile creep strains and uniaxial drying shrinkage strains, as well as for
research of tensile crack development in extra fine aggregate (<5 mm) cement
composites (EFACC), which allows to determine, in laboratory conditions, the
actual values of uniaxial compressive and tensile creep strains and uniaxial drying
shrinkage strains, as well as the tensile crack mouth opening displacement in
normal, high and ultra-high strength EFACC, which cannot be determined with the
existing standardized methodologies and models.

During the process of methodology approbation, the compressive and tensile
strength values, the moduli of elasticity, the values of uniaxial tensile and
compressive creep strains, the values of uniaxial drying shrinkage strains, and the
displacements of tensile crack mouth openings of the new, innovative structural
cement composites were obtained from experiments, and research on the
initiation, development, propagation and characteristics of the cracks was
performed, which has not been done for these materials before. The methodology
has been approbated with 15 various extra fine aggregate (<5 mm) normal, high
and ultra-high strength cement composites, using specimens of different age and
different geometric shape, under two different humidity conditions and by
applying constant loading.

A testing stand has been modified for the determination of uniaxial tensile creep
strains (at the moment, no standardized methods exist in the world for the
determination of tensile creep strains), and another testing stand was adopted for
the determination of uniaxial compressive creep strains, which allows to use
specimens (£70 mm) more characteristic to the dimensions of high and ultra-high
strength cement composite structures. With these stands, it is possible to apply
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constant loading on the specimens and to keep it uniform over a long period of
time. In addition, it is not necessary to adjust the stress level during the
experiments, the calibration curves are linear, no energy resources are consumed,
and it is possible to test cement composites with the maximum aggregate
dimension <5 mm, simultaneously ensuring economic use of materials.

It has been proposed to determine the uniaxial tensile creep strains, using a
Compact Tension (CT) specimen, which allows to reduce the scattering of the
experiment data and to determine the deformation data by using only one digital
strain gauge, unlike in the methods suggested by other authors that use two or
more strain gauges.

The problem of determining tensile strains has been solved to a precision of
+0.1 um, by using a digital image-based monitoring system, as the tension-induced
absolute strains in cement composites are 10-20 times smaller than the strains
caused by compression, and the registration of such small strains is problematic.

A new uniaxial tensile testing stand has been developed, ensuring the research of
the development of cracks and micro-cracks. The characteristics of the stress-
strain curves obtained from experiments performed on the new stand are more
compatible with the theoretical assumptions and the results obtained by other
authors, and they show good correlation with the results obtained using the digital
image-based monitoring system. The experimental approbation proves that the
new testing stand is better suited for small specimens (150 x 150x 12 and
100 x 50 x 12 mm) of high and ultra-high strength EFACC in comparison with the
universal testing equipment, which is not suitable for small specimens and the low
speed of loading, resulting in initial idle running of the equipment. The universal
equipment is also not suited for research of micro-cracks, as it creates too much
movement, which prohibits taking sharp, high resolution photos.

Models — exponential equations describing the uniaxial strain processes of the
total long-term strain and drying shrinkage of EFACC materials and providing the
best correlation with the experiment data — have been proposed, allowing the
prediction of long-term strain values in structural elements made of a similar
material. The coefficient of determination is R* = 0.993, which indicates a very high
level of correlation between the experiment data and the describing curve. The
currently used creep and shrinkage strain approximation models cannot be
applied, and they describe the uniaxial creep and uniaxial drying shrinkage strain
processes of the new, different EFACC materials incorrectly, because there is a
large discrepancy between the actual internal and external factors of influence.

It has been recommended to supplement the European standard EN 12390
,Testing hardened concrete” with methodologies for determining compressive and
tensile creep strains. It has been proven that the methods for determining uniaxial
compressive and tensile creep strains yield reliable results (V<22 %), and are
suitable for cement composites of various strength.
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Practical Application of the Doctoral Thesis

In assessing the importance of the doctoral thesis, three main directions for
successful application of the obtained results can be noted.

The doctoral thesis presents and approbates a methodology for the determination
of uniaxial compressive and tensile creep strains and uniaxial drying shrinkage strains, as
well as for research of tensile crack development in extra fine aggregate (<5 mm)
cement composites (EFACC), which allows to determine, in laboratory conditions, the
actual values of uniaxial compressive and tensile creep strains, uniaxial drying shrinkage
strains, and the tensile crack mouth opening displacements in normal, high and ultra-
high strength EFACC, as well as to research the initiation, development, propagation and
characteristics of tensile cracks.

The equipment of the developed methodology includes a modified testing stand
for determination of uniaxial tensile creep strains and an adopted testing stand for
determination of uniaxial compressive creep strains. It also includes a new tensile test
stand for crack development research. The methodology proposes to determine tensile
creep strains using Compact Tension (CT) specimens.

The newly developed methodology for long-term properties and crack
development research in EFACC describes the composition of the cement composites,
the procedures for preparing the specimens and performing the experimental tests, as
well as for the processing of the obtained data and the equipment selection.

The proposed methodology can be used in laboratories testing the mechanical
properties of materials, in order to determine the uniaxial compressive and tensile
creep strain values, the uniaxial drying shrinkage strain values, the tensile crack mouth
opening displacements, and the data related to crack initiation, propagation and
characteristics that is required for the development of new, more rational and
environmentally friendly structural cement composites and for the engineers, to enable
them to design safe structures using these materials. The doctoral thesis also provides
technical recommendations for the determination of cement composite properties.

The digital image-based monitoring system is the most suitable solution for
registering the small strains, micro-cracks and cracks caused by tension. These processes
are essential for structures with specific use conditions.

The new methodology will also have an indirect positive effect on the global
environment, as, by increasing the use of EFACC and by reducing the dimensions of the
cross-sections of structures, the total amount of cement consumption will decrease and,
by substituting part of the cement with recycled mineral fillers, the use of non-
renewable resources and non-biodegradable waste will also be reduced. It will promote
sustainable and more environmentally friendly construction in general, contributing to
reducing the global greenhouse effect.

The doctoral thesis also provides recommendations for changes to standards
EN 1992-1-1:2005 “Design of concrete structures” and EN 12390 “Testing hardened
concrete”.

The summary of literature presented in the doctoral thesis can be used in a
specialized course on reinforced concrete when preparing lecture materials on the
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determination of creep and shrinkage properties, as well as on crack development
research in various cement-based materials.

The Methodology of the Research

For the approbation of the methodology, strength values, uniaxial compressive
and tensile creep deformation values, uniaxial drying shrinkage values were determined
and crack initiation, development, propagation, characteristics and crack mouth
opening displacements were studied for the following EFACC — with borosilicate lamp
glass filler, with montmorillonite mineral additive, with micro- and nano silica mineral
additives and with polyvinyl alcohol (PVA) fibers and “cocktail” of the two types of PVA
fibers.

The cement composite mixtures were prepared using a double shaft laboratory
mixer (BHS, 3 kW, 20-100 rpm).

The compressive strength of the specimens was determined in the compression
machine “Controls”, model No. C56G2, with accuracy of £1 % and a measurement range
of 0-3 kN; the loading speed was 0.8 MPa/s.

The tensile strength of the cement specimens was determined in the universal
testing equipment “Instron 8516” with a measurement range of 1-120 kN, or in “MTS
858 Bionix Test System” with a measurement range of 0-100 kN and loading speed of
0.005 mm/s, or in the universal testing equipment “Instron E3000” with a measurement
range of 0—3 kN and loading speed of 0.03 mm/s. The experiment data was registered
using “WaveMaker” and “Instron” software applications.

The lever arm ratio of the creep testing stand was 1:40 in compression and 1:20 in
tension. The accuracy of the counterweights was 1/100 kg or 0.01 % in compression and
1/10°000 kg or 0.0001 % in tension. Therefore, the accuracy of creep levers is
0.01x40 = £ 0.4 kg in compression and 0.0001 x 20 = + 0.002 kg in tension.

The strains were measured using Aistov electrical strain gauges with a scale
interval of 1 um and maximum range of +5 mm; mechanical clock gauges “UY” with a
scale interval of 1/100 mm and maximum range of 10 mm; and a digital strain gauge
HBM DD1 with accuracy of £0.5 um and maximum range of £2.5 mm; as well as data
logger “Spider 8”. The measuring instruments had been calibrated by the manufacturer.

Weight changes of the specimens were measured using a “Kern” weighing scale
with accuracy of £0.001 kg.

The displacements of crack mouth openings in the cement composite specimens
were determined in the universal testing equipment “Instron 5500R” with a
measurement range of 0—100 kN, or in the new DTU uniaxial tensile testing stand with
the loading speed of 5 um/s. The crack mouth openings displacement were measured
using the digital strain gauge “Instron Extensometer” with accuracy +2.5 um and
maximum range +25 mm.

The initiation, development, propagation and characteristics of a tensile crack
were monitored using a high resolution digital camera Nikon 3D with 24 mega pixel
resolution and a fixed macro lens AF-S MICRO NIKKOR 60 mm 1:2:8G ED. Focal length of
the camera — 60 mm. Cracks were monitored using a ring-shaped Macro LED Light
projector.
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The experiment data was processed using MS “Excel”, MathWork “Matlab”, GOM

“Aramis”, Imetrum LTD “Imetrum”, HBM “CatMan“, Breeze Systems “NKRemote”,
Oakdale Engineering “DataFit” and “Time Stamp” software.

Theoretical and Methodological Basis of the Research

The doctoral thesis is based on the following scientific fields and sub-fields:
Construction Materials and Technology;

Structural analysis;

Structural Engineering;

Material Science;

Material mechanics and strength of materials;

Material physics;

Optics;

Environmental engineering;

Scope of the Study
The developed methodology for determining EFACC long-term properties and

researching crack development is valid under the following conditions:

The smallest dimension (b) of the cement composite specimens used for the
determination of compressive creep strains is limited to five times the dimension
(@) of the largest aggregate used in the matrix — b,,j, = 5 @; the largest dimension
(1) is limited by the maximum length of the specimen that can be put into the
testing stand.

Compressive creep and shrinkage strains must be determined by selecting the
same geometry of the specimen to be used in the two parallel tests; it is
recommended to use specimens with geometric dimensions corresponding to

b 1
7 < Z' where b — largest dimension of the specimen cross section; /| — length of

the specimen.

For the determination of tensile strength and tensile creep strains, as well as for
research of crack development, it is recommended to use plate-shaped specimens
with a notch cut on one or both edges of the specimen.

The long-term testing stress level when determining strains in the stage of linear
creep must not exceed 40 % of the ultimate stress value.

The beginning and duration of loading, as well as the duration of the relaxation
period in long-term tests depends on the defined goal and can be unlimited.

