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DARBA VISPAREJS RAKSTUROJUMS

Temas aktualitate

Pasreiz€jie Eiropas un Pasaules fibrobetona pé€tnieku un inZenieru veiktie
zinatniskie un izpétes darbi galvenokart merketi vispar&ju un starptautiski atzitu
projektéSanas normativu izstradei. Vienotu projektéSanas normativu iztrikums jau
vairakus gadus kaveé fibrobetona pielietosanu daudzas konstrukcijas un, neraugoties
uz ta acimredzamam priekSrocibam, pretrunas esoSajas fibrobetona konstrukciju
projektesanas rekomendacijas ierobezo inZeniera izvéli par labu fibrobetonam.

Tade] Sobrid ir svarigi dot pétniecisku ieguldijumu, kas sekmétu fibrobetona
normativu izstradi, veicot originalus eksperimentalus pétijumus un izstradajot
modelus fibrobetona konstruktivo elementu nestsp€jas un darbibas prognozesanai.

Kamer fibrobetona konstrukciju nestsp&jas noteikSanai lielaka dala no Sobrid
pieejamam projekté€Sanas rekomendacijam pielieto inverso modeléSnas pieeju
(aproksimé&jot eksperimentali iegtitas liknes), ir jaatzimé, ka tie$a modeléSans pieeja
fibrobetona projekt€sana lautu iegiit ekonomiskakus konstruktivos risinajumus un
realistiskakus fibrobetona elementu darbibas raksturoSanas modelus, ievértgjot
faktisko Skiedru veidu, daudzumu un orientaciju.

Tade] §1 promocijas darba mérkis ir izstradat modeli fibrobetona konstruktivo
elementu nestsp€jas un peéc plaisasanas stadijas darbibas prognozeésanai, izmantojot
tieSo model&Sanas pieeju. Piedavatais modelis ir izstradats vienkarsa forma ar noliiku,
lai tas nakotné bitu piemérojams konstrukciju projekt€Sanas normativajos
dokumentos. Saja promocijas darba izstradatais modelis ir piemérots liektu
fibrobetona konstruktivo elementu (siju, platnpu) nestsp€jas prognozeéSanai un ta
izstradaSanas pamata ir novérojums, ka konstruktivo fibrobetona elementu nestspgja ir
atkariga no Skiedru izrauSanas pretestibas bistamaja skeéluma. Lidziga pieeja nakotné
varétu tikt piem@rota ari stieptu fibrobeotona elementu nestsp&jas un darbibas
prognozesanai.

Sis promocijas darbs sastav no 3 galvenajam sadalam: 3.nodala veikti
eksperimentali p&tijumi dazadu veidu komerciali pieejamo te€rauda skiedru izrauSanas
pretestibas noteikSanai. Eksperimentali noteikta art Skiedras enkurojuma dziluma un
orientacijas lenka ietekme un dotas vidgjas Skiedras izrausanas pretestibas sakaribas
dazadam konfiguracijam. 4.nodala veikta Skiedras izrauSanas procesa skaitliska
model€Sana ar galigo elementu metodi. Pielietojot plisumu mehanikas principus,
parametriski analizéta plaisas starp t€rauda Skiedru un betona matricu augSana.
4.nodala veikta arT Skiedras pilniga izrauSanas procesa skaitliska modeléSana. No
salidzinajuma un labakas atbilstibas ar eksperimentalajiem rezultatiem tika noteikti un
analiz&ti svarigi parametri, kuru preciza eksperimantala noteikSana ir sarezgita.
Visbeidzot, 5.nodala izstradats modelis liektu fibrobetona elementu nestsp&jas un
darbibas prognozesanai, par model&sanas ieejas pamatdatiem nemot ieprieks noteiktas
Skiedru izrauSanas sakaribas. AtSkiriba no vairakuma esoSo modelu, kas pieejami
literatiira un projektésanas rekomendacijas, $aja promocijas darba piedavatais modelis
lauj ievertet faktisko Skiedru daudzumu un veidu fibrobetona maisijuma. Model&Sanas
rezultatu apstiprinasanai un modela lietderibas izverteésanai tika veikti fibrobetona siju
eksperimentali lieces stipribas pétijumi. Neraugoties uz modela vienkarSo pieeju, tika
iegiita loti laba atbilstiba ar eksperimentalajiem rezultatiem, kas apstiprina izstradata
modela pielietojamibu.

Ta ka liektu fibrobetona elementu nestsp&ja un darbiba péc plaisasanas stadija
tika precizi prognozeta, Sis promocijas darbs pierada iesp&jas un prieksrocibas, ko dod
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tieSas modeléSanas pieejas izmantoSana fibrobetona konstruktivo elementu
projektésana, salidzinot ar inverso pieeju, kas tiek lietota lielakaja dala no Sobrid
pieejamiem fibrobetona konstrukciju projektéSanas dokumentiem. Sis promocijas
darbs Sobrid arT ir viens no nedaudzajiem literatiira pieejamiem zinatniskajiem
petijumiem, kur§ attiecinams uz fibrobetonu ar lielu Skiedru koncentraciju
(100—300kg/m?), kas ir nepieciesama fibrobetona pielietosanai konstruktivajos
elementos.

Darba meérkis

S1 Promocijas darba meérkis ir izstradat modeli liektu fibrobetona elementu
nestspgjas prognozesanai plaisu izveido$anas un to atvéruma palielinaSanas stadija,
izmantojot tieSas model€Sanas pieeju.

Darba uzdevumi

Lai sasniegtu augstak min€to darba merki, tika izvirziti sekojosi darba uzdevumi:

1. Eksperimentali noteikt Skiedras izrauSanas spéka un parvietojuma sakaribu tris
dazadiem komerciali pieejamo teérauda Skiedru veidiem. Izvertet Skiedras enkurojuma
dziluma un orientacijas lenka ietekmi uz augstak minéto sakaribu.

2. Veikt Skiedras izrauSanas procesa skaitlisko modeléSanu un izverteét dazadu
geometrisko un mehanisko parametru ietekmi uz Skiedras izrausanas pretestibu.

3. lIzstradat modeléSanas algoritmu liektu fibrobetona elementu nestspé&jas
prognozeSanai plaisu izveidoSanas un to atvéruma palielinasanas stadija.

Pétijumu metodika

Promocijas darba 1.nodala ir literaturas apskats, kura aprakstiti p&tijumi par
fibrobetona tehnologiskajam ipasibam ka ar1 fibrobetona darbibas modelésanas
metodém vairakos mérogos. Literatiiras apskata referéti raksti zinatniskajos zurnalos,
disertacijas, gramatas ka ar1 tehniskas atskaites. Balstoties uz Promocijas darba ievada
un literatiiras apskata doto informaciju, tiek formuléts darba mérkis. Tiek izvirziti tris
galvenie darba uzdevumi darba mérka sasniegSanai.

Darba pirmais uzdevums (aprakstits Promocijas darba 3.nodalad) ir
eksperimentala Skiedras izrauSanas spéka un parvietojuma sakaribas noteikSana.
Pirmkart, tika izgatavoti piemé&roti veidni paraugu izgatavosSanai atbilstoSi darba
uzdevumam — izvertét Skiedru enkurojuma dziluma un orientacijas lenka ietekmi uz
Skiedras izrauSanas pretestibu. Uzdevuma veikSanai kopuma tika izgatavoti 66 dazadu
konfiguraciju paraugi. Otrkart, atbilstosi paraugu formai tika izgatavoti ari testeéSanas
zokli, izrauSanas eksperimentu veikSanai ar test€Sanas iekartu. Eksperimentu
veikSanai tika izmantota Zwick/Roell test€Sanas iekarta ka ar1 videoekstensometrs
Skiedras izrauSanas parvietojuma meériSanai. Katrai konfiguracijai tika izgatavoti un
eksperimentali test€ti vismaz 9 paraugi, kopuma $§1 darba uzdevuma veikSanai
parbaudot 594 paraugus. Eksperimentu rezultati tika apstradati izmantojot Microsoft
Excel programmattru. No eksperimentali iegtitajam speka un parvietojuma sakaribam
tika iegiitas vidgjas sakaribas katrai Skiedras enkurojuma dziluma un orientacijas
konfiguracijai.

Darba otrais uzdevums (aprakstits 4.nodala) ir skaitliska Skiedras izrauSanas
procesa model€Sana taisnas formas orientétam Skiedram. Skaitliskajai modeléSanai



tika izmantota galigo elementu metodes (GEM) programma ANSYS [1]. Skaitliskas
modeleéSanas mérkis ir izveértet dazadu parametru, kas ir griiti nomérami
eksperimentali, ietekmi uz Skiedras izrausanas pretestibu. Vispirms tika izstradats 2-
D GEM modelis, lai analizétu plaisas starp Skiedru un matricu izplatiSanos,
izmantojot plisumu mehanikas principus, rékinot energijas atbrivosanas atrumu. Lai
izvertetu dazadu individualo parametru ietekmi uz plaisas starp Skiedru un matricu
izplatiSanos, tika veikta parametriska analize. Talak tika izstradats 3-D modelis, lai
analizetu Skiedras pilnigas izrauSanas procesu, ka ari analiz€ti parametri, kas ietekme
Skiedras izrausanas pretestibu.

Visbeidzot, treSais darba uzdeums (aprakstits 5.nodala) ir modela izstrade
konstruktiva fibrobetona elementu nestspg€jas prognozeésanai plaisu izveidoSanas un to
atvéruma palielinasanas stadija, modela izstradaSanai par pamatu nemot ieprieks¢jas
nodalas iegttos rezultatus. Tika analiz€ta liektu fibrobetona elementu nestspgja.
Modelésanas algoritms tika izveidots MATLAB [2] datorprogramma. Laboratorija
tika izgatavoti atbilstosi fibrobetona siju paraugi model€Sanas rezultatu
eksperimentalai validacijai.

Zinatniska novitate

Saja Promocijas darba tika izstradats modelis konstruktiva fibrobetona elementu
nestspgjas prognozesanai plaisu izveido$anas un to atvéruma palielinaSanas stadija,
izmantojot tieSo model€Sanas pieeju. Tiesa modeléSana nav tikusi biezi izmantota
fibrobetona model&sanai, jo ta parasti ir sarezgita liela nezinamo parametru daudzuma
de]. Saja promocijas darba izmantota tie$a model&Sanas pieeja, turpreti, salidzinot ar
inversas pieejas modeliem literatira, ietver bitiskas priekSrocibas, ievertgjot faktisko
Skiedru tilpuma koeficientu un Skiedru veidu fibrobetona. Un pretgji tieSas
modeléSanas piemériem literatiira, $aja Promocijas darba izstradatais modelis ir
relattvi vienkarss un &rti lietojams.

ModeléSanas vienkarSibas nosacfjums ir Skiedru izrauSanas sp€ka un
parvietojuma sakaribu pieejamiba. Skiedru izrauSanas sakaribu nozimi un
nepiecieSamibu pielietot modeléSana apliecina laba atbilstiba starp modeleSanas un
eksperimentalajiem rezultatiem. Lai gan literatiira ir pieejami daudzi zinatniskie darbi,
kuros pétita dazadu veidu térauda Skiedru izrauSanas, plasa, visaptveroSa datubaze,
ietverot arT Skiedras enkurojuma dziluma un orientacijas lenka ietekmi Iidz Sim nebija
pieejama. Dazadus Skiedras enkurojuma dzilumus un orientacijas lenkus ir svarigi
pétit, jo Skiedru orientacija fibrobetona parasti ir haotiska. Saja Promocijas darba tika
pétiti 3 visbiezak sastopamie komerciali pieejamo teérauda skiedru veidi. Tadgjadi tika
iegiita datubaze ar Skiedras izrauSanas spéka un parvietojuma sakaribam 66 dazadam
paraugu konfiguracijam.

S Promocijas darba 4.nodala tika veikta Skiedras izrauanas procesa skaitliska
model&Sana, izmantojot jaunakas GEM aprékinu datorprogrammas. Kvazistatiska
slogojuma plaisas atarp te€rauda Skiedru un betona matricu augSanas modeléSana un
analize zinama meéra nav praktiski pielietojama, jo Sis process norit loti 1sa laika
(vajas betona un te€rauda virsmu saistes dél), tade] literatiira ir saméra maz petijjumu,
kas veiktu Sadus mikromehaniskus pétijjumus. Tomér, apzinoties, ka pastavigi
pilnveidojoties fibrobetona sastava projekt€Sanai, uzlabojas ar1 Skiedras un matricas
starpvirsmas mehaniskas 1pasibas un ta rezultata minétas plaisas augSanas process var
klat batisks. Saja Promocijas darba izstradats 2-D asij simetrisks GEM modelis, kas
lietots kopa ar plisumu mehanikas principiem, lai sarékinatu energijas atbrivoSanas



atrumu, plaisai izplatoties starp Skidru un matricu. Talak 4.nodala tika izstradats art 3-
D GEM modelis Skiedras pilnigas izrauSanas procesa modeléSanai. 3-D modela
novitati var pamatot, atzZimgjot ta sp&ju ievertet rukuma izraisitos spriegumus ka ari
sp&ju variét ar dazadam starpvirsmas pasibam.

Konstruktiva fibrobetona nestsp&jas prognozéSanas modelis tika izstradats un ta
eksperimentala validacija tika veikta fibrobetona sastaviem ar Skiedru daudzumu Iidz
pat 300 kg/m®. Sis Promocijas darbs lidz ar to var tikt minéts ka viens no
nedaudzajiem literatira pieejamiem pétjjumiem, kas attiecas uz fibrobetonu ar tik
lieliem skiedru daudzumiem.

Darba praktiskais pielietojums

Sobrid fibrobetona pielieto$ana daudzas konstrukcijas ir ievérojami apgratinata
vienota fibrobetona projekteéSanas normativa iztrukuma dél. Ta ka lielakaja dala no
Sobrid pieejamam fibrobetona projekt€sanas rekomendacijam tiek izmantota inversa
modeléSanas pieeja, aproksim&jot eksperimentali meritas liknes, Sobrid fibrobetona
konstrukciju projektéSana ir tieSi atkariga no eksperimentali parbaudita materiala
ipaSibam. Lai veiktu pret€jo, t.i., lai noteiktu nepiecieSamo fibrobetona sastavu lai
uznemtu doto slodzi un atbilstu dotajiem ekspluatacijas apstakliem, Sobrid pieejamie
fibrobetona projektéSanas dokumenti nav pielietojami.