The long-term tests can be performed on specimens in two different humidity
concentrations — air-dry and moist.

It is recommended to maintain constant ambient conditions (temperature and air
humidity) in the laboratory.

58



Results Presented for the Defense

e Methodology that is specifically suited for research of EFACC long-term properties
— uniaxial compressive and tensile creep strains, uniaxial drying shrinkage strains,
as well as tensile crack development and determination of crack mouth opening
displacements.

e Obtained characteristics of new, different structural cement composites — uniaxial
compressive and tensile creep strain values, uniaxial drying shrinkage strain values,
and performed research of tensile cracks — their initiation, propagation,
characteristics and determined crack mouth opening displacements.

e Modified testing stand for determination of uniaxial tensile creep strains and
adopt stand for determination of uniaxial compressive creep strains.

e New uniaxial tensile testing stand specifically suited to EFACC and ensuring the
study of crack and micro-crack development in EFACC materials.

e Exponential equations for predicting the total EFACC uniaxial long-term strains and
uniaxial drying shrinkage strains occurring in structural elements made of similar
materials.

e Recommendations for supplementing the European standard EN 12390 “Testing
hardened concrete” with methodologies for determining compressive and tensile
creep strains.

Approbation of the Results

The results of the doctoral thesis have been reported and discussed in
15 international conferences.

The main results of the study have been presented in 15 scientific publications. Six
of them have been indexed in SCOPUS database. The number of cited publications — 4;
number of citations — 26, h-index is 4.

List of Relevant International Conferences

1. The second International Conference on “Advances in Civil, Structural and
Mechanical Engineering — CSM’ 14” of Institute of Research Engineers and
Doctors, Birmingham, Great Britain, November 16-17, 2014 (SprinceA,,
Pakrastinsh L., Vatin N., Long-term Behaviour of Fibre Reinforced Cement
Composites).

2. The 4" International Conference “Advanced Construction” of Kaunas University of
Technology, Kaunas, Lithuania, October 9-10, 2014 (Sprince A., Pakrastinsh L.,
Korjakins A.,Behaviour of Fibre Reinforced Cement Based Composites).

3. The 3" International Conference on Competitive Materials and Technology
Processes ic-cmtp3, Miskolc — Lillafiired, Hungary, October 6-10, 2014 (Sprince A.,
Pakrastinsh L., Vatin N., Crack Formation in Cement Based Composites).

4. 11" International Conference »Modern Building Materials, Structures and
Techniques”, Vilnius, Lithuania, May 16-17, 2013 (GaileL., SprinceA,,
Pakrastinsh L. Specific Challenges of Adopting Eurocodes in Latvia).
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5. The International Scientific Conference ,Civil Engineering’13” of Latvia University
of Agriculture, Jelgava, Latvia, May 16—17, 2013 (Sprince A., Pakrastinsh L., Creep
Behavior of High Performance Fiber Reinforced Concrete (HPFRC)).

6. The 9™ International Scientific and Practical Conference ,Environment.
Technology. Resources” of Rezekne University, Rezekne, Latvia, June 20-22, 2013
(Sprince A., Pakrastinsh L., Case Study on Early Age Shrinkage of Cement-based
Composites).

7. The 8" International Conference Concrete in the Low Carbon Era, Dundee, Great
Britain, July 9-11, 2012 (Sprince A., Pakrastinsh L., Korjakins A. Experimental creep
tests on concrete made with montmorillonite nano particles).

8. XVII International conference on mechanics of composite materials Jurmala, Latvia,
May 28 — June 1, 2012 (Sprince A., Pakrastinsh L., Korjakins A., Shakhmenko G.,
Bumanis G. Experimental Study on early age creep and shrinkage of PVA fiber
reinforced high strength concrete).

9. The 3" International conference HiPerMat2012 ,Ultra-High Performance Concrete
and Nanotechnology for High Performance Construction Materials”, Kassel,
Germany, March 7-9, 2012 (Sprince A., Pakrastinsh L., Korjakins A.,
Shakhmenko G., Bumanis G. Early age creep and shrinkage of high performance
concrete).

10.The 52" International Scientific Conference of Riga Technical University. Riga,
Latvia, October 13, 2011 (Sprince A., Pakrastinsh L., Korjakins A., Shakhmenko G.
Effect of Montmorillonite Nano Admixture on Long-term Deformations of
Concrete).

11.The 7™ European FIB Congress on Concrete Engineering CCC2011 ,Innovative
materials and technologies for concrete structures”, Balatonflired, Hungary,
September 22-23, 2011 (Sprince A., Pakrastinsh L., Korjakins A., Shakhmenko G.,
Bumanis G. Creep tests on concrete made of different active additives).

12.The 36™ International Conference OW11 ,0Our world in concrete & structures” of
Ci-Premier Pte Ltd, Singapore, Singapore, August14-16, 2011 (SprinceA.,
Pakrastinsh L., Korjakins A. Creep deformations on high strength concrete made of
montmorillonite mineral nano particles).

13.The 8™ International Scientific Conference ,Environment. Technology. Resources”
of Rezekne University, Rezekne, Latvia, June 20-22, 2011 (Sprince A., Korjakins A.,
Pakrastinsh L. Creep behaviour of concrete with glass waste microfiller).

14.The International Scientific Conference ,,Civil Engineering’11” of Latvia University
of Agriculture, Jelgava, Latvia, May 12-13, 2011 (Sprince A., Pakrastinsh L.,
Korjakins A. Experimental study on creep of new concrete mixtures).

15.The 51" International Scientific Conference of Riga Technical University, Riga,
Latvia, October 11-15, 2010 (Sprince A., Korjakins A., Pakrastinsh L. Eksperimental
study of FRC beams in bending and shear).

List of Scientific Publications on the Topic of the Doctoral Thesis

1. Sprince A., Pakrastinsh L., Vatin N., Crack Formation in Cement Based Composites
// Proceeding of the 3" International Conference on Competitive Materials and
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Technology Processes ic-cmtp3, Miskolc — Lillafiired, Hungary, October 6-10,
2014. (submitted for publication).

. Sprince A., Pakrastinsh L., Vatin N., Long-term Behaviour of Fibre Reinforced
Cement Composites // Proceedings of the second International Conference on
“Advances in Civil, Structural and Mechanical Engineering — CSM’ 14” of Institute
of Research Engineers and Doctors, Birmingham, Great Britain, November 16-17,
2014, PP.116-121. doi: 10.15224/ 978-1-63248-006-4-63 (will be indexed in
SCOPUS database).

. Sprince A., Pakrastinsh L., Korjakins A., Behaviour of Fibre Reinforced Cement
Based Composites // Proceedings of the 4" International Conference “Advanced
Construction” of Kaunas University of Technology, Kaunas, Lithuania, October 9—
10, 2014, PP. 103-107 (will be indexed in SCOPUS database).

. Sprince A., Fischer G., Pakrastinsh L., Korjakins A. Crack Propagation in Concrete
with Silica Particles // Advanced Materials Research Vol. 842 (2014) PP. 470-476.
Trans  Tech Publications, Switzerland. doi:10.4028/www.scientific.net/
AMR.842.470 (indexed in SCOPUS database).

. Gaile L., Sprince A., Pakrastinsh L. Specific Challenges of Adopting Eurocodes in
Latvia. Procedia Engineering, Volume 57, 2013, Pages 294-301, ISSN 1877-7058,
DOI:10.1016/j.proeng.2013.04.040 (indexed in ISI Web of Science and SCOPUS
databases).

. Sprince A., Korjakins A., Pakrastinsh L. Time-dependent Behavior of High
Performance Fiber-reinforced Concrete // Advanced Materials Research Vol. 705
(2013) PP. 75-80. Trans Tech Publications, Switzerland.
doi:10.4028/www.scientific.net/AMR.705.75 (indexed in SCOPUS database).

. Sprince A., Pakrastinsh L., Creep Behavior of High Performance Fiber Reinforced
Concrete (HPFRC) // Proceedings of the International Scientific Conference ,,Civil
Engineering’13” of Latvia University of Agriculture, Jelgava, Latvia, May 16-17,
2013. PP. 1-4.

. Sprince A., Pakrastinsh L., Case Study on Early Age Shrinkage of Cement-based
Composites // Proceedings of the 9" International Scientific and Practical
Conference ,Environment. Technology. Resources”, Rezekne, Latvia, June 20-22,
2013, Volume Il, PP. 79-84 (indexed in SCOPUS database).

. Sprince A., Pakrastinsh L., Korjakins A. Experimental creep tests on concrete made
with montmorillonite nano particles // Proceedings of the 8" International
conference “Concrete in the Low Carbon Era”, Dundee, Great Britain, July 9-11,
2012. PP. 111-122.

10.Sprince A., Pakrastinsh L., Korjakins A., Shakhmenko G., Bumanis G. Early age creep

and shrinkage of high performance concrete // Proceedings of Ultra-High
Performance Concrete and Nanotechnology for High Performance Construction
Materials 3" International conference HiPerMat2012. Kassel, Germany, March 7—
9, 2012. PP. 309.-315.

11.Sprince A., Pakrastinsh L., Korjakins A., Shakhmenko G., Bumanis G. Creep tests on

concrete made of different active additives // Proceedings of the 7 European FIB
Congress on Concrete Engineering CCC2011 ,Innovative materials and
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technologies for concrete structures”, Balatonfured, Hungary, September 22-23,
2011. PP. 257-260.

12.Sprince A., Pakrastinsh L., Korjakins A. Creep deformations on high strength
concrete made of montmorillonite mineral nano particle // Proceedings of the
36" International conference OW11 ,0Our world in concrete & structures”,
Singapure, Singapure, August 14-16, 2011. Volume XXX (2011): PP. 397-406.

13.Sprince A., Pakrastinsh L., Korjakins A. Experimental study on creep of new
concrete mixtures // Proceedings of the International Scientific Conference ,,Civil
Engineering’11” of Latvia University of Agriculture, Jelgava, Latvia, May 12-13,
2011. PP. 20-26 (indexed in SCOPUS database).

14.Sprince A., Korjakins A., Pakrastinsh L. Creep behaviour of concrete with glass
waste microfiller // Proceedings of the 8" International Scientific and Practical
Conference ,Environment. Technology. Resources”, Rezekne, Latvia, June 20-22,
2011, Volume Il, PP. 125-131 (indexed in SCOPUS database).

15.Sprince A., Pakrastinsh L., Korjakins A., Shakhmenko G. Effect of Montmorillonite
Nano Admixture on Long-term Deformations of Concrete // Scientific Journal of
Riga Technical University, Construction Science, vol. 12, Riga 2011, PP. 52-58.

Structure and Volume of the Doctoral Thesis

The doctoral thesis consists of an annotation, an introduction, five main sections
divided into subsections, a conclusion section, a list of references, and two annexes.

The doctoral thesis is presented on 172 pages and contains 92 figures, 8 tables, a
list of references with 158 items, and 2 annexes.

Section One provides a summary and analysis of the existing methodologies, their
advantages and disadvantages. The objective and tasks of the research are clarified.

Section Two presents the new methodology for determining EFACC long-term
properties and crack development research.

Section Three describes the experimental approbation performed for the new
methodology.

Section Four reflects and analyzes the main results of the experimental
approbation.

Section Five summarizes and details the recommendations for practical application
of the results of the research, including also recommendations for improvement of
standards and design rules.

In the end a summary of the main conclusions is provided.
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CONTENTS OF THE DOCTORAL THESIS

The introductory part of the doctoral thesis formulates the actuality of the
research, its objective and the main tasks defined for achieving it, as well as high lights
the scientific novelty and practical application of the thesis, methodology and its
theoretical and methodological bases of the research, scope of the study and results
presented for the defense.

1. Literature Overview / Theoretical and Experimental Background

Nowadays, in the end of the 20" and beginning of the 21* century, a worldwide
problem is global heating caused by an increasing concentration of greenhouse effect
gases in the atmosphere. This increase is mainly attributed to exhaust fumes and
various emissions. Scientists predict that if nothing changes, the average global
temperature will continue to rise sharply, affecting the climate on a global scale, causing
the rising of sea levels and increasingly unpredictable storms, flooding, etc.

The European Union has decided that climate change is an issue that requires
special attention. One of the industries related to climate change is ecological
construction (green building), which has attracted a lot of attention and support in the
whole world.

People involved in construction need to understand that any building, any
populated place also contributes to the environmental pollution, same as transport or
industrial equipment. Production and transportation of construction materials, as well
as the construction process itself and the following operation of the building, result in
consumption of resources and energy, atmospheric and water pollution, noise, waste,
and changes in the microclimate and the environment. All buildings and residential
settlements as a whole have a substantial role in the consumption of non-renewable
natural resources and constitute an impact on the environment (Kruse, 1995).

The task of ecological construction is to operate and make do with renewable
resources, bringing the consumption of non-renewable natural resources to a minimum.
Ecological construction includes a number of conditions that must be taken into
consideration, including the selection of appropriate construction materials, limiting the
use of non-renewable resources and the amount of waste, etc. (Bokalders, Bloka, 2013).
One of the branches of ecological construction is sustainable construction, the main
principle of which is a waste-free construction process. Latvia also started working on
legislation supporting sustainable construction in 2008. In 2010, the Latvian Sustainable
Building Council was established, and its tasks include the education of the public, the
promotion of sustainable construction, and activities related to the implementation and
evaluation of sustainable projects, etc. (Latvian Sustainable Building Council, 2015).

Considering the environmental situation in the world, one of the current priorities
is the use of recycled materials, because each year the amount of waste continues to
grow sharply (approx. 5 % annually; Taylor et al., 2006). The European Community alone
accounts for 200 million tons of household waste per year (Vilcina, 2010). The use of
alternative, recycled materials would not only decrease the total amount of waste but
also reduce the production of the currently used raw materials. This would result in a
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smaller amount of CO, emissions caused to the production of various materials used in
construction. For example, the cement production process accounts for up to 10 % of
the total amount of carbon dioxide released into the atmosphere every year, thus
contributing to the global warming. Another example is that, e.g., in Latvia, the amount
of collected glass waste is 300-500 tons a year, and it is well-known that glass is not
biodegradable (Korjakins, 2011).

Cement composites are important structural materials that are used all over the
world — both, above and under the ground, as well as in water, forming various types of
structures. Nowadays, the clients have become more demanding, and the architects
more daring, proposing new, increasingly complex building forms, designing structures
with increasingly larger spans and heights, larger consoles. Often in such projects it is
necessary to use load-bearing structures with a reduced, thinner and sometimes, more
complex cross-sections, e.g. spans of varying height. Therefore, more attention is paid
not only to the strength properties of the cement composites, but also to their
deformation, long-term and durability-related properties and their effects, to ensure
that the structures designed and used are safe.

Cement composites are artificial stone-type composites — cement/aggregate
construction materials that exhibit such long-term properties as shrinkage, creep
strains, and initiation and propagation of cracks related to shrinkage and creep. These
properties have a substantial effect on the ability of the structures to perform in
accordance with the defined tasks. Creep in cement composites describes the
dimensional changes in the material over time due to live and dead loads. In addition to
creep and regardless of whether the cement composite is loaded, its drying causes
shrinkage strains. Shrinkage is defined as a reduction of volume of a non-loaded cement
composite at a constant temperature. Shrinkage strains continue to develop even after
the cement composite has hardened.

In relation to the effect of time, cement composite deformations can be divided
into two categories — time-dependent and time-independent deformations, while from
the point of view of the effect from loading, cement composites can be divided into
load-dependent and load-independent deformations (see Fig. 1.1).

Mechanisms of cement composite creep processes are complex and have not been
entirely researched. There is still lack of unified, universal theory explaining cement
composite creep and shrinkage approved by supporting experimental research. None of
the proposed theories can be completely attributed to all the obtained creep and
shrinkage observation results. It is possible that creep includes simultaneously within
two or more mechanisms, but there is no experimental evidence also for this combined
theory. It must be noted that creep research in majority of cases is empirical. The
interpretation of data in form of analytical models is substantially inconvenienced by
the fact that when changing one parameter, in the composition of cement composite at
least one more changes.

The amount of creep strain is mostly dependent on the amount of load, as well as
on cement composite strength, and creep and shrinkage properties are also affected by
a large number of other various factors, for example, the composition of cement
composite (the amount of hydrated cement paste in cement composite, type, amount
of aggregates, their geometry and properties, chemical additives, type, amount and
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geometry of fibers), environmental conditions (humidity, temperature), as well as
geometrical shape and dimensions of the cement composite element.
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Fig. 1.1. Classification of deformations (ACI 209.1R-05, 2005)

Experimental research conducted by many leading researchers (Neville, Brooks,
Bazant, Gardner, Lockman, Fanourakis, Gilbert, Ranzi, Baweja, Kim, Wittmann, Rusch,
AnekcaHgpoBckuin and others) have proved that for cement composites of normal
strength the creep strains can be many times greater than the initial — instant strain.
Also, that approximately 50 % of the final value of creep is formed within the first 2—
3 months since the beginning of loading and approximately 90 % — within the 2—
3 years, but its final value is reached after approximately 10 years (assumed for practical
purposes), but in theoretical calculations it is assumed that creep reaches its final value
after approximately 30 years. Shrinkage strain, for its turn, rapidly increases within  the
first 2—4 weeks, after that the increase of strains in time is small and shrinkage strain
reaches its final value after approximately a year.

When removing load for a long-term loaded cement composite element elastic
strain reversibility takes place which is followed by gradual creep strain recovery (~20 %)
within 2 to 3 weeks, but the majority of creep strains (80 %) are residual and irrecovery
(Theryo, Parson, 2011).

Creep and shrinkage significantly affect the behavior of cement composite
structures and impact their durability. In practice it is assumed that creep and shrinkage
are two mutually complementing phenomena in the impact of which such unwanted
phenomenon as crack initiation can appear and continue. Therefore, size and rapidity of
long-term strain is of substantial importance in designing.
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When designing cement composite structures, they are made economic and
rational; moreover, the structures must comply with the intended working conditions
and durability requirements. To satisfy the said criteria, not only strains that appear
directly after applying the load, but also strains which develop during loading, i.e., creep
strains, are taken into account.

If these properties are unknown or the permissible values given in the rules are not
observed, generally structures and their elements, in majority of cases due to creep and
shrinkage, excessively deflection, change their geometric dimensions irregularly,
become unstable, show inadmissible amount of cracks. Long-term strain can cause
losses in stress of prestressed structures, division of internal stress or division of
reactions in statically indeterminable members that can dramatically decrease the
capability of load carrying and lead to economic losses and unsafe further exploitation
of structures. Similarly long-term strain — creep and shrinkage — can cause irregular
deformation not only in separate parts and elements of the building, but also for the
whole building — due to different times of concreting, inconsistent environmental
conditions and various, geometrical dimensions of structural elements. If the
discrepancies are noticed in a timely manner, they are timely prevented, but if the
damages are not noticed or are ignored, they can lead to destruction of structures.
Often such structures are removed long before the end of the intended exploitation
time (Ping, 1992; Rusch, 1983; Neville, 1983, 2002; Bazant, Wittmann, 1983; Bazant,
Murphy, 1992; Branson, 1977; Gilbert, 1988 and others).

Creep caused by both compression and tension load and it is a substantial property
of a long-term structure. The unwanted consequences of creep strain in compression
have been noted before. Creep caused by tension is important in evaluating the crack
initiation risk, especially at an early age of cement composites, as well as evaluating the
resistance of cement composite to cracking caused by shrinkage and temperature stress
that can further cause excessive deflection. The amount of creep strain in tension must
also be kNown when calculating tensile stress in prestressed beams, designing water-
retaining structures, chemical substance reservoirs etc. (Westman, 1995; Neville et al.,
1983; Marangon et al., 2012; Kovler et al., 1999; Bissonnette, Pigeon, 1995; Atrushi,
2003; Guomin, 2008; @stergaarda et al., 2001, Langeb et al., 2001 and others).

As it is known, cracks in cement composites in majority of cases initiate due to
tensile stress; therefore, it is important to predict the action of structural elements, the
caused reaction and development of possible consequences during structure loading. As
cement composite creep and shrinkage are little reversible processes, in majority of
cases they, similar to cracks, can be added to the permanent, structural behavior
aggravating consequences.

Cracking in any kind of cement composite is a substantial loss. Due to cracks the
cement composite becomes inhomogeneous, its strength and long-term durability
decreases. Stress-strain connection is directly related to micro-crack development as
these are the cracks that form during the cement composite bonding processes
(bonding cracks) and propagation in the adjacent mortar. As researchers (Winteretal.,
1963, 1966, 1969; Slate, Matheus, 1967; Shah, Chandra, 1970; Shah, Slate, 1968;
Darwinetal.,, 1997; ACI-Committee-224, 2001; Reinhardt, Naaman, 1992; Naaman,
Reinhardt, 2003 and others) admit micro-cracks have substantial effect on cement
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composite behavior and fracture characteristics. One of the ways how to limit this
imperfection is application of various types and materials of fiber that help divide the
stress using fiber bridges between cement composite crack edges thus decreasing the
total amount of cracks, their forming rapidity and development, crack mouth opening
displacement, as well as changing the character of cracks (Li, Liang, 1986; Fischer, Li,
2007; Pereira, 2012; Hillerborg et al., 1976; Karihaloo, 1995; Bazant, Oh, 1983; Stang et
al., 2006; Bazant, 2001, 2008 and others).