Saja Promocijas darba piedavatais modelis, turpreti, dod iesp&u prognozét
fibrobetona konstrukciju nestsp&ju plaisu izveidoSanas un to atvéruma palielinasanas
stadija ar piepemamu aprékinu sarezgitibas pakapi. Ta ka par modela ieejas datiem
nemtas Skiedru izrauSanas sp€ka un parvietojuma sakaribas, tad konstrukciju
projektétajam ir iesp€jams aprékinat nepiecieSamo Skiedru daudzumu un Skiedru
veidu, lai sasniegtu noteiktus nestsp&jas raditajus. Tas nozimé, ka, izmantojot $aja
Promocijas darba izstradato modeli, fibrobetona konstrukciju projektéSanu iesp&jams
veikt optimizeti un lietderigi, tam var bt loti liela ekonomiska nozime.

Fibrobetona pielietoSanai biivkonstrukcijas ir nepiecieSami lieli Skiedru
daudzumi, tomér pie tadiem ir griiti saglabat maisijuma iestradajamibu un nodroSinat
vienmérigu Skiedru sadalijumu tilpuma. 4 gadu laika, kura izstradats Sis Promocijas
darbs, tika iegiitas zinaSanas un prasme S$ada fibrobetona sastdva projekteSanai,
eksperimentali parbaudot vairak ka 100 dazadas Skiedru un citu betona sastavdalu
kombinacijas. Fibrobetona sastavs, kas tika lietots §2 Promocijas darba ietvaros tika
1pasi izvElets atbilstosi krit€rijam — liela Skiedru daudzuma iemaisiSanas iespéja,
saglabajot maisijuma iestradajamibu.

Eksperimentalie Skiedras izrauSanas rezultati, kas ir dala no $1 Promocijas darba,
ietver lielu daudzumu informacijas, kas var tikt izmantota lidzigu modelu
izstradasanai, ka ar1 detalizétakai Skiedru formas ietekmes uz izrauSanas procesu
analizei, kas ir biitiska informacija Skiedru razotajiem.

Ar1 Promocijas darba izstradatie GEM modeli var biit noderigi praktiskai
pielietoSanai. Laba eksperimentalo un GEM model&Sanas rezultatu atbilstiba norada,
ka izstradatos GEM modelus var pielietoti gan biivinZenieri, gan materialu pétnieki,
lai izvertetu skiedras izrauSanas pretestibu un dazadu parametru ietekmi uz to.

Aizstavesanai tiek izvirzits
— Liektu fibrobetona elementu nestsp€jas prognozeésanas modelis plaisu
izveido$nas un to atvéruma palielinasanas stadija.



— Eksperimentalie rezultati ar 3 veidu komerciali pieejamo te€rauda skiedru
izrauSanas sp€ka un parvietojuma sakaribam pie dazadiem Skiedras
enkurojuma garumiem un orientacijas lenkiem attieciba pret pielikto speku.

— Izstradatie skaitliskie (GEM) modeli plaisas starp térauda Skiedru un betona
matricu augSanas model€sanai un Skiedras pilnigas izrausanas procesa
modeléSanai.

Darba apjoms

Promocijas darba ir sekojoSas nodalas: Anotacija, Ievads, 1.Literatiras apskats,
2.Darba mérkis, 3. Skiedru izrausanas eksperimentali pétijumi, 4.Skiedras izrausanas
procesa skaitliska modeléSana, 5.Fibrobetona siju nestspgjas prognozesana,
Secinajimi, Literatiiras saraksts, Pielikums. Promocijas darba apjoms ir 157 lpp.,
darba ir 97 attéli, 7 tabulas, Izmantotas literatiiras saraksta ir 94 avoti.

Biitiskako konferen¢u saraksts

Konferencu saraksta minétas zinatniskas konferences, kuras Promocijas darba
autors uzstajies ar mutisku zinojumu par $1 darba butiskakajiem rezultatiem.

1. MCM-2006 14th International Conference on Mechanics of Composite Materials,
Latvija, Jirmala, 29.maijs-2. junijs, 2006.

2. 48.Starptautiska RTU zinatniska konference, Latvija, Riga 12.oktobris, 2007.
3. RTU 49.Starptautiska zinatniska konference, Latvija, Riga 13-15.oktobris, 2008.

4. MCM-2008 15th International Conference on Mechanics of Composite Materials,
Latvija, Jirmala, 26-30.maijs, 2008.

5. 8th International Symposium on Utilization of High-Strength and High-
Performance Concrete, Tokija, Japana, 28-30.oktobris, 2008.

6. 17th International Conference on Composite Materials. ICCM-17. Edinburga,
Lielbritanija, 27-3 1 julijs, 20009.

7. 50. Starptautiska RTU Zinatniska konference, ApakSsekcija “Transports un
Mehanika”, Riga, Ezermalas 6, 2009.g. 16.oktobris.



Butiskako publikaciju saraksts

Publikaciju sarakstda minétas publikacijas, kuras atspoguloti biitiskakie
Promocijas darba rezultati.

1. Pupurs A., Krasnikovs A., Pakrastin$ L. Micro-mechanical stress-state analysis of
fibre reinforced concrete (FRC), Scientific Proceedings of Riga Technical University
(Architecture and Construction Science) — 7 (2006), pp.160.-171.

2. Pupurs A., Krasnikovs A. Te€rauda Skiedru izrausanas spéka noteikSana
fibrobetonos, Scientific Proceedings of Riga Technical University (Transport and
Engineering) — 24 (2007), pp.183.-190.

3. Pupurs A., Krasnikovs A., Kononova O., Sahmenko G. Non-linear post-cracking
behaviour prediction method for high concentration steel fibre reinforced concrete
(HCSFRC) beams, Scientific Proceedings of Riga Technical University (Architecture
and Construction Science) — 8 (2007), pp.60.-70.

4. Kraspikovs A., Kononova O., Pupurs A. Steel fiber reinforced concrete strength,
Scientific Proceedings of Riga Technical University (Transport and Engineering) — 28
(2008), pp.142.-151.

5. Krasnikovs A., Lapsa V., Pupurs A. Latvijas patents Nr. P-07-11 ,,Fibrobetona
buvelements*, (2007).

6. Eiduks M., Krasnikovs A., Lapsa V., Pupurs A. Latvijas patents P-07-125
,Orientéta fibrobetona izgatavosanas panémiens un ierice®, (2007).

7. Kononova O., Krasnikovs A., Pupurs A. High Performance Steel Fiber Reinforced
Concrete (SFRC) Strength. Prediction and Experimental Investigation, Proceedings of
8th International Symposium on Utilization of High-Strength and High-Performance
Concrete, Tokyo, Japan, (2008), pp. 543-548.

8. Krasnikovs A., Pupurs A. High Performance Steel Fiber Reinforced Concrete
(SFRC) Fracture. Fiber Pull-out Experimental Investigation, Proceedings of 8th
International Symposium on Utilization of High-Strength and High-Performance
Concrete, Tokyo, Japan, (2008), pp.703-708.

9. Pupurs A., Varna J., Krasnikovs A. Energy release rate based fiber/matrix debond
growth in fatigue. Part II: Debond growth analysis using Paris law, Mechanics of
Advanced Materials and Structures, (2011), In Press.

10. Kononova O., Pupurs A., Krasnikovs A. Fiber concrete beam failure observed as
rare phenomena, Journal of Vibroengineering — 10 (2008), pp. 497.-499.
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Promocijas darba struktira

Promocijas darba struktiira att€lota 1.att. Ka noradits 1.att., pirmas divas galvenas
Promocijas darba nodalas ir literatiiras apskats un darba meérka izvirziSana. Tris
izvirzito darba uzdevumu rezultati aprakstiti galvenajas nodalas 3 — 5. Promocijas
darbs noslegts ar galvenajiem secinajumiem.

)
l.nodala
Literatiiras apskats
)
2.nodala
Darba mérkis un
uzdevumi
[ I
A A A
3.nodala 4.nodala ) Smordafs -
Skiedras izraudands Skiedras izraufanas Flbj::igt:gr_l::uu
eksperimentali procesa skaitliska SHSPe]
Effjumi modeléSana prugnuz_‘eé“arlas s
pety izstrade
[ |
)
Secinajumi

1.att. Promocijas darba strukttira
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PROMOCIJAS DARBA SATURS

Ka noradits Promocijas darba struktura (1.att.) darbam ir 5 nodalas, no kuram
1.nodala ir literaturas apskats, 2.nodala formuléti darba mérki, savukart 3., 4. un
5.nodala ir darba galvenas nodalas, kuras risinati darba uzdevumi.

Promocijas darba 3.nodala aprakstits pirmais no izvirzitajiem darba uzdevumiem
— Skiedru izrausanas eksperimentali p&tijjumi.

No komerciali pieejamam te€rauda Skiedram visbiezak fibrobetona tiek izmantotas
3 geometrisku formu Skiedras: taisnas, Skiedras ar gala enkurojumiem (turpmak:
enkurotas) un vilpotas formas Skiedras, skatit 2.att.

2Lr=50 mm
a)
dr=0.75 mm
2L7=50 mm
b) = N—
dr=0.75 mm
©)

dr=1.0mm

2.att. Komerciali pieejamo terauda Skiedru trTs raksturigakas geometriskas formas: a)
taisnas; b) ar gala enkurojumiem; c) vilnotas formas Skiedras

Taisnas formas orientetas Skiedras izrauSanas spekam sp€j pretoties vienigi ar
pastavosam vajam mijiedarbibas saiteém (van der Waals) starp Skiedras un betona
matricas virsmam ka arl ar rukuma izraisitiem spiedes spriegumiem. Savukart
enkurotu un vilpotu formu Skiedras izrauSanas spekiem spgj pretoties arl pateicoties
mehaniskai enkuroSanai un to izrauSanas mehanismi tadél ir daudz sarezgitaki,
ietverot arT plastiskas Skiedras deformacijas izrauSanas procesa gaita.

Ta ka pastav lielas atSkiribas starp dazadu veidu skiedru izrauSanas pretestibu,
fibrobetona konstruktivo elementu nestspgja ir ievérojami atkariga no pielietota
$kiedru veida un daudzuma, kads tiek izmantots ta sastava. ST darba mérkis ir izstradat
fibrobetona konstrukciju nestsp&jas un plaisas atvéruma prognozeéSanas modeli ka
alternativu Sobrid pieejamajiem modeliem, kuros izmantota inversa model€Sanas
pieeja. Par modela ieejas pamatdatiem S$aja darba tiek nemtas eksperimentali noteiktas
Skiedras izrauSanas sp€ka un parvietojuma liknes. Ta ka Skiedru sadalijums un
orientacija fibrobetona tilpuma var bt dazada, ir nepiecieSams izvertét Skiedras
enkurojuma dziluma un orientacijas lepka ietekmi uz tas izrauSanas pretestibu.
Literattra jau agrak veikti eksperimentali Skiedru izrausanas pétijumi fibrobetona
[3,4], tomér rezultati pie dazadam enkurojuma dziluma un orientacijas lenka
kombinacijam nav pieejami.

Tadel, $a Promocijas darba 3.nodala tiek veikti eksperimentali p&tijumi, nosakot
ieprieck§ mingto komerciali pieejamo terauda Skiedru izrausanas pretestibu pie
dazadiem enkurojuma dzilumiem un orientacijas lenkiem. Protams, Skiedru
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izrauSanas pretestiba biitu eksperimentali japarbauda ar1 pie dazadam betona matricas
ipasibam, tomer, Sis promocijas darbs veltits tikai min€to Skiedras novietojuma
konfiguraciju peétiSanai. Visi Skiedras izrauSanas eksperimenti tadel tika veikti
izmantojot tikai vienu betona sastavu.

Paraugu konfiguracija un geometriskie izméri doti 3.att. Minétaja attéla |, norada
Skiedras enkurojuma dzilumu un o norada Skiedras orientacijas lenki attieciba pret
pielikto izrausanas spe€ka virzienu.

b ]
| |
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3.att. Skiedras izrauSanas eksperimentu paraugu konfiguracija: |, - enkurojuma
dzilums, « - orientacijas lenkis

Visi Skiedras izrauSanas eksperimenti tika veikti izmantojot test€Sanas iekartu
Zwick/Roell Z150, izrauSanas speks tika merits ar speka devéju ar =1 kN kapacitati.
Skiedras izrauSanas parvietojums U, tika merits izmantojot bezkontakta

z
videoekstensometru “Messphysik™.

SlogoSanas atrums visos Skiedras izrauSanas eksperimentos bija 10 mm/min.
Katrs eksperiments tika veikts Iidz pilnigai Skiedras izrauSanai no betona matricas
(atseviSkos gadijumos tika noveérota ar1 Skiedras partriikSana).

Kopuma tika izgatavotas un eksperimentali parbauditas 66 dazadas paraugu
konfiguracijas, ka uzskaitits 1.tabula. Katras konfiguracijas ietvaros tika izgatavoti 8 —
9 paraugi. Relativi lielais paraugu skaits nodroSina iesp&u novertét rezultatu
statistisko izkliedi. Ta ka §1 Promocijas darba merkis ir izstradat modeli kura par
ieejas pamatdatiem tiek izmantotas Skiedru izrausanas sp€ka un parvietojuma
sakaribas, tad §is sakaribas nepiecieSams noteikt precizi, ka ari ir jazin rezultatu
statistiska izkliede.