In the last decades even more new, different cement composites are made
beginning with decreased amount of cement, decreased dimensions of aggregates,
disperse reinforcement in type of fibers, chemical additives and decreased proportion of
water and cement etc., making cement composite matrixes that are more stronger,
durable and environmentally friendly as the consumption of cement is decreased and
reused materials are used, for instance, borosilicate lamp glass (Prisco et al., 2009;
Bajare et al., 2012; Korjakins et al., 2010; Xi et al.,, 2010; Batayneh et al., 2007;
Mageswari, Vidivelli, 2010 and others). One of the most perspective directions is
development and use of High Strength Cement Composite — HSCC, High Performance
Cement Composite — HPCC and Ultra High Strength Cement Composite — UHSCC.

Application of such materials in construction would provide a possibility to
decrease the consumption of materials, as well as the total weight of structures, build
higher buildings, use construction elements of more effective cross-section and design
more graceful thin-walled structures as well as implement new, more complex forms.
The improved properties of cement composite make it a more profitable material from
an economic standpoint and possibly the only material in field of specialized
construction.

At the moment physical and strength properties of many such newly developed
materials are being researched. They provide higher level mechanical properties and
durability (increased durability against corrosion, wear, as well as high gas and water-
tightness, capability of resisting chemical and other aggressive effects), but their
behavior in effect of stress can differ from behavior of the traditional, normal strength
concrete.

Although impact of various factors on these properties is conscious, the increasing
volume of using cement composites is being limited as obstacles exist that delay
extensive use of these new, in their own way modern, high and ultra-high strength and
improved properties’ cement composites in construction (Graybeal, 2006; Neville,
Brooks, 2010; Gilbert, Ranzi, 2011; Justs, Shakhmenko, 2010 and others).

One of the main obstacles is the currently insufficient information on durable
parameters of such cement composites and the possible sensitiveness to cracking —
such insufficient research of durability properties can substantially impact safe and
prolonged exploitation of buildings. Similarly building codes have not been produced
that would comply with the design of structures of such improved cement composites.

In structures cement composite creep is simultaneously both a preferable and
unwanted phenomena. On one hand, it is preferable as it ensures the necessary level of
elasticity for the cement composite decreasing the stress caused by external load and
preventing concentration of stress, but on the other hand — creep strain due to
working loads often causes extensive deflection that in its turn can cause instability
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(e.g., in arches), cracking, deflection of long columns, loss of stress in prestressed
structures and division of internal stress and reaction in statically indeterminable
members. If the structure is unstable, creep and shrinkage strains can substantially
decrease the load carrying capacity. Therefore, it is important to determine the
maximum increase of strains in time.

Predictable creep and shrinkage strains have substantial significance to evaluate
the persistence of cement composite structures against cracks and unacceptably large
deflection.

The magnitude of creep necessary for structural calculations can be evaluated in
various levels. The level depends on the type of structure to be calculated and the
quality of data available for calculation. In cases when only approximate evaluation of
creep strain is necessary, it is possible to evaluate the predictable creep strains based
only on a few parameters — such as relative air humidity, cement composite age, and
dimensions of an element. Other extreme is calculation of structures sensitive to
deformations. In such case evaluation of creep strain is based on extensive, laboratory
obtained totality of results and computer analysis (Fanourakis, Ballim, 2003). In an ideal
case a compromise between a simple prediction of results and preciseness of data
obtained in a laboratory is searched for.

The effect of creep on structures mostly must be taken into account in control of
serviceability limit state. The exploitation defects of cement composite elements, for
instance, excessive cracking and/ or too large deflection are common. In the ultimate
limit state impacts of creep are to be considered only in cases when they are extremely
large, for instance, checking the stability of a ultimate limit state in cases when the
effects of second order are also important (the effects of second order are additional
impact caused by structural deformations).

It is generally considered that in reinforced concrete structures compression
stresses are usually taken by the cement composite, but tension stresses — by the steel
reinforcement bars. It also explains the fact in all kinds of scientific literature it is
possible to find extensive range of information on creep in compression, but creep in
tension has been researched insufficiently which is amplify also by the fact that no
standard on defining the experimental determination of long-term parameters in
tension can be found. Similarly, it is essential to note that only for traditional, normal
strength concrete extensive, experimental research has been carried out and the values
of long-term parameters (in compression loading) are to be found in various standards
and empirical data libraries.

In the world many standards have been developed for experimental determination
of concrete long-term properties, but by examining all the available standards and
models for determining creep strain in compression it must be concluded that the
rendered information is not unambiguous, is incomplete and the developed
methodologies are appropriate for normal strength cement composite. It is mainly
advised to determine creep strain in compression using cylindrical specimens, the
offered geometrical proportions of specimens differ from 1/2 to 1/4; similarly there are
standards which propose using specimen of prismatic shape. It is mainly advised to
determine strains by placing the specimen in helical spring, but these stands have
significant imperfections — it is impossible to subject the specimen for permanent load
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in an unlimited time period as the stress in the spring in time decreases and it is
necessary to apply corrections of stress level during the experiments. The main
drawback of hydropneumatic accumulator is their dependence on electrical power;
therefore, the uniformity of loading can fluctuate depending on the electrical current
intensity; moreover, there are additional costs due to electric power consumption.
Similarly these standards are not appropriate for fine and extra fine aggregate cement
composite and small sized specimens that are characteristic of high and ultrahigh
strength cement composites. The majority of standards provided that in parallel to
creep tests also drying shrinkage strains should be determined; however, no
unambiguous information is given in regard to geometry of the shrinkage specimens, as
well as it is not indicated in which part of the specimens these strains are to be
determined.

Unfortunately standard EN 12390 “Testing of hardened concrete” applying to
European region does not provide information how the long-term and durability
properties — creep, shrinkage, crack research — are to be determined. Also standards
ISO 1920-9:2009 “Testing of concrete — Part 9: Determination of creep of concrete
cylinders in compression” providing information on determining only creep strain in
compression and ISO 1920-8:2009 “Testing of concrete — Part 8: Determination of
drying shrinkage of concrete for specimens prepared in the field or in the laboratory”
where drying shrinkage strains are calculated can be applied for European region. It is
essential to add that nowhere in the world a standard for determining creep strain in
tension has been developed. Until now only a few authors have carried out such
experiments using their own developed methodology and equipment.

For cement composite crack research only standards for determining crack mouth
opening displacement are available, including adopted standards from methodologies of
testing other materials, for instance, from metal testing standard (ASTM-Standard
E399). Until now no standardized crack research methodology providing information on
initiation, development and character of cracks and micro-cracks has been developed.
The main principle for all the crack durability determination methodologies is a
previously cut notch with the purpose of maximizing the stress intensity at the tip of the
notch. At the same time, the stress intensity achieved at the tip of the notch limited the
area where the crack initiates. By such previously prepared terms it is possible to
evaluate the ability of a material to resist tensile strength and observe the main
development of the crack and the crack mouth opening displacement.

Very many various empirical calculation models for predicting creep in tension and
drying shrinkage exist, intended for normal strength concretes and that are based on
extensive range of experimental cement composite creep and shrinkage data, which is
obtained collecting experiment results carried out by various researchers in the world.
Any mathematical or empirical predicting model gives an approximate value of long-
term properties as in every one of them only a part of factors affecting the significant
cement composite properties are taken into account. In major part of empirical models
cement type, compression strength, cement composite specimen age, effective
specimen thickness, relative air humidity are taken into account, but other significant
long-term factors, for instance, amount of cement and grading components,
water/cement proportion, amount of air, type of grading components, cement

69



composite curing method, drying period, load character, loading period, cement
composite shape, air temperature are taken into account insufficiently. In total there
are over ~30 internal and external factors affecting long-term properties mentioned in
literature. The most thorough application, i.e., 21 factor out of all of them, are applied in
RILEM Model B3 (1995), but it, as the majority of them, is strictly recommended only for
normal strength concretes.

Cement composite creep and shrinkage tests are time-consuming and prior to
them additional information has to be given to the choice of function that will be
applied to choose the experimentally obtained curve. Following functions obtained in
relatively fast creep tests strains in a very long time period must be predicted.

Another substantial obstacle is the delay of introducing design rules. The
approbated calculation procedures used for traditional concrete are not applicable for
the new cement composites. High and ultra-high strength cement composites have
different compression strength and modulus of elasticity — the main factors taken into
account in designing. Cement composite strength is taken into account in calculations of
the ultimate limit state, but their elasticity and deformability — mainly in determining
the serviceability limit state. The existing standards and calculation models provide a
possibility for evaluating creep and shrinkage strains for the traditional, normal strength
concrete applicable for conventional structures. It must also be noted that by examining
various models proposed by authors all over the world it was concluded that their
values in empirical schemes are very approximate and are applicable only for predicting
long-term properties of conventional buildings. The actual compositions of cement
composites, used raw materials, environmental conditions, specimen geometry and age
can differ significantly from the parameters taken into account in the models. If there is
no quite large correspondence in parameters, it is incorrect to apply these previously
developed models as inaccuracies in calculations may occur.

The construction structures design standard set for Europe is EN 1992-1-1:2005
Design of concrete structures. Part 1-1: “General rules and rules for buildings” and
regulation (1) of chapter 3.1.1. states that this standard is applicable for normal and
high strength concrete the cubic strength of which does not exceed 105 MPa (referring
to table 3.1. within the standard). Similarly, regulation (2) of chapter 3.1.4. of EN 1992-
1-1:2005 states that the creep coefficient values provided in Fig. 3.1. of the standard are
applicable only in cases when high precision is not necessary and the cylindrical strength
does not exceed 90 MPa, but it is not indicated what course of action is to be taken if
the project requires the highest precision and the highest strength cement composites
are applied.

Standard EN 1992-1-1:2005 applied for Europe region provides creep coefficient
values that are incorrect to be applied for cement composite and structural calculations
which differ from the model. In order for the creep coefficient provided in the EN 1992—-
1-1:2005 to be applicable, significant effect factor reducing coefficients should be
applied. However, for their determination extensive experimental research is to be
carried out for different types of normal and high strength cement composites.

EN 1992-1-1:2005 calculation model provides ready creep coefficient
determination graphs, but there is no information on cement composite for which the
long-term parameters and data output have been obtained and collected; therefore, it
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is impossible to compare the compatibility of the concrete intended for a particular
project with the EN 1992-1-1:2005 concrete, and thus it is incorrect to apply these
graphically obtained values in structural calculations.