Ka paradits 3.att. Skiedras enkurojuma dzilums tiek mérits no starplikas lidz
tuvakajam Skiedras galam, paral€li Skiedras garenvirziena asij. Taisnas un enkurotas
formas Skiedram diametrs bija vienads ar d; =0.75 mm, vilpotas formas Skiedram

diametrs bija nedaudz lielaks, t.i., d,=1.0 mm. Saskana ar razotaja doto

specifikaciju, vilnotas formas 8kiedru stiepes stipriba ir 1100 N/mm?, savukart
taisnas un enkurotas formas S$kiedram stiepes stipriba ir 1160 N/mm’. Visam
Skiedram elastibas modulis ir vienads ar E; =210 GPa.
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1. Tabula

Skiedras izrauSanas eksperimentu paraugu konfiguracijas un apzimé&jumi

Apzim. Skiedra a[°] | i [mm] | Apzim Skiedra al[°] | li [mm]
F1 taisna 0 25 F34 taisna 30 20
F2 enkurota 0 25 F35 vilnota 30 20
F3 vilnota 0 25 F36 enkurota 30 20
F4 taisna 0 20 F37 taisna 45 20
F5 enkurota 0 20 F38 vilnota 45 20
F6 vilnota 0 20 F39 enkurota 45 20
F7 taisna 0 15 F40 taisna 60 20
F8 enkurota 0 15 F41 vilnota 60 20
F9 vilnota 0 15 F42 enkurota 60 20
F10 taisna 0 10 F43 taisna 20 15
F11 enkurota 0 10 F44 vilpota 20 15
F12 vilnota 0 10 F45 enkurota 20 15
F13 taisna 0 5 F46 taisna 30 15
F14 enkurota 0 5 F47 vilpota 30 15
F15 vilnota 0 5 F48 enkurota 30 15
Fl16 taisna 10 25 F49 taisna 45 15
F17 enkurota 10 25 F50 vilpota 45 15
F18 vilnota 10 25 F51 enkurota 45 15
F19 taisna 20 25 F52 taisna 60 15
F20 enkurota 20 25 F53 vilpota 60 15
F21 vilnota 20 25 F54 enkurota 60 15
F22 taisna 30 25 F55 taisna 20 10
F23 enkurota 30 25 F56 vilpota 20 10
F24 vilnota 30 25 F57 enkurota 20 10
F25 taisna 45 25 F58 taisna 30 10
F26 enkurota 45 25 F59 vilpota 30 10
F27 vilnota 45 25 F60 enkurota 30 10
F28 taisna 60 25 F61 taisna 45 10
F29 enkurota 60 25 F62 vilpota 45 10
F30 vilnota 60 25 F63 enkurota 45 10
F31 taisna 20 20 F64 taisna 60 10
F32 vilpota 20 20 F65 vilpota 60 10
F33 enkurota 20 20 F66 enkurota 60 10

Skiedru izrauSanas sp€ka un parvietojuma vid€jas liknes taisnas, enkurotas un
vilpotas formas $kiedram pie enkurojuma garuma |, =20 mm un orientacijas lepka

a =0° paraditas 4.att. Ka redzams 4.att., vilnotas formas Skiedram F6 atbilst
visaugstaka izrauSanas spéka F, vertiba ka arT tam raksturiga augstaka izrauSanas

pretestiba visa izrauSanas procesa gaita. Maksimalais Skiedras izrauSanas speks
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enkurotas formas skiedram F5, atbilstosi 4.att. datiem, ir aptuveni 2 reizes mazaks ka
vilpotas formas Skiedram F6. Salidzinot ar vilpotas formas un enkurotas formas
Skiedram, kuram raksturiga mehaniska enkurosanas, taisnas formas Skiedras F4, ka
gaidits, tika izrautas ar daudz mazaku spéku. Saskana ar 4.att. uzraditajiem datiem
maksimalais izrausanas speks taisnas formas Skiedram F4 ir vairak ka 2 reizes zemaks
ka enkurotas formas Skiedram F5. Enkurotas formas Skiedru daudz augstaka
pretestiba izrauSanas spekiem tiek sasniegta, pateicoties Skiedras iztaisnoSanas
procesam. Lidz ar Skiedras iztaisnoSanos parasti norisinas ari biitiska berzes spéka

pieaugSana lokalos punktos.
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4 att. Skiedras izrausanas speka un parvietojuma vidgjas liknes tris dazadu formu
Skiedram: F4 — taisnas; F5 — enkurotas; F6 — vilnotas. Visos gadijumos a =0°

Attelos 5, 6 un 7 doti eksperimentalie rezultati attiecigi taisnas, enkurotas un vilnotas
formas Skiedram pie dazadiem enkurojuma dzilumiem I, .
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5.att. Skiedras izrausanas speka un parvietojuma vidgjas liknes taisnas formas
Skiedram: F4 ( I; =20 mm) F7 (I, =15 mm); F10 (l; =10 mm); F13 (I; =5 mm)
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6.att. Skiedras izrausanas speka un parvietojuma sakaribas enkurotam skiedram: F2
(I, =25 mm); FS (I, =20 mm); F8 (I, =15 mm); F11 (I, =10 mm); F14 (I, =5
mm)

0.0 5.0 10.0 15.0 20.0 25.0

7.att. Skiedras izrau$anas speka un parvietojuma sakaribas vilpotas formas $kiedram:
F3 (I, =25 mm); F6 (I, =20 mm); F9 (I, =15 mm); F10 (I, =10 mm); F15 (I, =5
mm)

Ka redzams 5.att., taisnas formas Skiedram enkurojuma dziluma I; ietekme ir

butiska. Galvena sakariba no S5.att. redzamajiem datiem ir maksimala spéka
samazinasanas lidz ar Skiedras enkurojuma dziluma samazinasanos un otradi. 5.att.
redzamie eksperimentalie rezultati liecina, ka p&c maksimala Skiedras izrauSanas
speka sasniegSanas speks samazinas tikai nedaudz lidz bridim, kad betona matrica
atlikusi 1-2 mm no sakotngja Skiedras enkurojuma garuma. Saja liknes posma
novérojams strauj§ izrausanas speka kritums. Sadu novérojumu var izskaidrot ar
berzes speku picaugSanu. Lidzigi plato apgabali Skiedru izrausanas speka un
parvietojuma likn€s konstateti ar1 citos petijumos literatiira [4,5].

Bitiskaka atSkiriba enkurotas formas skiedru izrausanas spéka un parvietojuma
likn@s, ka redzams 6.att., no ieprieks$ raditajiem taisnas formas Skiedru rezultatiem ir
izteikta maksimala spéka virsotne (pie parvietojuma vértibam aptuveni U, =0.8 mm)
péc kuras nov@rojams biitisks izrauSanas speka kritums. Analiz§jot Skiedras
izrausanas sp€ka un parvietojuma liknes 6.att., var secinat, ka maksimala sp&ka
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veértiba praktiski nemainas, atkariba no Skiedras enkurojuma dziluma, iznpemot
visisako enkurojuma dzilumu |, =5 mm.

Ka jau tika mingts ieprieks, salidzinot Skiedru izrauSanas pretestibu 4.att.,
vilnotas formas Skiedram raksturiga visaugstaka izrauSanas pretestiba no Saja darba
pétitajiem Skiedru formu veidiem. Vilnotas Skiedras izrauSanas procesa gaita
vienlaicigi norisinas gan Skiedras iztaisnoSanas, gan saliekSanas atkariba no “vilpu”
skaita enkurotaja Skiedras dala. 7.att. redzamie rezultati liecina, ka visaugstakais
izrauSanas speks atbilst gadijumam ar vislielako enkurojuma dzilumu, t.i., I, =25
mm. Tomger, ja salidzina izrausanas spéka un parvietojuma liknes vilnotas formas
Skiedram ar enkurojuma dzilumu |, =20 mm un |; =15 mm, maksimalais izrausanas
speks abos gadijumos ir praktiski vienads. Tad€jadi var secinat, ka vilpotas formas
Skiedru izrausanas pretestiba ir biitiski atkariga no enkurojuma esosa “vilnu” skaita.

Skiedru enkurojuma dziluma |, un orientacijas lenka o ietekme attieciba uz
$kiedru izrauSanas energiju ir uzskatami paradita 8.,9. un 10.att. Skiedras izrausanas
energija U, norada nepiecieSama darba apjomu lai pilniba izrautu Skiedru no
matricas, ta ir €rti interpret€jama, jo norada uz izrauSanas spéka un parvietojuma
liknes integrali (laukumu zem liknes). 8., 9. un 10.att dotajos rezultatos redzama ari
standartnovirze konfiguraciju individualo paraugu rezultatos.
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8.att. Skiedras izrausanas energija U, taisnas formas §kiedram. Rezultati attgloti: a)
pie dazadiem enkuro$anas dzilumiem; b) pie dazadiem orientacijas lenkiem (skat.
1.tabulu)
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9.att. Skiedras izrausanas energija U, enkurotas formas §kiedram. Rezultati attgloti:

a) pie dazadiem enkuroSanas dzilumiem; b) pie dazadiem orientacijas lenkiem (skat.
1.tabulu)
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8., 9. Un 10.att dotie rezultati norada, ka enkurotas un vilnotas formas skiedram
rakturiga daudz lielaka izrauSanas energija neka taisnas formas Skiedram. Turklat, ka
uzrada eksperimentalie rezultati, ari standartnovirze enkurotas un vilnpotas formas
Skiedram ir ievérojami mazaka ka taisnam skiedram.
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10.att. Skiedras izrau$anas energija U, vilpotas formas $kiedram. Rezultati attgloti:
a) pie dazadiem enkuroSanas dzilumiem; b) pie dazadiem orientacijas lenkiem (skat.
1.tabulu)

Promocijas darba uzraditas Skiedru izrausanas spéka un parvietojuma sakaribas,
detalizeéti izanaliz€jot mikromehaniskos procesus, kas norisinds S§aja procesa.
Standartnovirze tika analizgta, salidzinot Skiedru izrausanas energiju U ka ar1
maksimalo Skiedras izrauSanas speku F__ .

Tika secinats, ka vilpotas formas Skiedram raksturiga visaugstaka pretestiba
(lielakas U, un F_ vertibas).

Tomér enkurotas formas Skiedras var uzskatit par lietderigakajam no visam tris
darba pétitajam Skiedram, pateicoties to augstajai izrauSanas pretestibai un
viszemakajai standartnovirzei Ug,, un F_ _ vertibas.

Taisnas formas Skiedram raksturiga zema izrauSanas pretesttba un liela
eksperimentalo mérijjumu statistiska izkliede.

sum?

Promocijas darba 4.nodala viekta un aprakstita Skiedras izrausas procesa
skaitliska modelesana.

Skaitliska modelésana izmantojot GEM tika veikta taisnas formas cilidriskam
Skiedram, kas orientétas pielikta izrauSanas speka virziena (o =0°). Skaitliska
modelesana tika veikta, izmantojot GEM aprékina datorprogrammu ANSYS [1].

Ta ka mikroskopisku bojajumu raSanas un izplatiSanas sistéma, kas sastav no
térauda Skiedras un to aptveroSas betona matricas, ir griiti eksperimentali novérojama
un nomérama, GEM aprékini ir €rts panémiens So problému analiz€Sanai. Lai gan
literatiira ir pieejami ari analitiskie modeli [6-8] Skiedras izrauSanas procesa analizei
fibrobetona, to ietvaros virkne parametru tiek noteikta eksperimentali.

Turklat, analizgjot fibrobetonu ka 1so Skiedru kompozitmaterialu, janem véra, ka
analitiskie risindjumi ir apgriitinati, pieméram, sarezgita spriegumu sadalijuma dgl,
Skiedru mijiedarbibas dél, u.tml.

Promocijas darba 4.nodalas meérkis ir veikt detalizétu mikromehanisku Skiedras
izrauSanas procesa analizi fibrobetona, izvertejot dazadu parametru, ka, piem&ram,
Skiedras un betona mehaniskas TipaSibas, Skiedras geometrisko parametru, u.c.
parametru ietekmi uz Skiedras izrauSanas procesu. Ta ka jau ieprieks tika uzsveérts, ka
fibrobetona konstruktivo elementu nestsp&ja un darbiba ir tieSi atkariga no skiedru
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izrauSanas pretestibas, tad $1s nodalas rezultati dod iesp&ju materialu zinatniekiem un
inZenieriem analiz€jot Sos parametrus, optimizet projekt€jamas konstrukcijas 1pasibas.

Promocijas darba literatiiras apskata ari tika minéts, ka pateicoties jaunakajiem
sasniegumiem fibrobetona sastava projektéSana, miisdienas tiek lietotas smalkas
pildvielas, kas nodroSina daudz labaku adh@ziju starp t€rauda Skiedru un betona
matricu. Saprotams, ka §1s pildvielas ne tikai uzlabo Skiedras un matricas starpvirsmas
ipasibas, bet ar1 ietekm@ matricas elastigas 1pasibas. Lidz Sim literatiira nav bijusi
detalizeti petijumi par So parametru ietekmi uz Skiedras izrauSanas procesu.

Tadel s§1 darba 4.nodala veikta detaliz€ta min€to parametru analize, ka ari no
salidzinajuma ar eksperimentalajiem datiem (no 3.nodalas), noteiktas dazadu
mikromehanisko parametru vertibas. Tas nozimé, ka eksperimentali noteiktas Skiedras
izrauSanas sp€ka un parvietojuma sakaribas var tikt izmantotas ka ieejas dati
skaitliskajos modelos, lai aprékinatu dazadus mikromehaniskus parametrus,
pieméram, lai aprékinatu Skiedras un matricas starpvirsmas ipasibas (Saja nodala
aprekinata pliSanas stigriba G,). No Saja darba izstradatajiem relativi vienkarSajiem
modeliem aprékinatie parametri var tikt pielietoti citos, daudz sarezgitakos aprékinos.

Vispirms tika modeléts plaisas starp Skiedru un matricu izplatiSanas process,
izmantojot 2-D asij simetrisku GEM modeli. Tika izanalizétas iesp&jamas plaisas
izplatiSanas modas (I un II moda). Tika izvertéts ka dazadi parametri, ka piem&ram
Skiedras un betona matricas mehaniskas pasias, Skiedras geometriskie parametri,
betona rukums, u.c., ietekmé plaisas starp Skiedru un matricu izplatiSanos. Plaisas
izplatiSanas tika analiz€ta ar lineari elastigas plisumu mehanikas panémieniem,
aprékinot energijas atbrivosanas atrumu G pie dazadiem plaisas garumiem ;.
Energijas atbrivosanas atruma G izmaina atkariba no plaisas garuma tika aproksimé&ta
ar vienkarsam matematiskam izteiksmém, kuras tiek izmantotas, lai modela ietvaros
veiktu plaisas izplatiSanas simulacijas, ka ar1 lai modelétu skiedras izrausSanas spéka
un parvietojuma sakaribu.