In the 1997 reapproved annex of standard ACI 209R-92 (ACI 209R-92 “Prediction of
Creep, Shrinkage, and Temperature Effects in Concrete Structures”) various creep and
shrinkage affecting factor coefficients have been collected. This annex of standard is the
only aid material for engineering calculations of this kind, collection a large amount of
experimental data from various authors for the time period of 1937 to 1979.
Coefficients of impact of various factors are applicable only for normal strength cement
composite and it would be incorrect to apply these coefficients for correcting properties
of different internal and external factors for contemporary high and ultra-high strength
cement composites and their further application in engineering calculations.

Nowadays a collection of experimental, long-term parameters of the new,
different cement composite composition and improved properties has not been
aggregated — there is no library for experimental data and coefficients for various
internal and external, creep and shrinkage affecting factors that should be used for
structural calculations and that could ease work of engineers have not been found.

In order for the new cement composites to be applicable in designing safe
structures, it is necessary to develop new methodology where information on how to
determine various parameters charactering the material is given.
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2. Methodology for Determining Long-term Properties
and Crack Development Research

As a result to experimental tests of structures or their models the actual
characteristic values of various properties can be found out. Experiments to be carried
out in a laboratory provide a possibility to obtain results of increased precision.
Modeling of structures and prediction of behaviour, for their part, are impossible
without information on the properties of different components. To find a possibility to
determine the characteristic parameters of cement composites, a new methodology for
determining long-term properties and crack development research was developed and
that can be applied in mechanic properties’ test laboratories.

In a general case methodology is divided in three parts: the first — description of
material and specimen preparation, the second — description of various types of
experimental test procedures, and the third — processing of obtained data and
determination of required parameters. The methodology comprises the technical
background, definitions, basic principles for choosing equipment and devices, as well as
the list of parameters to be registered.

In the first part designing of various cement composite compositions, preparation
of components, their amount determination and mixing, preparation of moulds and
casting of the necessary form experimental specimens, pre-processing of specimens
after their re-moulding and further preparation for experimental tests is carried out. In
the second part tests for preparation of equipment and experimental tests are carried
out, whereas in the third part detailed data processing is carried out.

Experimental program is divided in three parts:

[ Experimental programm J

{ Short-term test ] [ Long-term test ] [ Durability test

In the first part short-term tests are carried out and cement composite strength
properties — compression and tensile strength, as well as modulus of elasticity — are
determined. Cement composite strength properties are necessary for further
determination of load level, which, in turn, is necessary for the long-term tests in the
second part. In the second part cement composite long-term properties are determined
by applying and without applying a load, accordingly for creep uniaxial strains in
compression, tension and drying shrinkage uniaxial strain. In the third part cement
composite durability tests (crack research — determination of crack initiation, further
development, characters and crack mouth opening displacement) are carried out.
Structured methodology is shown in Fig. 2.1.
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METHODOLOGY FOR DETERMINATION OF LONG-TERM PROPERTIES
AND CRACK DEVELOPMENT RESEARCH IN EXTRA FINE AGGREGATE CEMENT
COMPOSITES
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Fig. 2.1. Scheme for methodology for determination of long-term properties and crack
development research in extra fine aggregate cement composites

For determination of compression strength cubes of 100 x 100 x 100 mm, prisms
of 40 x 40 x 160 mm and cylinders of @ 47 x 190 mm are to be used. By application of
reduction coefficients, specimens of different dimensions can be applied in determining
the strength. Tensile strength is determined by using coupon — 100x50x 12 and
150x 70 x 12 mm (see Fig.2.5.) or Compact Tension — CT specimens —
150 x 150 x 12 mm (see Fig. 2.4.). Experimental compression, tensile strength is to be
determined in accordance with the long-term test for the beginning day, as following
the amount of ultimate load, the amount of load to be applied for specimens subjected
to uniaxial creep is calculated.
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The modulus of elasticity is determined from the elastic strains that take place in
the beginning of creep test.

For determining creep strain in compression and shrinkage strain @ 47 x 190 mm
cylindrical specimens or 40 x 40 x 160 mm prismatic specimens are used. For all the
creep and shrinkage specimens aluminum plates (10 x 15 mm) are centrally and
symmetrically glued to side surfaces in order to provide a basis for the strain gauges. Six
aluminum plates are glued to one cylindrical specimen, four — to the prismatic
specimen. The distance between the centers of the two plates was 50 mm. For
determining the basic creep a part of specimens, including shrinkage, are wrapped up in
two layers of aluminum foil, thus ensuring that drying process will not begin and only
the drying creep will take place in them.

For all the creep specimens before placing into creep lever test stand strain gauges
are attached to the side surfaces. For the operating principles of creep lever test stand
see Fig. 2.2.
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Fig. 2.2. Creep lever test stand for determination of uniaxial compression creep strains
(F3= F4x lever arm)

For creep in tension coupon type or CT specimens are used. Before experimental
tests aluminum plates (10 x 10 mm) (see Fig. 2.4. and 2.5.) are glued symmetrically to
the notch. For all the tests strain determination devices — Aistovs strain gauges or HBM
DD1 digital strain gauges are attached in such a way that their “knives” are located on
the glued plates; strain gauge base — 50 mm. Strain gauges are attached to the
specimens with elastic rubber. Specimens with attached strain gauges are put into creep
lever test stands (see Fig. 2.2. and 2.3.), one specimen in each test stand. HBM DD1
strain measurements are recorded in a computer via data logger HBM “Spider 8” using
HBM “CatMan” software.

Test stand is made on a stationary bearing frame with a 400 mm long lever. In the
upper side of the test stand load transition element is hanged that allows rotation
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movement. In the lower part of the test stand a fixed element is placed. At the ends of
load transition elements fixing adapters were attached with @ 12 mm screws that are
necessary for placing a specimen in the test stand (see Fig. 3.2.). Adapter and specimen
are connected with @ 20 mm bars. When the specimen is placed in the test stand, the
lower part element of the test stand is regulated so that the specimen is leveled.
Specimens are loaded with the help of counterweights. The applied load is recorded and
controlled via dynamometer. Creep absolute strains in tension is approximately ten to
twenty times smaller than creep strains in compression, and digital strain gauge are
recommended for their recording that are sensitive enough and can detect micro
strains. Creep lever test stand maintains permanent load for unlimited time period.

1

ﬁ._|
Fig. 2.3. Creep lever test stand for determination of uniaxial tensile creep strains
(Fy= Fyx lever arm)

All the creep specimens are loaded with constant static load, regularly performing
strain readings. Reaching the length of loading in the interests of the experiment, the
load is gradually taken off and the specimen is left in the creep lever test stand to
determine strains’ recovery in time. To determine correct amount of creep, shrinkage
strains determined in parallel to geometry specimens and in equivalent environmental
conditions, only without the load, are subtracted from the total strains. During the tests
the environmental humidity and temperature of premises is recorded.

For determination and research of tension load and durability properties CT
specimens with final dimensions of 150 x 150 x 12 mm (see Fig. 2.4.) or coupon type
specimens — 100 x 50 x 12 and 150 x 70 x 12 mm (see Fig. 2.5). CT shape specimens are
adapted from the metal crack test standard ASTM-E647, 2005. In order to increase the
tensile stress intensity, tension specimens are made as thin as possible.
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Fig. 2.4. Geometry of the Compact Tension (CT) specimen
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Fig. 2.5. Geometry of the Coupon specimen

To be able to observe the crack initiation, development, and character, it is
substantial that the surface of the specimen is smooth. Cracks usually initiate in the area
of maximum stress. In order for the fracture to be predictable and the location of
initiation of the crack is particularized (it is also the area observed by the lens), CT
specimen has a 80 mm long and 0.5-2 mm deep notch made, but the Coupon type
specimen has notches made in parallel to the shortest specimen edge by the perimeter
of the central axis line at first in 2 mm and then 10 mm (in the direction of the shortest
cross-dimension) (Paegle, Fischer, 2011, 2013; Pereira et al., 2012). The specimen of
150 x 70 x 12 mm has notches of 20 mm in length and 2 mm in width made on both
sides of the specimen. During tension loading the maximum stresses will concentrate in
the tip of the notch, the narrow notch will additionally increase the intensity of stresses.
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Before the experimental tests one (CT specimens) or two (Coupon specimens)
strain gauges are attached centrically and symmetrically to the notch, which fixes the
opening displacement of the specimen’s notch — CMOD. The specimens with strain
gauges are centrically placed in grips.

One of ways how to observe initiation, development, and character of cement
composite micro-cracks, as well as to measure crack mouth opening displacement, is to
use the digital image-based monitoring system — GOM “Aramis” and Imetrum LTD
“Imetrum” of which the more applicable for measuring micro-cracks and more precise is
no-contact GOM “Aramis” measuring system. Experimental research confirms that
universal testing equipment of large measuring range are not applicable for research of
micro-cracks, cracks and crack mouth opening displacements by using macro lens, as
even in the case of very slow equipment working speed — ~5um/s, too many
movements initiate in the specimen to be tested; therefore, it is impossible to obtain
sharp high resolution pictures. The macro lens used during the tests of observing micro-
cracks loses focus of the points of specimen surface due to movement unseen to eye
and cannot provide taking of pictures of high enough quality that could be later
processed by GOM “Aramis” system.

In the test lens with the focus distance of 60 mm was used for the test. For
implementing the test the following photo camera setup was done — diaphragm F11,
exposure 1/30, I1ISO 200. Every second one picture of 24 mega pixel resolution was
taken. Before the test photo camera was placed on a stand and leveled so that the
photo camera matrix was parallel to the specimen’s surface and so that maximum all
the visible points of surface could be in focus. The parallelism of surface and matrix (i.e.,
the sharpness of all the visible surface area points) is controlled by synchronising the
photo camera with a computer and using non-commercial software by Breeze Systems
“NK Remote”, so that the same picture could be seen both on a computer screen and
the finder. The distance between the photo camera matrix and surface of the specimen
is to be 175 mm, fixing a surface area of 36 x 24 mm (see Fig. 2.4). For execution of the
test remote control and automatic photo camera built-in picture taking timer with an
interval of 1 second are used. Before loading one picture without the load is taken and
one picture by placing a ruler of millimeter paper by the crack. In order to be able to
read the displacements of surface points in GOM “Aramis” software from the pictures,
before the test the surface of the specimen is sprayed by using mini compressor and
airbrush with fine black-coloured dust. In order to obtain high-quality pictures, during
the test the specimens are lighted with intensive light projector that are placed in a way
that the light on the surface of the specimen would be uniform and would not make
shadows. With the universal testing equipment “Instron” the obtained load data is
synchronized with GOM “Aramis” system in addition using Mathworks “MatLAB” and
“Timestamp” software.

Crack initiation and development as well as crack mouth opening displacement can
be determined also with the digital displacement measurement equipment set
“Imetrum”. In this method the specimen with the help of a special video camera is
continuously filmed, measuring displacements or difference between two or more
points. With the “Imetrum” equipment set, similarly as with the digital image-based
system GOM “Aramis”, the displacement can be determined in various areas of the
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specimen. In this method universal test equipment “Instron” load data instantly
synchronizes with the “Imetrum” software recorded readings. By using this method, the
specimens do not have to be sprayed with black-coloured dust. “Imetrum” video
camera is leveled and sharp focus is regulated for the area of interest — where the
crack will initiate — before the test, and the specimen surface is lightened with
intensive lighting.

Tensile strength of high strength cement composite is relatively low (~5-10 % of
compression strength) and it is a problematic issue to find test equipment that would be
appropriate for crack sensitive, high strength cement composites, small loads and
during the operation of which inadequately large movements would not initiate;
therefore, a new test stand was made see Fig. 2.6. (authors G. Fischer and A. Sprince)
that is specially designed and is appropriate for small tension loads and is more precise
when working with small displacements. It has been experimentally proved that by
applying this equipment it is possible to obtain more precise curves of describing and it
is applicable for observing and measuring micro-cracks and cracks.

The operating principle of test stand on the level of idea is taken from c-clamps.
Initially frame geometry and test stable requirements were put: the frame is made with
minimal, as low as possible total height, so that it could be placed under the
microscope, and it is made out of massive material, so that it could not be moved during
the test, but at the same time so that it would be movable without additional human
resources.

Basis for the stand is a stable stainless steel frame that consists of movable and
immovable part (its geometry and dimensions see in Fig. 2.6.). The frame is made in a
way that during loading only its movable part moves horizontally by previously cut rails.
In both parts screws — @18 mm, 1 = 80 mm were put, which are meant for CT
specimen to be placed on them. In order for the specimen to be able to turn freely
during loading, below and above the specimen “SKF” bearings are put and after that
nuts are screwed on. For recording the tensile strength S-type tension load
dynamometer “HBM RSCC”, measuring range — 0 -1000 N, was attached to the moving
part of the frame with @ 12 mm screw. Dynamometer was connected with a data
logging device. The other end of the dynamometer was attached to the micrometer
with a very small thread screw (@ 12 mm) that goes through the test stand’s frame. The
end of the micrometer can be turned manually. In order to control the turn angle, a
scale was made at the end of micrometer; unit value — 2°. Micrometer was turned with
the speed of ~ 5 um/s (~1 scale unit/second).
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Fig. 2.6. New DTU uniaxial tensile test stand
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3. Experimental Approbation of the Newly-developed Methodology

By using the new methodology of determining long-term properties and crack
development in cement composites in laboratory conditions characteristic values of
increased precision for actual properties of materials can be obtained. Similarly it can be
used to evaluate effect of various internal and external factors, for instance, cement
composite age and impact of environmental conditions on the operation of structural
elements that cannot be assessed by theoretical calculations and that is maximally close
to the environmental conditions, loading amount and duration of the structures, as well
as geometric properties of structures. These properties are determined for the cement
composite composition intended in the project that can differ from the information in
standards.

The new methodology ensures determining the necessary properties of a material
and parameters necessary for safe structural calculations. It is universal and applicable
for determining long-term properties and crack development research for various
cement composites and it is approbated for ultra-high strength cement composites,
cement composite specimens of various age, specimens of different geometric shapes in
two humidity concentrations. The methods within the methodology were tested on
15 various cement composites. In the experimental tests cubes, prisms, cylinders and
plate-type notched specimens (CT and Coupon) were tested.

The compositions of cement composites were made and concreted, the preparing
and experimental tests of specimens were done in laboratories of Riga Technical
University (RTU) Faculty of Civil Engineering (BIF) Departments of Construction Materials
and Construction Product (B,, un B;), Structural Engineering (BK), Structural Analysis (By)
and Denmark Technical University (DTU) Civil Engineering Faculty (BYG)

In total the following cement composites were made and tested (graphs show
designation and transcription of various cement composites):

e PS — normal strength concrete. Cubic compression strength at 28-day age
~30 MPa, tested only in crack tests, specimen dimensions 150 x 150 x 12 mm;

e 20% S — high strength cement composite that has 20 % borosilicate lamp glass
micro size part powder obtained from reused lamp glass and used as an additive
replacing a part of cement amount. Cubic compressive strength at 28-day age
~60 MPa. Long-term test specimen dimensions 40 x 40 x 160 mm; in the beginning
of experimental tests the age of cement composite specimen 51 day; loading level
in long-term load tests 40 % of ultimate stresses; in the long-term properties’ tests
the specimens were placed under constant static (permanent) load for 90 days,
but in recovery — 30 days; air-dry.

e 40% S — high strength cement composite that has 40 % borosilicate lamp glass
micro size part powder obtained from reused lamp glass and used as an additive
replacing a part of cement amount. Cubic compressive strength at 28-day age
~55 MPa. Long-term test specimen dimensions 40 x 40 x 160 mm; in the beginning
of experimental tests the age of cement composite specimen 51 days; loading level
in long-term load tests 40 % of ultimate stresses; in the long-term properties’ tests
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the specimens were placed under constant static load for 90 days, but in recovery —
30 days; air-dry;

Ref S — high strength cement composite (reference composition for cement
composite with borosilicate lamp glass additive). Cubic compressive strength at
28-day age ~63 MPa. Long-term test specimen dimensions 40 x 40 x 160 mm; in
the beginning of experimental tests the age of cement composite specimen
51 days; loading level in long-term load tests 40 % of ultimate stresses; in the long-
term properties’ tests the specimens were placed under constant static load for
90 days, but in recovery — 30 days; air-dry;

ECC — engineered cement composites — normal strength cement composite
belonging to fibrous concrete type cement composited, but it is characterized by
higher tensile strength and multiple cracking when tensile stress increases. Cement
composite composition is micromechanically made of fly ash, sand (maximum size
0.18 mm), quartz powder, cement and water. Cubic compressive strength at
28-day age ~40MPa, tested only in crack tests, specimen dimensions
150 x 150 x 12 mm;

ECC PVA — engineered cement composites with PVA (2 %) fibres. Cubic
compressive strength at 28-day age 47 MPa. Long-term test specimen dimensions
@ 40 x 160 mm; in the beginning of experimental tests the age of cement
composite specimen 28 days; loading level in long-term load tests 25 % of ultimate
stresses; in the long-term properties’ tests the specimens were placed under
constant static load for 815 days — 2 years and 3 months; air-dry;

NS M — high strength cement composite with a 1 % montmorillonite mineral nano
size particles that in their essence is a powder of very fine, specially processed clay
particles as an additive replacing a part of cement amount. Cubic compressive
strength at 28-day age ~55MPa. Long-term test specimen dimensions
40x40x160 mm; in the beginning of experimental tests the age of cement
composite specimen 57 days; loading level in long-term load tests 40 % of ultimate
stresses; in the long-term properties’ tests the specimens were placed under
constant static load for 90 days, but in recovery — 30 days; air-dry;

Ref M — high strength cement composite (reference composition for cement
composite with montmorillonite mineral nano additive). Cubic compressive
strength at 28-day age ~78 MPa. Long-term test specimen dimensions
40 x 40 x 160 mm; in the beginning of experimental tests the age of cement
composite specimen 57 days; loading level in long-term load tests 40 % of ultimate
stresses; in the long-term properties’ tests the specimens were placed under
constant static load for 90 days, but in recovery — 30 days; air-dry;

HSC PVA MS — ultra-high strength cement composite with PVA fiber “cocktail”
(2%) and micro silica additive. Cubic compressive strength at 28-day age
~112 MPa. Long-term test specimen dimensions @ 47 x 190 mm; in the beginning
of experimental tests the age of cement composite specimen 28 days; loading level
in long-term load tests 25 % of ultimate stresses; in the long-term properties’ tests
the specimens were placed under constant static load for 90 days, but in recovery —
30 days; air-dry;

81



HSC PVA NS — ultra-high strength cement composite with PVA fibre “cocktail”
(2%) and micro silica and nano silica additive. Cubic compressive strength at
28-day age ~110 MPa. Long-term test specimen dimensions @ 47 x 190 mm; in the
beginning of experimental tests the age of cement composite specimen 2 days;
loading level in long-term load tests 25 % of ultimate stresses; in the long-term
properties’ tests the specimens were placed under constant static load for 90 days,
but in recovery — 30 days; air-dry;

HSC MS REF — ultra-high strength cement composite without fibers (reference
composition for cement composition with PVA fiber “cocktail” (2 %) and micro
silica and nano silica additive). Cubic compressive strength at 28-day age
~128 MPa. Long-term test specimen dimensions @ 47 x 190 mm; in the beginning
of experimental tests the age of cement composite specimen 28 days; loading level
in long-term load tests 25 % of ultimate stresses; in the long-term properties’ tests
the specimens were placed under constant static load for 50 days; air-dry;

HSC M — ultra-high strength cement composite an 1 % montmorillonite mineral
nano size particles that in their essence is a powder of very fine, specially
processed clay particles glass as an additive replacing a part of cement amount.
Cubic compressive strength at 28-day age ~103 MPa. Long-term test specimen
dimensions 40 x 40 x 160 mm; in the beginning of experimental tests the age of
cement composite specimen 51 days; loading level in long-term load tests 30 % of
ultimate stresses; in the long-term properties’ tests the specimens were placed
under constant static load for 90 days, but in recovery — 40 days; air-dry;

HSC R — ultra-high strength cement composite (reference composition for cement
composite with montmorillonite additive). Cubic compressive strength at 28-day
age ~100 MPa. Long-term test specimen dimensions 40 x 40 x 160 mm; in the
beginning of experimental tests the age of cement composite specimen 51 days;
loading level in long-term load tests 30 % of ultimate stresses; in the long-term
properties’ tests the specimens were placed under constant static load for 90 days,
but in recovery — 30 days; air-dry;

HSC PVA 0.6 % — ultra-high strength cement composite with PVA fibers (0.6 %).
Cubic compressive strength at 28-day age ~78 MPa. Long-term test specimen
dimensions 40 x 40 x 160 mm; in the beginning of experimental tests the age of
cement composite specimen 1, 4, 7 and 14 days; loading level in long-term load
tests 25 % of ultimate stresses; in the long-term properties’ tests the specimens
were placed under constant static load for 28 days, but in recovery — 7 days;
air-dry.