11.att. demonstréti GEM modeléSanas rezultati — energijas atbrivo$anas atrums
G ka funkcija no normalizeta starpvirsmas plaisas garuma 1, =1, /r;.
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11.att. I un II plisuma modas energijas atbrivoSanas atrumi (attiecigi G, un G,,)
atskaites gadijumam att€loti ka funkcijas no normaliz&ta plaisas garuma. 1, =1, /r;.

u, =0.005 mm
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No 11.att. redzamajiem rezultatiem var secinat, ka moda II ir domingjoSa, tomeér
modas I ietekme ir biitiska pie nelieliem plaisas garumiem. Darba tika paradits, ka
sakariba starp energijas atbrivosanas atrumu un plaisas garumu var tikt aproksiméta ar
vienkarSu eksponentes funkciju. Tadgjadi modela ietvaros iesp€jams veikt
starpvirsmas plaisas izplatiSanas simulacijas. 12.att. att€loti simulaciju rezultati,
pienemot dazadas starpvirsmas pliSanas stigribas G,,, veértibas.
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12.att. Skiedraas un matricas starpvirsmas plaisas izplati$anas simulacijas vairakiem
gadijumiem. G, skaitliskas vértibas noraditas J/m’

Promocijas darba tika ar noradits, ka Skiedras izrauSanas spéks $aja stadija ir
atkarigs gan no pielikta parvietojuma Uu,, gan arT no starpvirsmas plaisas garuma | ,.
Tadgjadi, tika iegiita Skiedras izrauSanas spéka un parvietojuma izteiksme, aprakstot
sakaribu starp speku F,, parvietojumu U, un plaisas garumu |, .
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13.att. Skiedras izrauanas speka un parvietojuma sakaribas modelé$anas rezultati
un validacija ar GEM. G, skaitliskas vértibas noraditas J/m’
Model&sanas rezultati un neatkariga validacija ar GEM pie dazadam starpvirsmas

pliSanas stigribas G,,. veértibam attéloti 13.att.
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Talak 4.nodala veikta Skiedras pilnigas izrauSanas procesa modeléSana,
izmantojot 3-D GEM modeli. Tika izskirti divi gadijumi: sakotngji atdalijusas
starpvirsmas gadijums, kura tiek piepemts, ka starp Skiedru un betona matricu
nepastav saiste; ka arT sakotngji saistitas starpvirsmas gadijums.

Nemot véra vajo saisti starp t€rauda Skiedru un betona matricu, biezi ir
pielaujams starpvirsmu uzskatit par nesaistitu. 14.att. parada ekvivalento (von Mises)
spriegumu sadalfjumu dazadas Skiedras izrauSanas procesa stadijas gadijuma, kad
starpvirsmas saisti neievero.

a) b)

14.att. Ekvivalento (von Mises) spriegumu sadalijums dazadas Skiedras izrausanas
procesa stadijas gadijuma, kad starpvirsma ir sakotngji atdalijusies: a) sakotng&jo
spriegumu sadalijums pirms izrauSanas spéka pielikSanas; b), ¢), d) Skiedras
izrau$anas ar berzes speku pretestibu.

2.tabula sarindoti parametriskas analizes varianti — dazadas geometriko un
mehanisko parametru variacijas gadijuma, kad Skiedras un matricas starpvirsma ir
sakotngji atdalijusies.
Model&sanas rezultati sakotngji atdalijusas starpvirsmas gadijumam pie 4 dazadiem
Skiedras enkurojuma dzilumiem |, apkopoti 15.att. No 15.att. redzamajam Iikném var
secinat, ka starp Skiedras maksimalo izrauSanas pretestibu (maksimalo speku F,) un
Skiedras enkurojuma dzilumu |, ir lineara sakariba pie tam lielakam enkurojuma

dzilumam atbilst lielaka izrausanas pretestiba. Ka redzams 15.att., Skiedras izrausSanas
speka un parvietojuma sakaribas sakotngja dala sakrit visiem salidzinatajiem skiedras

enkurojuma dzilumiem |;. Tadgjadi, skiedram ar lielakiem enkurojuma dzilumiem I,
maksimala izrauSanas spéka veértiba tiek sasniegta pie lielakam parvietojuma U,
vertibam.

Ka redzams 15.att. pe&c maksimalas vertibas sasniegSanas Skiedras izrausanas
speks samazinas gandriz lineari lidz Skiedras pilnigai izrauSanai. Jaatzime, ka
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model&Sanas rezultatu skaitliskas vertibas attieciba uz izrausanas speku F, parsniedz

praktiskos eksperimentos reali iesp&jamos lielumus, tomér, $aja Promocijas darba
nodala uzdevums ir veikt parametrisko analizi, tadel sadi salidzinajumi ir pielaujami.

2.tabula
Parametriskas analizes varianti gadijumam, kad Skiedras un matricas starpvirsma ir
sakotngji atdalijusies.

Varianta E, E. I Mo P. I H
apzZim&ums: | [GPa] | [GPa] | [mm] [-] [MPa] | [mm)] []
Ref. 210 30 0.375 0.360 772.7 5 0.3
Task 2 210 30 0.375 0.360 776.0 10 0.3
Task 3 210 30 0.375 0.360 777.5 15 0.3
Task 4 210 30 0.375 0.360 778.3 20 0.3
Task 5 210 30 0.375 0.365 515.8 5 0.3
Task 6 210 30 0.375 0.370 2554 5 0.3
Task 7 210 30 0.380 0.3648 772.7 5 0.3
Task 8 210 30 0.400 0.384 767.9 5 0.3
Task 9 210 30 0.375 0.360 772.7 5 0.2
Task 10 210 30 0.375 0.360 772.7 5 0.1
Task 11 220 30 0.375 0.360 774.6 5 0.3
Task 12 200 30 0.375 0.360 770.7 5 0.3
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15.att. GEM modelésanas rezultati pie dazadiem enkurojuma dzilumiem |, .
Apzim€jumi atbilstosi 2.tabulai.

Nemot veéra, ka saites starp t€rauda Skiedru un betonu ir vajas, pien€mumu par
sakotngji atdalfjusos starpvirsmu vairakuma gadijumu var uzskatit par pamatotu. No
otras puses, Sobrid fibrobetona sastava arvien lielakos apjomos tiek izmantotas
smalkas pildvielas (mikrosilicijs, nanosilicijs, u.tml.) tadgjadi iegiistot starpvirsmas ar
daudz labakam stipribas 1paSibam ka lietojot Iidz Sim zinamos betona sastavus.
Tadgjadi abi no min&tajiem gadijumiem ir aktuali fibrobetona praktiskai pielietoSanai.

Tadel Promocijas darba 4.nodala modeléSana tika veikta ari gadijumam, kad
Skiedras un matricas starpvirsma ir sakotngji saistita. Atbilstosi 3.tabua sarindotajiem
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gadijumiem tika veikta parametriska analize, izvért€jot dazadu geometrisko un
mikromehanisko parametru nozimi. GEM modeléSana tika @rti veikta aprékina
programma ANSYS [1], modificgjot sakotngji atdalfjusas starpvirsmas gadijumam
lietoto modeli, papildus uz starpvirsmas izveidojot kohezivas zonas materialu, kas
nodrosina virsmu saisti§anos 1idz zinamai robezai.

3.tabula
Parametriskas analizes varianti gadijumam, kad Skiedras un matricas starpvirsma ir
sakotngji saistita.

Varianta E, E., I - P le | T | US| M
apZImejums: | [GPa] | [GPa] | [mm] | [-] | [MPa] | [mm] | [Pa] | [mm] | [-]
Ref. 210 | 30 |0375]0360 | 7727 | 5 |59 | 03 | 03
Task 13 210 | 30 0375]0360 | 77271 5 |2e9| 03 [ 03
Task 14 210 | 30 |0375]0365 | 5158 | 5 |29 | 03 | 03
Task 15 210 | 30 | 0375|0365 | 5158 | 5 |1e9| 03 | 03
Task 16 210 | 30 |0375]0365 | 5158 | 5 | 1e9| 025 03

16.att. apkopoti skaitliskas model€Sanas rezultati sakotngji saistitas starpvirsmas
gadijuma.
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16.att. GEM model&Sanas rezultati pie dazadiem parametriem. Variantu apzimgjums
saskana ar 3.tabulu

Ta ka, analiz€jot iegiitos rezultatus tika secinats, ka péc starpvirsmas atdaliSanas
Skiedras izrausanas sp€ka un parvietojuma sakariba ir tieSi tada pati ka ieprieks
(sakotngji atdalijusas starpvirsmas gadijuma), modeléSanas rezultati 16.att. doti
parvietojumu U, diapazona no 0 Iidz 1 mm. Ka redzams 16.att., sakotn€ja spéka un

parvietojuma sakariba ir lineara, jo starpvirsma ir saistita. Kad uz starpvirsmas tiek
sasniegts spriegumstavoklis, pie kura tiek sasniegta pliSanas stigribas G, vértiba,
sakas starpvirsmas atdaliSanas ka rezultata izrauSanas speks F, samazinas.

lic

Noslédzot Promocijas darba 4.nodalu, no salidzinajuma ar eksperimentalajiem
rezultatiem tika noteikti mikromehaniskie parametri konkrétajam gadijumam.
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Labaka atbilstiba starp eksperimentalajiem rezultatiem un abiem skaitlisko
modelu rezultatiem redzama 17.att.

Exp.
O FEMd
= ==FEMb

17.att. GEM model&Sanas rezultati, izmantojot sakotn€ji atdalijusas
starpvirsmas modeli (FEM d) un sakotngji saistitas starpvirsmas modeli (FEM b),
salidzinajuma ar eksperimentalajiem datiem (Exp.) pie |, =5 mm (konfiguracija
B4F13 1.tabula)

Lai gan péc 17.att. redzama ir iegiita laba atbilstiba starp model€Sanas un
eksperimentalajiem rezultatiem, iesp&jams, labaka atbilstiba tiktu sasniegta ievérojot
berzes speka izmainas Skiedras izrauSanas procesa gaita. Analiz€jot sakritibu starp
eksperimentalajiem rezultatiem un sakotnéji saistitas starpvirsmas modela rezultatiem
var secinat, ka atbilstiba Skiedras izrauSanas procesa sakotné nav laba, jo
eksperimentalajos rezultatos Iikn€s netika konstatéta izteikta maksimala spéka
virsotne. Tadgjadi var secinat, ka konkrétaja gadijuma Skiedras izrausanas modelis,
kura pienemta sakotn&ji atdalijjusas starpvirsma, precizak raksturo situaciju
eksperimentalajos paraugos.

Kopuma vértejot Promocijas darba 4.nodala izstradatos skaitliskos modelus, tos
var uzskatit par értu metodi ka analizét dazadu Skiedras geometrisko parametru
ietekmi uz Skiedras izrauSanas pretesttbu. Bez tam no salidzinajuma ar
eksperimentalajiem rezultatiem darba izstradatie GEM modeli dod iesp&ju noteikt
dazadus mikromehaniskos parametrus, kuru eksperimentala noteik$ana ir sarezgita.

Saja promocijas darba skaitliska modeléana tika veikta, izmantojot tikai taisnas
formas Skiedru, vadoties péc aprékinu e&rtibas apsvérumiem. Slodzes virziena
orientatas Skiedras izrauSanas procesu, piem&ram, var &rti veikt, izmantojot 2-D asij
simetrisku modeli. Ja Skiedras orientacijas lenkis nesakrit ar pielikta izrauSanas speka
virzienu, tad jalieto daudz sarezgitakie 3-D modeli. Ja Skiedrai ir enkurota vai vilnota
forma, tad tas izrauSanas procesa modeleSanai nepiecieSams ieverot arl t€rauda
Skiedras plastiskas deformacijas, Skiedram iztaisnojoties. Tas, savukart, rada
nepiecieSamibu péc lielakiem skaitloSanas resursiem. Literatura [9] ir pieejami
modelesanas rezultati, kuros ar 3-D skaitlisku GEM modeli analiz€ta enkurotas
térauda Skiedras izrauSanas, izmantojot 1pasus, GEM aprékinu programma pieejamus
starpvirsmas elementus. Jaatzime, ka autori avota [9] starpvirsmas 1pasibu noteikSanai
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izmanto taisnas Skiedras GEM modeli lidzigu ka $aja Promocijas darba. Lidz ar to var
secinat, ka parametriskas analizes rezultati, kas doti $aja darba, var tikt lietoti ka
icejas dati daudz sarezgitaku formu $kiedru modelos. Lai gan avota [9] pieejamie
rezultati ir interesanti, tie pieejami tikai nedaudzam konfiguracijam. Turklat autori
avota [9] rekomendé veikt vienkarsaku 2-D modelésanu, tadgjadi ietaupot aprékinos
patereto laiku.

Tomeér, pastavigi attistoties un uzlabojoties pieejamiem skaitloSanas resursiem,
dazadu formu skiedru izrausanas procesa model€Sana nakotn€ paredzams biis veicama
daudz vienkarsak un ari tadi parametri ka Skiedras orientacijas lenkis un betona
matricas lokala izdrupSana biis viegli ieklaujama modeléSana.

Promocijas darba 5.nodala izstradats modelis fibrobetona konstruktivo elementu
nestsp&jas prognozesanai, par ieejas datiem nemot ieprieks iegtitas Skiedras izrausanas
speka un parvietojuma sakaribas.

Promocijas darba 5.nodalas uzdevums ir izstradat modeli konstruktiva
fibrobetona siju nestsp&jas prognoz€Sanai plaisu izveidoSanas un to atvéruma
palielinaSanas stadija. Promocijas darba 1.nodala literatiiras apskata ietvaros tika
parskatiti un analizéti esoSie fibrobetona konstrukciju nestsp€jas aprékinasanas
modeli. No literatiiras apskata veiktas analizes tika secinats, ka lielaka dala no Sobrid
pieejamiem modeliem ir balstiti uz inverso pieeju, kas nozimé&, ka nestsp€jas
pamatsakaribas spriegumu un defromaciju (o —¢&) vai spriegumu un plaisas atvéruma
(o—w) veida tiek iegiitas aproksiméjot standartiz€tu eksperimentu rezultatus ar
linearam vai pa posmiem linearam sakaribam. Tie$i tada pati pieeja fibrobetona
konstruktivo elementu nestspé€jas noteikSanai tiek izmantota arm nesen izstradatajas
projektesanas rekomendacijas [10-16], tas parasti tiek papildinatas ar noradijumiem
par standartiz€tu eksperimentu veikSanu, rekomend€tiem paraugu izmeriem un to
izgatavoSanu. Min€tajas projektéSanas rekomendacijas nestsp&jas liknes dotas ka
linearas, bilinearas vai pa posmiem linearas sakaribas, kuras ir attiecigi speka kada
noteikta deformaciju & vai plaisas atvérumu w diapazona. So linearo sakaribu
krustpunktos tiek noteiktas atbilsto$as spriegumu o vértibas. Nemot véra, ka
eksperimentalajiem rezultatiem raksturiga noteikta izkliede, atbilsto$i minétajam
rekomendacijam spriegumu vertibas tiek reizinatas ar vairakiem drosibas
koeficientiem k;, kur k; <1. Tada veida tiek noteikta konstruktivo elementu aprékina
pretestiba. Atbilstosi rekomendaciju prasibam, eksperimentali nomeritas sakaribas
o—¢ val o—W tiek interpretétas linearo vai pa posmiem linearo modelu ietvaros un
tiek veikta aproksimacija. Toméer, ja eksperimentalas Itknes p&c rakstura nelidzinas
rekomendacijas noraditajiem linearajiem un pa posmiem linearajiem modeliem, tad
aproksimacijas veikSana nav vienkarSa un viennozimiga. Tadgjadi, no Skietami
lidzigam likn€m ir iesp&jams iegiit lielas atSkiribas aprékina pretestibas vertibas.

Rekomendacijas lietoto drosibas koeficientu k; kopgja ietekme nozimé, ka
eksperimentali noteikta fibrobetona elementa nestsp€ja ir ievérojami jasamazina,
turklat biezi tiek lietotas tas paSas drosibas koeficientu vértibas neatkarigi no Skiedru
tilpuma koeficienta fibrobetona. Pieejamas rekomendacijas, protams, tiek lietotas
aizvien plasak, tomér vairaki apsvérumi elementa nestsp€jas noteikSana ir apSaubami.
Tade] tiesas modeléSanas pieeja var bit lietderiga alternativa plasi lietotajam
inversajam modeléSanas metodem.

Diemzel izmantojot tieSas modeléSanas pieejas modelus, kas publicéti literatiira
(piem. [17]) ir nepiecieSams izmantot daudzus parametrus, kuru vértibas ikreiz ir
janosaka eksperimentali.
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Lai izvairTtos no nepiecieSamibas veikt virkni eksperimentalu parbauzu nezinamo
parametru noteikSanai, ir nepiecieSams izveidot plaSu datubazi ar sistematiski
sakartotam o parametru vértibam. Saja Promocijas darba fibrobetona siju nestspéja
un darbiba plaisu izveidoSanas un to atvéruma palielinasanas stadija tika modeléta
izmantojot datubazi, kas iegiita apkopojot Promocijas darba 3.nodala veikto Skiedras
izrauSanas eksperimentu rezultatus. Galvenais modeléSana izmantotais piegajiens ir
apsveérums, ka zinot Skiedru daudzumu, enkurojuma dzilumu un orientacijas lenki
bistamaja Sk€luma, ir iesp&jams aprékinat speku, kadu skiedras uzpem savienojot
plaisas malas. Skiedru daudzumu $k&luma iesp&jams aprékinat péc dota kiedru
tilpuma vai svara koeficienta fibrobetona un pienemot varbiitigu Skiedru sadalijumu
tilpuma. Zinot Skiedras novietojumu attieciba pret bistama Sk&luma plakni, no
ieprieks apkopotas Skiedras izrauSanas eksperimentu rezultatu datubazes iesp€jams
atrast atbilstoSo speku, ko Skiedra pie dota plaisas atvéruma uzpgem.

Daudzos ieprieks veiktos zinatniskos pétijumos, ka aprakstits §1 Promocijas darba
literatiras apskata nodala, tika pieradits ka lidzko fibrobetona elementa rodas plaisa,
Skiedras tiek nospriegotas savienojot plaisas malas un tas aizkavé plaisas talaku
izplatiSanos un atvérSanos. Tade] jebkura fibrobetona konstruktiva elementa nestsp€ja
ir tiesi atkariga no taja esoSo Skiedru izrauSanas pretestibas. Ja liekta konstruktiva
elementa materials ir homogéns un izotrops, plaisas ir sagaidamas sk&luma, kura
lieces moments ir maksimalais. Savukart liektiem fibrobetona konstruktivajiem
elementiem, pieméram, sijam vai platném, plaisas lokalizacija ir atkariga gan no
liecces momenta, gan ari no Skiedru daudzuma Sk€luma. Tade] fibrobetona
konstrukciju eksperimentalas parbaudes biezi tiek veiktas, izmantojot paraugus ar
iegriezumu, lai plaisas lokalizaciju ierosinatu v€lamaja Sk€luma, tad¢jadi iegiistot
konsekventus rezultatus un vienkarSojot rezultatu interpretaciju. 18.att shematiski
attelots fibrobetona sijas paraugs ar iegriezumu, sija slogota 4 punktu liece.

PI2 P2

18.att. 4 punktu liec€ slogotas fibrobetona sijas shematisks attéls. Att€la zemakaja
dala att€lots maksimalais plaisas atvérums o un lokalais plaisas atvérums b(y)
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Promocijas darba izstradataja nestsp€jas prognozéSanas modeli tiek pienemts, ka
liekta elementa plaisas augstums ir nemainigs visa sijas slogoSanas procesa un tas ir
vienads ar 0.8H, kur H ir elementa augstums.

Péc tam, kad fibrobetona sijas stieptaja zona paradijusas mikroplaisas, talaka
slogoSana izraisa vienas lielaka izméra plaisas lokalizaciju bistamaja Sk&luma.
Fibrobetona elementa nestsp€ja biis tieSi atkariga no Skiedru veida, konfiguracijas
(enkurojuma dzilums, orientacijas lenkis) un daudzuma $aja sk€luma. Ka redzams
18.att,, plaisas lokalo atvérumu b(y) var aprékinat no vienkar$am geometriskam
sakaribam, ja ir zinama maksimala plaisas atvéruma &, vertiba.

Promocijas darba 3.nodala veiktaja eksperimentalaja programma, tika izpétita
Skiedru enkurojuma dziluma un orientacijas lepka ietekme uz Skiedras izrauSanas
pretestibu, lai to vargtu ieklaut arT sijas nestsp&jas prognozesanas modell. Tadgjadi,
zinot Skiedru daudzumu un to sadalfjumu bistamaja Sk&luma, jebkurai plaisas lokala
atvéruma vertibai b(y) var aprekinat speku, kads tiek parnests pari plaisai. Savukart,
kad ir aprékinata sp€ka veértiba, kads tiek parnests pari plaisai, tad péc 18. un 19.att.
dotas shémas var aprékinat atbilstoSo argja speka P veértibu un maksimalo plaisas
atvérumu J,.

19.att. Sakariba starp maksimalo plaisas atverumu ¢, lokalo speku p, ; un arji
pielikto lieces momentu M,

Nemot véra griitibas, ar kadam jasastopas, lai ieglitu pienemamus analitiskos un
skaitliskos modelus, tieSa Skiedras izrauSanas spéka un parvietojuma sakaribas
izmantoSana par ieejas datiem, iesp€jams, ir visértaka metode, ja Sie dati ir pieejami.
Ieprieks jau diskutets un uzsveérts, ka eksperimentalo Skiedras izrauSanas sp€ka un
parvietojuma sakaribu izmantoSana modeléSanai dod vairakas priekSrocibas un ari
nodroSina model&Sanas precizitati.

20.att. doti model€Sanas rezultati, att€lojot aréja speka P un maksimala plaisas
atvéruma o, sakaribu 3 dazadam fibrobetona sijam, kuru sastava ir attiecigi taisnas,
enkurotas vai vilnotas formas Skiedras.

Pirmkart, no 20.att. dotajiem rezultatiem var secinat, ka $aja Promocijas darba
izstradatais nestsp&jas prognozeésanas modelis dod realistiskus rezultatus, ja salidzina
ar eksperimentalajiem rezultatiem. Rezultatos var redzet, ka maksimala speka P
vertiba tiek sasniegta pie nelielam plaisas atvéruma oJ veértibam. Pieaugot plaisas
atvérumam, spéka P vertiba samazinas. Lai gan Promocijas darba 3.nodala tika
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pieradits, ka vilnotas formas Skiedru izrauSanas pretestiba ir visaugstaka, ir svarigi
atceréties, ka to Skérsgriezuma diametrs bija lielaks ka enkurotas un taisnas formas
Skiedram. Tadel pie viena un ta paSa Skiedru daudzuma uz tilpuma vienibu (ka,
pieméram, 20.att. W, =150kg/m?*), enkurotas formas kiedru daudzums ir lielaks. Sis

ir Joti svarigs apstaklis, kam japievérS uzmaniba fibrobetona sastava un nestsp&jas
projektéSana. Lai atrastu optimalo Skiedru daudzumu un sasniegtu vélamo fibrobetona
nestsp&ju, var tikt izmantots Saja Promocijas darba izstradatais modelis.
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20.att. Fibrobetona siju nestsp&jas modelésnas rezultati gadijumos, kad fibrobetona
izmantotas taisnas, galos enkurotas un vilpotas Skiedras. Visos att€lotajos gadijumos
Skiedru daudzums w, =150kg/m’

ModeléSanas rezultatu validacijai tika viekta fibrobetona siju paraugu
eksperimentala parbaude. Tika izgatavotas un 4 punktu liecé eksperimentali
parbauditas (skat. 21.att.) fibrobetona sijas ar izm&riem 150 x 150 x 600 mm.

21.att. Fibrobetona siju eksperimentala parbaude 4 punktu liece
Visu izgatavoto fibrobetona siju laiduma vidi tika izveidots 2 mm plats un 20
mm dzil§ iegriezums. legriezumi tika veikti, lai ierosinatu plaisas lokalizaciju visam
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parbauditajam sijam viena Sk€luma sijas laiduma vidd, lai eksperimentala parbaude
atbilstu apstakliem, kadi pienemti modeléSana.

Eksperimentu veikSanai tika izv€léts betona maisijums, kura iesp&jams iemaisit
$kiedru daudzumu no 100 — 300 kg/m’. Tads pats betona maisTjums tika izmantots
ar Skiedru izrusanas eksperimentos $T Promocijas darba 3.nodala.

22.att.  ka piemérs paradits salidzinagjums starp modeléSanas un
eksperimentalajiem rezultatiem fibrobetona sijam ar vilpotas formas skiedram.

Ka var secinat, model€Sanas rezultati labi sakrit ar eksperimentalajiem datiem,
neraugoties uz relativo modeléSanas algoritma vienkar§ibu. Modeléto un
eksperimentalo ltknu rakstura zina iegiita laba atbilstiba, pieradot, ka pienémums par
Skiedru izrauSanas pretestibu ka galveno parametru, kas nosaka liektu fibrobetona
konstruktivo elementu nestsp&ju, ir pamatots.

Analizgjot modelesanas rezultatus, var secinat, ka atbilstiba starp model&€sanas un
eksperimentalajiem rezultatiem samazinas, pieaugot Skiedru daudzumam fibrobetona.
So pasliktinajumu ir iespéjams izskaidrot ar dazadiem faktoriem, kas tiesi raksturigi
fibrobeotonam ar lielaku Skiedru daudzumu ka, pieméram, nevienmérigs Skiedru
sadalfjums, Skiedru sakerSanas, Skiedru mijiedarbiba, kas izraisa spriegumu
koncentraciju un betona matricas izdrupSanu, u.tml. apstakli, kas Promocijas darba
5.nodala izstradataja modeli netika ieverteti.
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22 att. Eksperimentalo un model&Sanas rezultatu salidzinajums fibrobetona sijam ar
vilnotas formas $kiedram. Skiedru daudzums w, =150kg/m*

Noslédzot kopsavilkumu par Promocijas darba 5.nodalu var minét, ka rakstura
zind modeléSanas rezultatiem ir loti laba atbilstiba ar eksperimentalajiem datiem,
apstiprinot, ka tieS$as model€Sanas pieeja, izmantojot Skiedras izrauSanas sp€ka un
parvietojuma sakaribas ir lietderiga un var but praktiski erti pielietojama. Spriezot péc
validacijas ar eksperimentalajiem datiem, var secinat, ka labaka atbilstiba atbilst
fibrobetona sastaviem ar mérenu Skiedru daudzumu. Lai izskaidrotu atbilstibas
pasliktinasanos, par iemeslu var min€ gan nevienmérigu Skiedru sadalijumu pie
lielakiem Skiedru daudzumiem (Skiedras ir griitak iemaisit betona) ka art skiedru
orientaciju — pie lieliem Skiedru daudzumiem Skiedru orientacijas gadijuma raksturs,
kas pienemts model&Sanas algoritma, ir ierobezots.
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ModeléSanas algoritma ieviesto vienkarSojumu (taisnas plaisas plaknes un
nemainigs plaisas augstums 0.8H) d€] pieaug atSkiriba starp model€Sanas un
eksperimentalajiem rezultatiem. Faktiska plaisas augstuma un plaisas koordinates
ievertéSana modeli bitu iesp&jama, butiski nesarezgijot modelésanas algoritmu, kas,
savukart, nav vélams no konstrukciju projektesanas ertibas viedokla.

Skiedru mijiedarbibai arf ir butiska ietekme, jo liels $kiedru daudzums parasti
noved pie spriegumu koncentracijas, ka rezultata ievérojami izdrip betona matrica un
samazinas fibrobetona konstrukcijas nestspéja.

Lai noteiktu faktisko Skiedru sadalijumu tilpuma dazados fibrobetona sastavos,
nepiecieSams veikt eksperimentalos mérfjjumus, mérot Skiedru enkurojuma dzilumu
un orientaciju.

Jaatzimé ar1, ka §1T Promocijas darba ietvaros tika pétita biitiba tikai viena méroga
fibrobetona paraugi. No literatiira pieejamas informacijas var secinat, ka fibrobetona
konstruktivajiem elementiem loti butiska ir méroga ietekme uz nestsp&ju.