HSC R (PVA) — ultra-high strength cement composite (reference composition for
cement composite with PVA fibres). Cubic compressive strength at 28-day age
~78 MPa. Long-term test specimen dimensions 40 x 40 x 160 mm; in the beginning
of experimental tests the age of cement composite specimen 1, 4, 7 and 14 days;
loading level in long-term load tests 25 % of ultimate stresses; in the long-term
properties’ tests the specimens were placed under constant static load for 28 days,
but in recovery — 7 days; air-dry;
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Cement composite compositions were made in accordance with the design rules of
recipe. After becoming of the certain age the specimens were prepared for
experimental tests, prior to that weighting them and checking the dimensional
compatibility of specimens.

In order to determine the strength of cement composites at least three specimens
of each composition were subjected to compression or tension tests. The average
ultimate strength value was applied to calculate the amount of applied loads to creep
specimens.

The long-term properties’ tests were carried out at RTU laboratory. Creep
specimens were placed in lever test stands (see Fig. 3.1. and 3.2.) and loaded with a
constant stress level that was 20-40 % of ultimate load in the appropriate cement
composite age. Creep specimens were left under permanent load until 90 days, but in
recovery (without load) up until 30 days. In parallel to tests of creep in compression also
shrinkage tests were carried out at the same temperature and humidity conditions.

Fig. 3.1. Determination of uniaxial compression creep strains (RTU lab)
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Fig. 3.2. Determination of uniaxial tensile creep strains (RTU lab)

Crack development research was carried out in DTU laboratory, using universal
test equipment “Instron 8516” or DTU newly made test stand in tension and loading the
specimens with the speed of 0.005 mm/s (see Fig. 3.3. and 3.4). In parallel to crack
mouth opening displacement with strain gauge, determining of crack initiation,

development, character and crack mouth opening displacement, using digital image-
based monitoring system.

Fig. 3.3. Determination of tensile strength and uniaxial tensile crack development research (DTU lab)
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Fig. 3.4. Determination of tensile strength and uniaxial tensile crack development research
with the new DTU tensile test stand (DTU lab)

Tensile strength and crack mouth opening displacement were also determined at
RTU laboratory, see Fig. 3.5. on specimens 150 x 70 x 12 mm; 150 x 150 x 12 mm with
notches, placing the specimens in the universal test equipment “Instron E3000”. Loading
speed 0.03 mm/s.

Fig. 3.5. Determination of tensile strength and crack mouth opening displacements (RTU lab)
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4. The Main Results of Experimental Approbation
of Methodology and Their Analysis

During approbation of methodology the values of strength, deformability, long-
term and durability properties of various new cement composites were found and
parameters for designing of safe structures were determined, which have not been
found out up until now. Influence of various factors on their short-term and long-term
properties:

e influence of various strength (normal, high, and ultra-high);

e influence of two humidity concentrations (air-dry and moist);

e influence of various cement composite additives (borosilicate lamp glass,
montmorillonite, nano- and micro silica, PVA fibres);

e influence of various cement composite maintenance time or execution of
experiments in various cement composite ages; various specimens’ shapes;

e influence of dimensions or the scale factor.

Experimentally obtained results for various cement composite tests confirm the
hypothesis by various leading researchers (Neville, Brooks, Bazant, Gardner, Lockman,
Fanourakis, Gilbert, Ranzi, Baweja, Kim, Wittmann, Rusch and others). The obtained
results indicate: the higher density of cement composite, the stronger it is and strain is
lesser (it can be explained by the unfilled gel space relative amount in the cement stone:
by the amount of empty space in the cement stone larger, by the strength is lower and
the creep strain larger. Amount of gel space is in its turn closely related to the amount
of cement and water/cement proportion, which, as it is known, is decreased to obtain
increase in cement composite strength). Similarly, hypothesis that the dryer and older
the cement composite, the smaller the strain was confirmed, which can be explained
with cement composite chemical processes during its drying. Similarly, it has been
experimentally proved that cement composite final strength increases with cement
composite age and it is not substantially affected by its subjection to loading.

Figure 4.1. shows compression strength of various cement composites.
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Fig. 4.1. Cubic compression strength of different kind of high
and ultra-high strength cement composites
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Checking the modulus of elasticity in various humidity concentrations, it was
established that for moist specimens the modulus of elasticity was higher than for air-
dry specimens that could be explained by the fact that for moist specimen the linking
among cement composite matrix particles have not yet occurred. The same is proved by
experimental tests in which amount of creep strain in various humidity concentrations
has been compared. It has been established that moist specimens creep less than
specimens subjected to drying.

Tests of young age cement composite creep strain in compression confirm the
hypothesis that by increase of cement composite age, amount of elastic strain
decreases and value of modulus of elasticity increases, similarly amount of creep strains
decrease in time and value of creep modulus decreases which can be explained with
decrease of gel amount in cement stone.

Experimental data also confirm that high strength cement composites creep less
than normal strength cement composites, and this difference is ~50 %. It is also
explained by the fact that high strength cement composites are more fine-aggregated;
therefore, their cement composite matrix packaging is denser and in such cement
composites water/cement proportion is lower, which also affect amount of long-term
properties’ strains.

Figure 4.2. shows total, relative strains of various cement composites.
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Fig. 4.2. Total, relative uniaxial strain in compression of different kind
of high and ultra-high strength cement composites

Creep coefficient shows proportion of creep strain and elastic strain. Experimental
data for various composition and strength cement composites show that for high
strength cement composite creep coefficient, the same as for normal strength cement
composite, is within margins of 0.5 to 3, which does not comply with data of literary
sources which predict significant decrease of this coefficient. The obtained results show
that proportion of elastic and creep strain for normal and high strength cement
composites maintain similar proportions. Figure 4.3. shows creep coefficients of various
cement composites.
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The difference of values of theoretical long-term properties for newly made RTU
and DTU cement composite composition to the experimental data exceeds 20 % which
confirms that different internal and external factors significantly affect properties of
cement composite and existing empirical models are not applicable and can be applied
only for normal strength cement composites and only in case of large correspondence
can be applied. The obtained large difference in results confirms that the most precise
way of determining the long-term properties of newly made cement composites is
laboratory tests.

3.5

3 HSC -M

HSC -R

P 2.5
k]
=2 2
5 HSC PVA NS
o
o 15
o HSC PVA MS
S 1

0.5

Time, days

Fig. 4.3. Creep coefficient in compression different kind of high
and ultra-high strength cement composites

Specific creep is the most objective parameter of long-term loading as it excludes
stress effect on long-term strains. Figure 4.4. shows specific creep of various cement
composites
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Fig. 4.4. Specific creep in compression of different kind
of high and ultra-high strength cement composites

Creep modulus is the proportion of applied stress and creep strain. This long-term
parameter can be used for determining displacement of long-term loaded structures
after a long time period. Figure4.5. shows creep modulus of various cement
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composites. As it can be seen, creep modulus has the tendency to decrease in time
which can be explained by increase of creep strain and total strain. The lower the creep
modulus, the less creep in the material. Displacement amount rapidly increases in the
first week, then the displacement speed in time decreases and approximately after
60 days significant changes in displacement cannot be observed anymore.
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Fig. 4.5. Creep modulus in compression of different kind
of high and ultra-high strength cement composites

Similarly it was experimentally determined that montmorillonite added to cement
composites neither significantly improves nor decreases the mechanical and
deformability properties.

Micro additive of borosilicate lamp glass which partially (20 %) replaces cement
provides results of equal value (difference is up to 20 %) to the reference cement
composite results; therefore, it must be concluded that the use of such new cement
composite made with alternative, more ecologic, nature-friendly mineral additive of
recycled material in construction if permissible.

Nano silica mineral additive does not have significant effect on parameters of
cement composites strength, deforming, long-term and durability. The difference in
results between cement composites with and without nano silica is within 2-7 %
margins.

Similarly, it can be seen from the experimental results that PVA fibers improve
long-term and durability properties of normal strength cement composites. The amount
of creep strain decreases for ~50-80 %, whereas application of PVA fibers in high and
ultra-high strength cement composites does not provide improvements neither in
strength, nor long-term properties, which can be explained by the fact that distribution
of fibers is irregular, random in character, as well as the fact that in mixing process more
air is attracted and gaps are formed, and it is technologically harder to work such fibrous
cement composite in cement composite moulds; therefore, the cement composite
composition is not uniform, more porous.

Experimental durability tests clearly prove and confirm the hypothesis that by
applying fiber “cocktail” higher material behavior and destruction effectiveness is
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reached than when using only one type of fibers, as every length (type) of fibers has
their own function: the short fibers strengthen cement matrix and perform clamping of
long fibers, but long fibers connect large cracks, making a fiber bridge between edges of
cracks and does not allow brittle, instant failure of cement composite, which is
extremely important in exploitation of load-bearing structures. Figure 4.6. shows
relationship of tension load and crack mouth opening displacement of various cement
composites.
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Fig. 4.6. Tensile strength and crack mouth opening displacement (CMOD)
of different kind of cement composites

Figure 4.7. shows the tensile multiple cracking of ECC matrix by using digital image-
based monitoring system "Aramis".
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Fig. 4.7. Tensile multiple cracking of ECC matrix by using
digital image-based monitoring system "Aramis"
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Micro-cracks formed in cement composites when it has reached ~10-20 % of
ultimate strength. By increase of stresses, micro-cracks increase, combine and, reaching
material specific critical value K., i.e., “60—80 % of ultimate strength, initiation of the
main crack initiate (see Fig. 4.8.) which is followed by stabilization of the crack. When
stresses at the end of the crack have reached their critical value (material has reached
the ultimate strength in tension), the crack begins to open and rapidly increases until
failure of material.

To evaluate the compliance, precision and stability of laboratory obtained data
statistical analysis of materials was carried out. Errors obtained in experiments were
excluded by 30 method. Compliance and precision of results was determined in the
interval of confidence probability 95 % with standard deviation value S, and variation
coefficient V. Standard deviation shows cement composite dispersion around average
value. The closer the obtained result to the average value, the smaller the number of
standard deviation. Variation coefficient is the proportion of standard deviation and
average value of results, showing the variability of values around the average value. In a
general case the dispersion of material properties is related to heterogeneous of a
material, production technology, geometric instability of a material, testing methods,
precision of equipment and measuring device and proper behavior.