Noslédzot Promocijas darba 5.nodala izstradata modela parskatu, ir nepiecieSams
pieminét, ka izstradatais modelis atSkiras no vairakuma literatiira un projektéSanas
dokumentos pieejamo modelu ar sp&u ieverot faktisko Skiedru daudzumu, kads
pielietots maisijuma sastava. Tiesas model€Sanas pieeja izstradataja modeli lauj iegtt
ne tikai realistiskas fibrobetona elementa nestsp&jas prognozes, bet ar1 lauj analizét
elementa darbibu plaisu izveidoSanas un to atv€ruma palielinasanas stadija. To nav
iesp&jams iegtt ar Sobrid pieejamiem projekteéSanas dokumentiem. Tadgjadi izstradato
modeli var uzskatit par novitati fibrobetona pétniecibas nozaré€.
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SECINAJUMI

Apkopojot Promocijas darba rezultatus, tika iegiiti sekojosi secinajumi:

1. Promocijas darba tika izstradats modelis liektu fibrobetona elementu nestsp&jas
prognozeésanai plaisu izveidoSanas un to atvéruma palielinasanas stadija, izmantojot
tieSo model&Sanas pieeju. Izstradatais modelis ir lietderigs un viegli lietojams, ja ir
pieejami eksperimentalie dati ar individualo Skiedru izrauSanas spéka un parvietojuma
sakaribam. Izstradatais modelis atSkiras no lielakas dalas Sobrid pieejamo fibrobetona
elementu nestspgjas aprékina modelu ar ta sp&ju ievertét pielietoto Skiedru veidu,
daudzumu un to izrauSanas Ipatnibas. Tad&jadi Saja darba izstradatais modelis dod
iespeju optimizet fibrobetona konstrukciju projektéSanu un izstradat ekonomiskakas
konstrukcijas.

2. Darba ietvaros tika veikti eksperimentali petijumi 3 dazadu formu komerciali
pieejamo terauda Skiedru izrauSanas pretestibas noteikSanai. Iegitie eksperimentalie
rezultati liecina par butisku Skiedras enkurojuma dziluma un orientacijas lepka
ietekmi uz Skiedras izrauSanas pretestibu it Tpasi attieciba uz taisnas formas Skiedram.

3. Tika izstradats skaitliskais modelis plaisas starp t€rauda Skidru un betona
matricu izplatiSanas raksturoSanai, izmantojot galigo elementu metodi (GEM) un
plisumu mehaniku. Iegiitie aprékinu rezultati pierada bitisku starpvirsmas mehanisko
ipaSibu ietekmi uz Skiedras izrauSanas pretestibu. Darba tika veikta ari Skiedras
pilnigas izrauSanas procesa GEM modeléSana un, veicot modeléSanas rezultatu
salidzinajumu ar eksperimentalajiem rezultatiem, tika noteiktas dazadu mehanisko
parametru — rukuma spriegumu, berzes koeficienta, starpvirsmas pliSanas stigribas —
skaitliskas vertibas.

4. Tika izstradats modeléSanas algoritms liektu fibrobetona elementu nestsp&jas
prognozéSanai plaisu izveidoSanas un to atveruma palielinaSanas stadija, par
galvenajiem ieejas datiem nemot ieprieks eksperimentali noteiktas Skiedru izrausanas
speka un parvietojuma sakaribas. Labaka atbilstiba starp modeléSanas un
eksperimentalajiem rezultatiem tika iegiita sijam ar $kiedru daudzumu 150 kg/m’.
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REVIEW OF DISSERTATION THESIS

Topicality of the Dissertation Thesis

At present concrete researchers and engineers on European and world-wide level
are focusing their efforts towards developing generally accepted international design
regulations for steel fiber reinforced concrete (FRC) structural elements. It has been
realised that the lack of generally accepted design regulations has been long and
despite the clear advantages of FRC in many applications the use of it has often been
limited due to inconsistency of the existing design recommendations.

It is therefore important to contribute to FRC research community with original
results and concepts of models for predicting the behaviour of FRC structural
elements. While in order to determine the properties of FRC most of the currently
available design recommendations use inverse approach (approximation of
experimentally obtained relations), the direct approach, on the other hand, can provide
more economical and realistic structural design of FRC by evaluating the actual type,
amount and orientation of fibers in the structural element.

In the present Thesis a constitutive model for prediction of load bearing capacity
and post-cracking behaviour of FRC structural elements is elaborated using the direct
modeling approach. The model is elaborated in a simple form so that it could be
applicable for integration within a structural design document in the future. The
modelling procedure described in this Thesis is applicable for FRC structural
elements subjected to bending loads, and the main principle of the model is based on
the observation that behaviour of a FRC element strictly depends on the pull-out
resistance of fibers. The same principle could be also used in the future for prediction
of behaviour of FRC structural elements subjected to tensile loads.

The present Thesis consists of three main parts: in Chapter 3 extensive
experimental study of fiber pull-out resistance of three types of commercially
available steel fibers is performed. The effect of fiber embedded length and
inclination angle is experimentally determined and the average pull-out laws for
different configurations are presented. In Chapter 4 numerical modelling of the fiber
pull-out process is performed using finite element method. Using fracture mechanics
principles, steel fiber/concrete matrix interface debond crack growth is parametrically
analyzed. Numerical modelling of the complete pull-out process of straight fibers is
also performed in Chapter 4. From comparison and best fit with experimental results
different parameters, which are difficult to measure experimentally, are determined.
Finally, in Chapter 5 an algorithm for the model for predicting the load bearing
capacity and post-cracking behaviour of FRC beams is elaborated. Unlike most of the
existing models available in the literature and design recommendations, the model
proposed in this Thesis takes into account the actual amount and type of fibers in the
FRC mix. FRC beams subjected to 4 point bending were tested experimentally to
validate the modelling results and the obtained agreement was good despite the
simplicity of the model.

Since the load bearing capacity and post-cracking behaviour of FRC beams were
accurately predicted this Thesis demonstrates the potential and advantage of applying
direct approach of modelling to FRC alternatively to inverse methods suggested in
most of the available design recommendations. The present work is also one of the
few studies published in the literature so far that has been focused on FRC with high
fiber amounts (100 — 300kg/m”’), which is essential for structural applications.
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Objective of study

The objective of this Dissertation Thesis is to elaborate a model for prediction of
load bearing capacity and post-cracking behaviour of steel fiber reinforced concrete
elements subjected to bending loads using direct modelling approach.

Tasks of the study

In order to achieve the formulated objective of the Thesis the following tasks of
the study are outlined:

1. To determine experimentally the pull-out resistance of 3 different types of
commercially available steel fibers. Also to evaluate in the experimental study is the
dependance of fiber pull-out resistance on fiber embedded length and inclination
angle.

2. To perform numerical modelling of fiber pull-out process and to evaluate the
significance of geometrical and mechanical parameters that affect the pull-out
resistance of the fiber.

3. To elaborate the algorithm of the model for predicting the load bearing
capacity and post-cracking behaviour of FRC elements subjected to bending loads.

Methodology of the Dissertation Thesis

The Dissertation Thesis begins with a broad literature study ranging from
technological properties of fresh FRC mix to multi-scale modelling of FRC
mechanical properties. Scientific papers, textbooks, doctoral thesis and technical
reports have been cited in the literature study. As a conclusion to Introduction and
Literature review chapters of this Thesis the objective of the study is formulated.
Three main tasks of the study were advanced.

The first task (described in Chapter 3) — experimental measurements of fiber pull-
out resistance is performed using a specifically elaborated pull-out test procedure.
Moulds for pull-out specimens were designed and manufactured in order to fulfill the
requirements of the study, i.e., to investigate different fiber embedded lengths as well
as different inclination angles. For this reason 66 different configurations of samples
were manufactured. Testing grips accurately corresponding with the shape of the
moulded specimens were also manufactured in order to perform the pull-out tests in
the tensile machine. Zwick/Roell testing machine was used in combination with
videoextensometer for measuring the pull-out displacement. At least 9 specimens
were manufactured for each configuration resulting in total number of tested
specimens equal to 594 pieces. The pull-out test results were processed using
Microsoft Excel software. The experimentally measured pull-out load — displacement
relations were averaged between specimens to obtain the average pull-out law for
each configuration of fiber embedded length and inclination.

The second task (described in Chapter 4) — numerical modelling of fiber pull-out
process was performed for straight shape and aligned fibers. Finite element method
(FEM) software ANSYS [1] was used for modelling. The objective of numerical
modelling was to evaluate significance on fiber pull-out resistance of different
parameters, which are often difficult to measure experimentally. First a 2-D FEM
model was elaborated to analyze the propagation of fiber/matrix interface debond
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crack using fracture mechanics principles and calculating the energy release rate.
Parametric analysis was performed in order to evaluate influence of individual
parameters on growth of the interface debond crack. Further, a 3-D FEM model was
elaborated in order to study the complete pull-out process and the significance of
different parameters was analyzed.

Finally, the third task (described in Chapter 5) was performed using results from
previous chapters in order to develop a model for prediction of load bearing capacity
and post-cracking behaviour of FRC structural elements. FRC structural elements
subjected to bending loads were studied. MATLAB [2] software was used and a code
for calculating the applied load — crack opening displacment relation was written.
Laboratory samples were manufactured to validate the modelling results with
experimental test results.

Scientific novelty of the Dissertation Thesis

In this Dissertation Thesis modelling of load bearing capacity and post-cracking
behaviour of fiber reinforced concrete structural elements was performed using the
direct modelling approach. Direct modelling has not been favoured in many previous
studies due to its complexity. The direct modelling approach used in this Thesis,
however, has the advantage over inverse models available in literature with its ability
to take into account the actual volume fraction and type of fibers in FRC. And on
contraty to direct models published in the literature, relative simplicity and ease of use
is maintained in the model proposed in this Dissertation Thesis.

The requirement for modelling simplicity is the availability of fiber pull-out laws.
Importance of fiber pull-out laws can be explained judging from the good agreement
obtained between modelling and experimental validation test results. Thus the concept
of assuming that the load bearing capacity of FRC structural element depends on fiber
pull-out resistance is justified. Although there have been many studies in literature
focusing on pull-out load-displacement relations of several types of fibers, a broad
database of fiber pull-out laws for different fiber embedded lengths and inclination
angles has not been available. It is significant to study the effect of fiber embedded
length and inclination angle considering that the fibers are usually randomly oriented
in FRC. In this study 3 most common types of commercially available steel fibers
have been studied obtaining a database for 66 different configurations.

In Chapter 4 of this Dissertation Thesis numerical modelling was performed
using latest versions of FEM software programs. For quasi-static loading the
debonding of steel fiber/concrete matrix interface could be of too small time scale to
be of practical interest (due to weak strength of the interface) therefore not many
studies have been done on this subject. However, regarding to constant improvement
of mix design of FRC, and increase of interface strength, the analysis of debond crack
growth is significant. A 2-D axisymmetrical model was elaborated, which in
combination with fracture mechanics concepts was used to calculate the rate of
debond crack growth. Further in Chapter 4 a 3-D model was elaborated to model the
complete pull-out of fiber. The novelty of 3-D model could be best described by its
ability to take into account the shrinkage stresses and to include or neglect the
interface strength.

Experimental validation of the proposed model for load bearing capacity of FRC
structural elements was performed for FRC beams with reinforcement weight
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fractions up to 300 kg/m’. This study thus can be highlighted as one of the few
studies in literature focusing on such large fiber fractions in FRC.

Practical application of the Dissertation Thesis

At this point the use of FRC in many structural applications is significantly
hindered due to lack of consistent structural design regulations. Since most of the
currently available design recommendations use the inverse modelling approach
performing approximations of standard experimental test results, the structural design
of FRC can be considered as the adaption to available properties of experimentally
tested material. The ability to perform the opposite, i.e., to determine the necessary
mix design of FRC in order to suit for the given load and service conditions, is not
attainable using the currently available structural design documents.

The model proposed in this Dissertation Thesis, on the other hand, provides the
opportunity to predict the load bearing capacity and post-cracking behaviour of FRC
structural elements with reasonable degree of complexity. Since the pull-out laws of
individual fibers are used as an input data in the proposed model, the structural
designer is provided with the ability to calculate the necesary volume fraction and
type of steel fibers to fulfill specific requirements of loading and service. This means
that more optimized and economical design of FRC is possible using this model,
which could be of high economical significance.

Large fiber fractions are essential for structural applications of FRC, however, in
such case it is difficult to maintain workability of concrete mix and achieve uniform
fiber distribution. In the four years of the doctoral studies a know-how was obtained
for the mix design of FRC by testing over 100 different fiber and other concrete
ingredient combinations. The mix design presented in this Dissertation Thesis has
been selected as one of the best for application in civil engineering for its ability to
maintain workability even at high fiber fractions.

The experimental pull-out tests performed as a part of this Dissertation Thesis
provides large amount of useful information for development of similar models and
for more detailed analysis of fiber shape for the manufacturers of fibers.

The use of numerical FEM models demonstrated in this Dissertation Thesis can
also be considered as useful for practical application. The good agreement between
numerical modelling and experimental pull-out results actually shows that these
models can be used by structural designer, materials selector of materials scientist to
evaluate the pull-out behaviour of the fiber and how the pull-out resistance depends
on different parameters and properties of concrete matrix.

Results presented for defence of Dissertation Thesis

— Model for prediction of load bearing capacity and post-cracking behaviour of
FRC structural elements.

— Database of experimentally determined pull-out relations of three types of
commercially available steel fibers with different embedded lengths and
inclination angles.

— Numerical (FEM) models for modelling of fiber/matrix interface debond
growth and complete fiber pull-out process.

35



Volume of the Dissertation Thesis
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Structure of the Dissertation Thesis

Structure of the Dissertation Thesis is demonstrated in Fig.1. As it is illustrated in
Fig.1. the first two main chapters of the Thesis are literature review and formulation
of the objective of the study. The three main chapters describing the finding from the
advanced tasks of the study are Chapters 3,4 and 5. The Thesis is summarized with
the main conclusions of the study.
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Fig.1. Structure of the Dissertation Thesis
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CONTENTS OF THE DISSERTATION THESIS

As demonstrated in Fig.1 there are 5 Chapters in this Dissertation Thesis —
Chapter 1 is the literature review, in Chapter 2 the objective and tasks of the study
are formulated. The three main chapters of this Dissertation Thesis, where the tasks of
the study have been performed, are Chapters 3, 4 and 5.

In Chapter 3 of the Dissertation Thesis the first task of the study - the
experimental single fiber pull-out tests - is described.

There are 3 geometry types of commercially available steel fibers that are mostly
used in FRC: straight, hooked-end and undulated form fibers as shown in Fig.2.