Demonstrative processing of statistical data is shown for one cement composite
with micro silica mineral additive and PVA fiber “cocktail”. In tension loading for cubic
specimens S, is 2.5 MPA and variation coefficient is 2.1 %, but for cylindrical specimens
Sgis6 MPaand Vis 7.2 %, see Fig. 4.9.
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Fig. 4.9. The standard deviation of compressive strength determined with cubic
(100 x 100 x 100 mm) and cylindrical (¢ 47 x 190 mm) specimens

Whereas is tension loading in plate-type specimens Syis 0.2 MPa and V is 5.6 %.
Standard deviation of modulus of elasticity determined for cylindrical specimens is
5.2 GPa and variation coefficient is 10.7 %. The total relative uniaxial strain in
compression maximum S, value is 111.5mm/mm-10"°, but average S, value is
79.7 mm/ mm-10"° and the maximum variation coefficient is 17.7 %, average V —
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10.7 % (see Fig. 4.10). Shrinkage uniaxial strain maximum S, value is 43 mm/ mm-107°,
but average S, value is 24.8 mm/ mm-10"° and the maximum variation coefficient is
22.3 %, average V — 8.5 %. The permissible variation coefficient indicated in literary
sources for strength, as well as long-term tests is 15-20% % (Omar et al., 2008;
Tarnopolskii, Kincis, 1985; Ckygpa et al., 1971; Neville et al., 1983).
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5. Recommendations

Based on the experimental results obtained in the work, new descriptive equations
of new, high strength cement composites have been determined that are to be used for
predicting of creep and shrinkage strains for structures of similar material.

The descriptive equations provided by the author are demonstrated for single
cement composite — high strength cement composite with micro silica mineral additive
and PVA fiber ”cocktail”.

The descriptive curves of total relative, uniaxial strain and uniaxial drying shrinkage
strain results (see 5.1., 5.2) and their exponent equations are Y =a+b-In(x) + ¢ - exp(—x)
where a, b and c are experimental constants, x — time (days), determination coefficient
R* = 0.9932.
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Fig. 5.1. Describing curve of total relative, uniaxial long-term strain and exponent equation of high
strength cement composite with micro silica mineral additive and PVA fibres ”cocktail”

In standards and norms phenomena of creep and shrinkage are insufficiently
expanded and the values provided can be applied only for cement composites of limited
strength range. To be able to design and build structures of high strength cement
composites, changes in the existing European standard EN 1992-1-1:2005 “Design of
concrete structures. Part 1-1: “General rules and rules for buildings”” must be establish.
Changes to regard to limited concrete strength class should be established to the
standard. The strength class should be increased so that the cubic strength would
exceed 105 MPa. Similarly, the existing scheme for determining creep coefficients
should be remade, provided for it also for higher strength cement composites or by
introducing additional coefficients that are to be applied to recalculate the available
normal and high strength cement composite creep coefficients to higher strength
cement composite creep coefficients.
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Fig. 5.2. Describing curve of uniaxial drying shrinkage strains and exponent equation of high strength
cement composite with micro silica mineral additive and PVA fibres ”cocktail”

Similarly, a reference should be added that in addition to predicting long-term and
durability properties of complex and significant as well as deformation sensitive
structures, laboratorial properties’ determination tests executed in conditions similar to
environment in which the structure is predicted to operate, to verify the correctness of
calculated of schematically determined values. The existing creep coefficients, as well as
standardized empirical curves are not to be applied for deformation sensitive and
nonstandard — thin-walled and large-span structures.

To be able to perform correct engineering calculations for the new cement
composites of improved composition and properties, it would be necessary to create
experimental data library, collecting and analyzing the experimental results and finding
the coefficients for geometric shapes, cement composite age, loading duration,
environmental conditions and other affecting factors, which should be applied in
determining precise values of long-term parameters.

It is necessary to establish in the European Standard EN 1992-1-1:2005 “Design of
concrete structures. Part 1-1: “General rules and rules for buildings”” additional long-
term properties for predicting structural behavior — creep modulus that is to be applied
by executing determining of long-term loaded structure deformations. Creep modulus is
the proportion of applied stress and creep strain. Similarly, a reference should be added
when such parameter is to be calculated.

With an aim to implement of laboratorial tests, standard EN 12390 “Testing of
cured concrete” regulated in Europe should be supplemented with cured concrete
creep strain in compression and in tension determination methods, where the test
procedures and data acquisition would be described, as well as further data application
in calculating creep coefficient, specific creep, and creep modulus. Standard should also
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be supplemented with information on crack development research implementation
methods — digital image-based monitoring system.

For predicting structural behavior in effect of long-term load it is recommenced to
apply total creep (in case of compression) and shrinkage strain value, as both
phenomena are summarized and thus provide a more disadvantaged case that would be
directed to safety side of structural design. Whereas creep strains in tension and
shrinkage strain are with an opposite sign and are mutually reducing occurrences.

To determine creep strains, which is especially attributed to cement composites at
an early age when they have not yet reached their conditional final strength and,
especially, by implementing correct determination of creep strain in tension, from the
total strains shrinkage strain are to be subtracted, which were determined for cement
composites of identical composition and specimens’ shape and dimensions and in equal
environmental conditions as for creep strain, measuring strains in the same way as for
creep specimens — in the middle of specimen.

Cement composite strains caused by tension are many times smaller than strains
caused by compression; therefore, recording of such amount of strains is problematic;
to determine precise strain values for creep and shrinkage strains it is recommended to
use digital image-based monitoring systems.

During the development of the doctoral thesis, short-term, long-term, and
durability properties of various new cement composites were determined that had not
been determined before. To implement improvement of new compositions and their
further application in practical construction, it is necessary to repeat the experimental
tests increasing the statistical number of specimens.

It would be necessary to continue the experimental and analytical research in
regard to high strength cement composites commenced in the doctoral thesis, checking
other types of high and ultra-high strength cement composites with an intention to find
more rational, optimally better cement composite compositions for the contemporary
increased structural requirements — for increased loads, increased spans of structural
elements, decreased cross-section dimensions, increasing geometrical complexity of
elements and safe exploitation and sustainability of structures. Development of
statistical library of experimental data, which is necessary for determining precise
transition coefficients and long-term properties of higher strength cement composites,
should also be continued.
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Conclusions

The objective and tasks defined for the doctoral thesis have been achieved. The
research has resulted in a methodology for determination of uniaxial compressive and
tensile creep strains and uniaxial drying shrinkage strains, as well as for research and
analysis of tensile crack development in extra fine aggregate (<5 mm) cement
composites (EFACC).

The research performed for the doctoral thesis has yielded the following main
conclusions.

1. The developed methodology for determination of uniaxial compressive and tensile
creep strains and uniaxial drying shrinkage strains, as well as for research and
analysis of tensile crack development in extra fine aggregate (<5 mm) cement
composites allows to measure in laboratory conditions the actual uniaxial
compressive and tensile creep strains, uniaxial drying shrinkage strains and crack
mouth opening displacement values in normal (w/c ratio > 0.45; fios = 12—
40 MPa), high (w/c ratio < 0.4; f.os = 40-120 MPa) and ultra-high (w/c ratio > 0.2;
faos = 120-400 MPa) strength EFACC, which cannot be determined using the
existing standardized methodologies and empirical models.

2. The methodology has been approbated using specimens of 15 normal, high and
ultra-high strength EFACC, at different ages and with different geometrical shapes,
in two different humidity conditions, under constant loading. During the
approbation process, the compressive and tensile strength values, the moduli of
elasticity, the values of uniaxial tensile and compressive creep strains, the values of
uniaxial drying shrinkage strains, and the displacements of tensile crack mouth
openings of the new cement composites were experimentally obtained, and
research on the initiation, development, propagation, and characteristics of the
tensile cracks was performed, which has not been done for these materials before.
It has been determined that at the confidence probability of 95 %, the maximum
compressive strength variation coefficient (V) is within an interval of 2-8 %, and
the maximum V of total uniaxial strains of specimens placed under long-term load
is within an interval of 16-22 %, which is a very good indicator for cement-based
materials.

3. The obtained results prove that in both normal and high strength cement
composites the time laps of the ratio between elastic strains (at the moment of the
loading) and creep strains is between 0.5 and 3.0, which does not correspond to
EN 1992-1-1:2005 “Design of concrete structures” which provides that with the
strength increasing the value of the creep coefficient should decrease.

4. The modified stand for determining uniaxial creep strains under tension and the
adopt stand for determining uniaxial creep strains under compression allows
testing cement composites with the maximum aggregate size of 5 mm, to use
specimens (£70 mm) that are more characteristic to the dimensions of high and
ultra-high strength cement composite structures. By using these stands, it is
possible to apply constant loading on the specimens and to keep it unchanged for
a longer period of time. During the experiments, it is not necessary to adjust for
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stress levels, the calibration curves are linear, no energy resources are consumed
and at the same time material savings are ensured. It is important to note that a
standard for the determination of tensile creep strains in cement composites has
not been developed anywhere in the world.

. The developed new uniaxial tensile testing stand enables the research of crack and
micro-crack development. The characteristics of the experimentally obtained
stress-strain curves are closer to the theoretical assumptions and the results of
other authors, and they show good correlation with the results obtained using the
digital image-based monitoring system. The experimental approbation proves that
the new uniaxial testing stand is better suited for research of cracks and micro-
cracks in small specimens (150 x 150 x 12 and 100 x 50 x 12 mm) of high and ultra-
high strength EFACC in comparison with the universal testing equipment, which is
not suitable for small specimens and the low speed of loading. The universal
equipment is also not suited for research of micro-cracks, as it creates too much
movement, which prohibits taking sharp, high resolution photos.

. The proposed method for determining the uniaxial tensile creep strains using
Compact Tension (CT) specimens allows to reduce the scattering of the experiment
data. By using CT specimens, the failure of the them can be predicted, and strain
data can be collected by using only one digital strain gauge, unlike in the methods
suggested by other authors that use two or more strain gauges.

The problem of determining tensile strains has been solved by using a digital
image-based monitoring system with an accuracy of +0.1 um, as the tension-
induced absolute deformations in cement composites are 10-20 times smaller
than the strains caused by compression, and the registration of such small strains
is problematic. This method allows identification and research of the initiation,
growth, branching, joining, stabilization, and opening stages of cracks and micro-
cracks. Methods of this type are probably the only solution how to determine the
properties of materials for structures with specific use conditions, on which it is
not admissible to perform crack initiation and development tests.

. The currently used creep and shrinkage strain approximation models cannot be
applied, and they describe the uniaxial creep and uniaxial drying shrinkage strain
processes of the new, different EFACC materials incorrectly, because there is a
large discrepancy between the actual internal and external factors of influence.
Therefore models describing the uniaxial strain processes of the total long-term
strain and drying shrinkage strain of EFACC materials — exponential equations
providing the best correlation with the experiment data (coefficient of
determination R* = 0.993) — have been proposed, allowing the prediction of long-
term uniaxial total and drying shrinkage strain values in structural elements made
of a similar material.

It has been proven that the methods for determining uniaxial compressive and
tensile creep strains yield reliable results (V<22 %), and are suitable for cement
composites of various strength; therefore it has been recommended to
supplement the European standard EN 12390 “Testing hardened concrete” with
methodologies for determining compressive and tensile creep strains.
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