2Lr=50 mm
a)
dr=0.75 mm
2L7=50 mm
b) =¢ —
dr=0.75 mm
©)

dr=1.0mm

Fig. 2. Three common types of commercially available steel fibers: a) straight; b)
hooked-end; c¢) undulated shape fibers

While aligned straight fibers in FRC resist the applied pull-out load only by
means of the weak interface bonds and residual shrinkage stresses, the hooked-end
and undulated shape fibers are expected to provide much higher resistance to pull-out
load by means of mechanical anchorage. Mechanisms of pull-out for hooked-end and
undulated form fibers are thus much more complicated than for straight fibers and
those mechanisms typically involve plastic deformation of the fiber during the
process.

Because of these differences between different fibers the load bearing capacity
and post-cracking behaviour of FRC structural elements such as beams plates, etc,
will be highly dependent on the type and volume fraction of the fibers added to the
concrete mix. This study aims to develop a model alternative to those using the
inverse approach to predict the load bearing capacity and crack opening displacement
in a FRC structural element by using the pull-out relations (laws) of individual fibers
as the input data. To achieve this a detailed database of experimental pull-out laws is
necessary to obtain. Regarding the chaotic orientation and distribution of fibers in
FRC the effects of different embedded lengths as well as different orientation angles
have to be evaluated. Several studies [3,4] have been published presenting
experimental and modelling results for inclined fibers, however, the combined effect
of embedded length and inclination angle has not yet been studied.

Therefore, in Chapter 3 of this Dissertation Thesis experimental pull-out tests
have been performed for the three mentioned types of commercially available fibers
for various configurations of fiber embedded lengths and inclination angles with

39



respect to applied pull-out load. It would have certainly been of great interest to
analyze the fiber pull-out behaviour in various different types of concrete matrix,
however, this study focuses only on investigation of the mentioned parameters. All
experimental samples were thus made using the same mix design of concrete.

The configuration of the moulded specimen and its dimensions are given in Fig.3.
In Fig.3 |, shows the embedded length of the fiber (that will be subjected to pull-out)

and « shows the inclination angle of the fiber with respect to the applied pull-out load
direction.
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Fig.3. Configuration of a pull-out test specimen: |, - embedded length, « -

inclination angle

All single fiber pull-out experiments were carried out using tensile testing
machine Zwick/Roell Z150, the pull-out load was measured by a £1 kN capacity load
cell.

The pull-out displacement U, was measured using a non-contact

videoextensometer “Messphysik”.

The test speed for all specimens was set to 10 mm per minute. Each test was
conducted until complete pull-out of the fiber had occurred (seldom the fiber fracture
was also observed).

Altogether 66 different fiber configurations listed in Table 1 were manufactured
and tested in this experimental part of the study. For each fiber configuration a
number of 8 - 9 specimens were manufactured. The number of manufactured
specimens for each case was so high because it was expected to encounter a high
scatter in the test results. Since the objective of this study is to employ the
experimentally measured pull-out laws in a larger scale model for predicting the load
bearing capacity and post-cracking behaviour of FRC elements, fully representative
pull-out relations (laws) are necessary as well as the statistical distribution for these
laws.

As it is shown in Fig.3 the embedded length of fibers is defined as a distance
from separator film to the nearest end of the fiber parallel with the fiber longitudinal
axis. Straight fiber and hooked-end fiber diameters were equal to d; =0.75 mm,

while undulated shape fibers were a little larger in diameter, i.e., d; =1.0 mm.
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According to manufacturer’s data sheet, the tensile strength for undulated shape fibers
was 1100 N/mm?* while for straight and hooked-end fibers the tensile strength was
equal to 1160 N/mm?. Elastic modulus of all fiber types corresponds to E, =210

GPa.

Table 1.
Pull-out test sample configurations and notation of samples
Name | Fibertype | « [°] | l; [mm] | Name | Fibertype | «[°] | |; [mm]
F1 straight 0 25 F34 straight 30 20
F2 | hooked-end 0 25 F35 undulated 30 20
F3 undulated 0 25 F36 | hooked-end 30 20
F4 straight 0 20 F37 straight 45 20
F5 | hooked-end 0 20 F38 undulated 45 20
F6 undulated 0 20 F39 | hooked-end 45 20
F7 straight 0 15 F40 straight 60 20
F8 | hooked-end 0 15 F41 undulated 60 20
F9 undulated 0 15 F42 | hooked-end 60 20
F10 straight 0 10 F43 straight 20 15
F11 | hooked-end 0 10 F44 undulated 20 15
F12 undulated 0 10 F45 | hooked-end 20 15
F13 straight 0 5 F46 straight 30 15
F14 | hooked-end 0 5 F47 undulated 30 15
F15 undulated 0 5 F48 | hooked-end 30 15
F16 straight 10 25 F49 straight 45 15
F17 | hooked-end 10 25 F50 undulated 45 15
F18 undulated 10 25 F51 | hooked-end 45 15
F19 straight 20 25 F52 straight 60 15
F20 | hooked-end | 20 25 F53 undulated 60 15
F21 undulated 20 25 F54 | hooked-end 60 15
F22 straight 30 25 F55 straight 20 10
F23 | hooked-end | 30 25 F56 undulated 20 10
F24 undulated 30 25 F57 | hooked-end | 20 10
F25 straight 45 25 F58 straight 30 10
F26 | hooked-end | 45 25 F59 undulated 30 10
F27 undulated 45 25 F60 | hooked-end | 30 10
F28 straight 60 25 F61 straight 45 10
F29 | hooked-end | 60 25 F62 undulated 45 10
F30 undulated 60 25 F63 | hooked-end | 45 10
F31 straight 20 20 F64 straight 60 10
F32 undulated 20 20 F65 undulated 60 10
F33 | hooked-end | 20 20 F66 | hooked-end | 60 10

Average pull-out curves for the three studied fiber types with fiber embedded
length I, =20 mm and inclination angle a=0° are presented in Fig.4. As it can be

seen in Fig.4, undulated shape steel fibers F6 exhibit the highest pull-out force F, and

41



the highest pull-out resistance throughout the whole pull-out process. The maximal
pull-out load for hooked-end fibers F5 is, according to the obtained results,
approximately 2 times lower than for undulated shape fibers F6. Compared to
undulated and hooked-end fibers, that provide additional mechanical anchorage with
concrete, the straight aligned fibers F4 showed the smallest maximal pull-out load
values and the smallest resistance throughout the whole process. According to Fig.4
the peak load for straight fibers F4 is more than two times smaller than for hooked-
end fibers F5. The much higher resistance for undulated and hooked-end fibers is
achieved through straightening of the fiber through the channel during the pull-out
process. Straightening of fibers is typically accompanied by significant increase of
local fiber and concrete surface friction.
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Fig.4. Average pull-out curves for three fiber types: F4 — straight; F5 — hooked-end;
F6 —undulated. For all fibers o =0°

Figures 5, 6 and 7 show the experimental results for straight shape, hooked-end and
undulated shape fibers respectively with different embedded lengths I, .
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Fig.5. Average pull-out curves for straight fibers: F4 ( |, =20 mm) F7 (l; =15 mm);
F10 (l; =10 mm); F13 (I, =5 mm)
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Fig.6. Average pull-out curves for hooked-end fibers: F2 (I, =25 mm); F5 (I, =20
mm); F8 (I; =15 mm); F11 (I, =10 mm); F14 (I, =5 mm)
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Fig.7. Average pull-out curves for undulated fibers: F3 (I, =25 mm); F6 (I, =20
mm); F9 (I; =15 mm); F10 (I, =10 mm); F15 (I; =5 mm)

As it can be seen from Fig.5 for straight fibers the influence of fiber embedded
length |, is significant. The general observation is that the maximal pull-out load is

higher for longer embedded lengths and there is a gradual decrease of the maximal
pull-out load for the respective shorter embedded lengths. The results obtained and
demonstrated in Fig.5 show a rather small decrease of the pull-out load up until the
last few millimetres of the length remaining in the concrete matrix when a steep
decrease of load occurs concluding the complete pull-out of the fiber. This
phenomenon could be explained by an increase in local friction resistance. Similar
plateau regions can be found from pull-out test results of aligned fibers in literature
[4,5].

The most notable difference of hooked-end fiber pull-out curves presented in
Fig.6 from pull-out curves of straight fibers is the distinct first peak load (at
displacements approximately U, =0.8 mm on average) after which a sudden decrease

of the pull-out load occurs. Generally analyzing the pull-out curves presented in Fig.6,
an important notification is that the value of this peak load does not depend on the
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embedded length with the only exception being the smallest embedded length |, =5

mm.

As it was presented earlier from the comparison performed in Fig.4, the
undulated shape fibers provide the highest pull-out resistance from all three fiber
types that were studied. During the pull-out of undulated fiber straightening and
bending of fiber occurs simultaneously several times, depending on the shape and
number of the “waves”. From the results presented in Fig.7 it is evident that the
highest pull-out load corresponds to highest fiber embedded length, i.e., |, =25 mm.

However, if we consider and compare the pull-out curves for fibers with embedded
lengths |; =20 mm and |; =15 mm, the peak pull-out load in both cases is the same.

This leads to conclude, that number of embedded hooks is crucial for pull-out
resistance.
The significance of both fiber embedded length |, and the inclination angle o

can be well distinguished from results presented in Fig. 8, 9 and 10. The pull-out
energy U, shows the amount of work necessary to pull-out the fiber and basically it
can be interpreted as the area under the pull-out curve for the complete pull-out
process. The results summarized in Figs. 8, 9 and 10 also show the standard deviation
for the tested samples.
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Fig.8. Pull-out energy U, for straight fibers. Results shown for: a) different
embedded lengths; b) different inclination angles (see Table 1)
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Fig.9. Pull-out energy U, for hooked-end fibers. Results shown for: a) different
embedded lengths; b) different inclination angles (see Table 1)

The results summarized in Figs. 8, 9 and 10 generally show that hooked-end and
undulated shape fibers provide much higher pull-out energy than straight shape fibers.

44



Furthermore, as demonstrated by the results, the scatter between tested samples was
much lower for hooked-end and undulated shape fibers compared to straight fibers.
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Fig.10. Pull-out energy U, for undulated shape fibers. Results shown for: a)
different embedded lengths; b) different inclination angles (see Table 1)

The pull-out curves for all relevant configurations have been presented and all the
micromechanical events during the pull-out have been analyzed. The statistical
deviation for all configurations were analyzed by comparing the total pull-out energy
U,,, and the maximal pull-out load F__ .

Undulated shape fibers were concluded to have the highest resistance to pull-out
since the values of U, and F_, were much higher than for hooked-end fibers and,
understandably, higher than for the straight fibers.

However, hooked-end fibers were best in terms of combining high pull-out
resistance with uniformity of test results as the standard deviation of U, and F
values was the smallest.

Straight fibers were proved to have low pull-out resistance and high scatter
between the measured entities.

m

In Chapter 4 of this Dissertation Thesis numerical modelling of fiber pull-out is
described.

Numerical FEM modelling of fiber pull-out process was performed for single
straight cylindrical steel fiber that is aligned with the direction of the applied pull-out
displacement («a =0°). Numerical modelling was performed using FEM software
ANSYS [1].

While micro damage initiation and propagation within a system consisting of a
steel fiber embedded in a concrete matrix block is difficult to be measured
experimentally, FEM is an attractive and adequate tool to analyze it. Although there
have been numerous analytical approaches demonstrated [6-8], the most of the
analytical methods published in the literature still have struggled to provide a
parameter-independant model for this problem.

Furthermore, since a short fiber reinforced composite is under consideration, a
feasible analytical solution might not even be achievable because of complex stress
distributions, overlapping of stress states, etc.

The objective of Chapter 4 is to provide a detailed micromechanical analysis of
the pull-out process of straight fiber and to analyze the significance of various
parameters such as constituent material elastic properties, fiber geometry and others
on the pull-out resistance of the fiber. Since it was already described before that the
mechanical behaviour and load bearing capacity of a FRC structural element directly
depends on the pull-out characteristics of the individual fiber, the parametric analysis
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presented in Chapter 4 is aimed to provide a tool for materials scientist, engineer or
materials selector to improve or achieve desirable mechanical properties of the
designed structure.

It was also described in the literature review section of this Dissertation Thesis
that new additives are nowadays widely used in FRC mix designs that especially suit
for better adhesion with the reinforcement fibers. The additives certainly affect both
the fiber/matrix interface properties as well as the elastic properties of the concrete
itself. So far the most of the studies have not discussed the general significance of
these mentioned parameters.

Thus a detailed parametric analysis is performed in Chapter 4 and the modelling
parameters for particular cases are found and presented from the best fit with
experimental results determined in Chapter 3. Generally, it means that experimentally
measured fiber pull-out law (load vs. displacement) can be also used as the input data
in a numerical model in order to calculate several micromechanical parameters and
thus characterize the interface properties (for example, critical strain energy release
rate G,). Certainly, the calculated interface properties can then be employed to
analyze other, more complex problems with different boundary conditions.

First, the interface debonding stage of fiber pull-out was modelled using a 2-D
axisymmertric model. The potential crack propagation modes (Mode I and II) were
analyzed. It was evaluated how different parameters, such as fiber and matrix elastic
properties, fiber geometry and the shrinkage of concrete affect the propagation of
debond crack. The propagation of crack is analyzed by linear elastic fracture
mechanics approach by calculating the energy release rate G for different interface
debond lengths. The changes of energy release rate G with the debond length were
comprised in simple mathematical expressions that allows to perform debond crack
growth simulations and, more importantly, to derive the fiber pull-out law in the
debonding stage.

Fig.11 demonstrates numerical modelling results in form of energy release rate as
a function of normalized debond length I, =1, /r;.
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Fig.11. Mode I and Mode II energy release rate (G, and G,, respectively) for the
reference case presented as a function of normalized debond length I, =1, /r.

u, =0.005 mm
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It can be seen in Fig.11 that Mode II crack propagation dominates although the
contribution of Mode I is significant for short debond lengths. It was shown that the
relation between energy release rate can be approximated by simple exponential
function. Thus debond crack growth simulations can be performed. In Fig.12 debond
growth simulations are shown for different interfaces with different values of critical
strain energy release rate G,_.
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Fig.12. Debond growth simulations for various cases. G,,. values in calculation

examples given in J/m?
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It was also shown that the pull-out load depends both on the applied pull-out
displacement U, and on the length of debond |,,. Thus fiber pull-out law was derived

using simple approximation of relations between the load F,, displacement u, and the
debond length |, .
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Fig.13. Modelled fiber pull-out law curves for different cases with FEM

validation. G, values in calculation examples given in J/m’
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The modelled pull-out laws for different cases of interface properties (different
values of G,,,) are presented and validated by independent FEM results in Fig.13.

Further in Chapter 4, modelling of the complete fiber pull-out was performed
using a 3-D FEM model. Two cases were subdivided: initially debonded interface,
where it is assumed that there is no bonding between fiber and matrix, and initially
bonded interface.

Regarding the weak interface bond strength between the steel fiber and concrete,
it might be applicable to neglect it in many cases. Fig.14 shows the stress distribution

in various stages of the pull-out process for the case of initially debonded interface.
! AN MDA ITTICH _M 1

a)

Fig.14. Equivalent (von Mises) stress distribution during various stages of the fiber
pull-out for the initially debonded interface case: a) residual stresses before beginning
of pull-out; b), ¢), d) fiber pull-out sliding with friction resistance

Parametric analysis of different geometrical and mechanical parameters listed in
Table 2 was performed for the case of initially debonded interface.

Modelling results for initially debonded interface case for different fiber
embedded lengths |, are shown in Fig.15. It can be concluded that the pull-out

resistance (F,) is linearly dependent on the fiber embedded length |, and the load is

higher for longer embedded lengths. According to Fig.15 the initial response before
the peak load is reached follows the same curve for all cases. The peak load for longer
embedded lengths is thus reached at larger displacements u, than for shorter
embedded lengths.

After reaching the peak load, the values of pull-out load decrease almost linearly
in all cases shown in Fig.15 until complete pull-out of fiber.
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Numerical values of modelling results for F, in this example are too high to be

realistic. However, the objective of this section is to perform parametric analysis and
discuss the trends and significance of parameters.

Table 2.
Parametric analysis tasks for the case of initially debonded interface
Case E, E. I (. Pe I u
flame: [GPa] | [GPa] | [mm] [-] [MPa] | [mm] [-]
Ref. 210 30 0.375 0.360 772.7 5 0.3
Task 2 210 30 0.375 0.360 776.0 10 0.3
Task 3 210 30 0.375 0.360 777.5 15 0.3
Task 4 210 30 0.375 0.360 778.3 20 0.3
Task 5 210 30 0.375 0.365 515.8 5 0.3
Task 6 210 30 0.375 0.370 255.4 5 0.3
Task 7 210 30 0.380 0.3648 772.7 5 0.3
Task 8 210 30 0.400 0.384 767.9 5 0.3
Task 9 210 30 0.375 0.360 772.7 5 0.2
Task 10 210 30 0.375 0.360 772.7 5 0.1
Task 11 220 30 0.375 0.360 774.6 5 0.3
Task 12 200 30 0.375 0.360 770.7 5 0.3
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Fig.15. FEM modelling results showing significance of fiber embedded length I, .
Tasks according to Table 2.

Realizing that the bonding between steel fiber and concrete matrix is weak, the
assumption of initially debonded interface may be applicable for most cases. On the
other hand, an ongoing development and improvement of concrete mix designs such
as, for example, inclusion of micro and nano-scale additives allows obtaining
interfaces with much better properties than for conventional concrete. Both of these
cases therefore could be interesting from point of view of practical application.

Thus, modelling of fiber pull-out for initially bonded case was also performed.
Parametric analysis revealing the significance of different geometrical and mechanical
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parameters was performed as listed in Table 3. FEM modelling was conveniently
performed in ANSYS [1] by modifying the previously used model for the initially
debonded case by including cohesive zone material and defining its properties.

Table 3.
Parametric analysis tasks for the initially bonded interface
Case Ef Em rf rm pc If Tmax Utc H
name. | [GPa] | [GPa] | [mm] | [-] | [MPa] | [mm] | [Pa] | [mm] | [-]

Ref. 210 30 0375 | 0.360 | 772.7 5¢9 | 03 | 03

Task 13 210 30 0375 | 0.360 | 772.7 2¢9 | 03 | 03

Task 14 210 30 0.375 | 0.365 | 515.8 2¢9 | 03 0.3

Task 15 210 30 0375 | 0.365 | 515.8 le9 | 03 | 03

(VR RV, RRV, § RV,

Task 16 210 30 0.375 | 0.365 | 515.8 le9 | 0.25 | 0.3

Fig.16 demonstrates the results from the parametric analysis showing different
pull-out curves for different cases.
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Fig.16. FEM modelling results showing significance of different parameters
according to Table 3

Since it was found out that after completion of debonding the pull-out resistance
is exactly the same as for the case of initially debonded interface, the modelling
results are presented for displacement u, range between 0 and 1 mm.

As it is shown in Fig.16 initial response to the applied pull-out load in all tasks is
linear since the interface is bonded. The non-linear behaviour continues until critical
tangential fracture energy G, is reached. Then the interface debonding starts and the

reaction force F, will decrease due to initiation and further propagation of debond

z
crack.
Finally, from the best fit with the experimental pull-out results the mechanical
parameters were found for the particular cases.
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Best fit between experimental data and the two numerical models (initially
debonded and initially bonded interface) is demonstrated in Fig.17.

Exp.
O FEMd
= ==FEMb

Fig.17. FEM modelling results using both initially debonded (FEM d) and
bonded (FEM b) interface models, in comparison with the experimental data (Exp.)
for I, =5 mm (configuration B4F13 in Table 1)

Although a good agreement has been obtained in Fig.17, a better agreement
between modelling and experimental results could be obtained by accounting for the
changes in the friction coefficient x and using it as a function of pull-out length.
Concerning the agreement between experimental and initially bonded case modelling
results one can note that no sharp peak is present in averaged experimental curves
thus giving rise to bad agreement in the initial part of pull-out law. Since no distinct
peak is evident in the initial part of experimental curve it can be concluded that the
interface can be considered as initially debonded.

In general, the numerical models proposed in Chapter 4 were presented as a
convenient modelling and analysis tool for the engineer. The models can be useful
either to select materials to achieve desirable fiber resistance and thus desirable FRC
post-cracking behavior or to characterize interface properties for a given system, for
which experimental measurements of load-displacement are avilable.

In the present work, the numerical modelling of pull-out was performed only for
straight and aligned fibers mainly due to practical reasons. Aligned fiber pull-out can
be conveniently studied as a 2-D axisymmetric problem and the parametric study
results can be analysed in a straightforward way. Pull-out of an inclined fiber, on the
other hand, has to be a 3-D analysis because the axisymmetry is no longer valid and,
therefore, more computer power must be involved in order to obtain FEM solution.
Including bending and straightening of the inclined, hooked-end and undulated shape
fibers is related to plastic deformations and significantly more computer power is
required for solution. In [9] a 3-D numerical (FEM) modelling of pull-out was
performed for aligned hooked-end fiber by using interface elements to account for
debonding and material plasticity to account for fiber straightening and concrete
matrix compression. Symmetry conditions were used in order to reduce the size of the
model. Notably, experimental results of straight fiber pull-out were used to define the
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properties of the interface. Thus it can be confirmed that the results of extended
parametric analysis performed in this study can contribute as an input for more
complicated models. Although results in [9] seem very interesting, they were
specificly obtained only for a few configurations, therefore the authors in [9] still
suggest a simpler 2-D modelling as an operating tool for parametric evaluation in
order to save calculation time.

Nevertheless, because the personal computer power still keeps increasing,
modelling of pull-out of complex shape fibers can soon be expected to become
feasible. Then including effects of inclination of fiber and matrix spalling should not
also be troublesome.

In Chapter 5 of this Dissertation Thesis the results from experimental pull-out
tests obtained in Chapter 3 were incorporated in modelling of load bearing capacity of
FRC structural elemtents.

The objective Chapter 5 is to elaborate modelling tool for calculating and
predicting the load bearing capacity of FRC structural beams subjected to bending
loads. In the literature review section (Chapter 1) the existing models were reviewed
and analyzed. As it was concluded there, the most of the existing models are based on
the inverse approch, meaning that constitutive laws in form of a stress-strain (o —¢)
or stress-crack width (o — w) relations are determined from experimental tests of FRC
elements using linear or multi-linear aproximation. Exactly the same approach of
determination of load bearing capacity of FRC elements is used in previously
available as well as in recently proposed design regulations and recommendations
[10-16] which are issued together with instructions for experimental specimen
dimensions, suggested sample preparation and testing methodology. The principle of
the constitutive laws used in regulations is based on linear, bilinear or multi-linear
relations that are used for specific ranges of strains & or crack widths w. Certain
values of corresponding stresses o are then defined in the intersections of these linear
regions. Due to statistical distribution of experimentally tested samples, the stresses
are multiplied by several safety factors k;, where k; <1. Thus the flexural strength
values for structural design are determined. When a o—¢ or o—w relation is
available from the tests, it has to be readjusted according to the requirements of the
linear and multi-linear models, depending on the requirements of recommendations
being used. Fitting the values of experimental curve with a multi-linear relations is
not always feasible and often the fitting procedure is not straightforward and
comprehensible. Therefore, large differences of flexural strengths can be obtained
from seemingly similar curves.

The safety factors k; used in recommendations are often rather low and specified
in form of a numerical constant rather than being a dependant function on amount and
type of fibers used in FRC. The overall use of design recommendations and
regulations is, of course, gaining more widespread use, however, many aspects
concerning determination of design strength are questionable. Thus, direct modelling
approaches may be attractive as alternative to often not applicable inverse methods.

Unfortunately, the direct approaches that have been presented in literature [17]
have always been associated with many parameters that are also unknown unless
determined experimentally.

In order to prevent the necessity to perform experimental measurements along
with the structural design, a large database of systematically structured parameter
values and relations is necessary. In the present work load bearing capacity and post-
cracking behaviour of FRC beams are modelled using the database of experimental
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pull-out test results that were performed and summarized in Chapter 3. The general
principle of the model proposed in Chapter 5 of this Dissertation Thesis is that the
pull-out laws of individual fibers are applied in order to calculate the transferred load
through the crack. The number of fibers in cross section is calculated through the
given amount of fibers in the concrete mix. A random orientation angle is determined
for each fiber and then the appropriate pull-out law for that specific inclination angle
are used for calculations of the load that is transferred through the crack.

It has been shown by this study and numerous previous research papers discussed
in the literature review section that, as soon as micro cracks appear in the structural
FRC element, the fiber bridging mechanism activates instantly thus resisting the
further crack growth. Therefore, the load bearing capacity of any structural FRC
element directly depends on fiber capability to resist the pull-out loads. For structural
beams and plates made form homogeneous isotropic materials subjected to bending
loads the crack localization will most often occur at the cross-section where the
highest bending moment is acting. For FRC beams or plates, however, the localization
of a crack depends both on the bending moment and also on the number of fibers in
each cross-section. Notched beam specimens are therefore often used in order to
initiate the crack at a desired cross-section so that representative, consistent values of
flexural strength and other parameters can be obtained. Fig.18 schematically shows
the notched beam specimen subjected to 4 point bending.

P/2 P2

Fig.18. Schematic representation of FRC beam subjected to 4 point bending. Lower
part of figure shows the maximal crack opening o and local opening of crack b(y)

In the model proposed in this Dissertation Thesis it is assumed that the crack
height is always equal to 0.8H, where H is the height of the beam specimen.

After the micro-cracks have formed in the tensile zone of FRC element, the
further increase of applied load eventually leads to crack localization at the critical
cross-section. The load bearing capacity of a FRC element will directly depend on the
type, configuration (shortest embedded length, inclination angle) and number of fibers
bridging this crack. According to the scheme shown in Fig.18 the local crack opening
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displacement b(y) can be found from simple geometrical relations, if the maximal
crack opening displacement ¢, is known.

The objective of Chapter 3 was to determine the pull-out laws for these different
possible configurations of fibers so that these effects could be included in the model
described in Chapter 5. Thus, the load bridged across any value of the local crack
opening displacement b(y) can be found, if number, embedded length and the
inclination angle of the fibers at this location is known. If the load that is bridged
across the crack is calculated, then the relation between the applied external load P
and the maximal crack opening displacement J, can be found from the schemes
shown in Figs.18 and 19.

Fig.19. Representation of relation between maximal crack opening displacement o,
local pull-out force p,; and external bending moment M,

Regarding the difficulties involved in obtaining reasonable analytical and
numerical relations, a direct application of experimentally obtained pull-out relations,
if available, is probably the best alternative for modelling. The discussion given above
has emphasized the motivation and significant advantages of using the experimental
pull-out test results as a model input in order to obtain good modelling accuracy.

Modelling results showing the relation between the applied load P and the
maximal crack opening displacement o, for three different FRC beams with straight,
hooked-end or undulated shape fiber reinforcement respectively, are shown in Fig.20.

First of all, it can be seen that the model gives realistic prediction as compared
with experimentally obtained curves. It can be seen that maximal load bearing
capacity (P) is achieved at small crack opening displacement ¢ values. As the crack
opening displacement increases, the load bearing capacity of FRC beam slowly
decreases. The modelling results are in accordance with the expectations, since
individual fiber pull-out laws were used as the input data. Although in Chapter 3 it
was clearly proved that undulated shape fibers have the highest pull-out resistance, it
is important to remember that diameter is larger for these fibers. Therefore, for the
same weight fraction of fibers (as in Fig.20 w, =150kg/m?), the number of hooked-

end fibers will be larger. This is an important factor to consider, when structural
design of FRC structures is performed. For obtaining an optimal reinforcement
solution for a FRC structure, the model presented here is highly significant.
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Fig.20. Modelling results of load bearing capacity of FRC beams with straight,
hooked-end or undulated shape fibers. In all cases fiber weight fraction
w, =150kg/m’

The model proposed and described in this section was validated with
experimental tests. FRC beams with dimensions 150x150x600 mm were
manufactured and tested in 4 point bending scheme (see Fig.21). A 2 mm wide notch
of 20 mm depth was cut in the middle of the span of the beam. The purpose of the
notch was to initiate one major crack in the zone of the maximal bending moment in
order to provide circumstances for reasonable comparison with the previously
described model. Especially selected mix design (combination of ingredients) was
used for manufacturing the samples. The main objective was to use the same concrete
matrix but with different fiber fractions in the range between 100 — 300 kg/m®. The
same mix was used also in experimental pull-out tests in Chapter 3 of this
Dissertation Thesis.

l
Fig.21. Experimental FRC beam test in 4 point bending load scheme
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Comparison between modelling results and experimental tests is shown in Fig.22.
Results for FRC beams with undulated shape fiber reinforcement are given as an
example.

As it was concluded from comparison, the presented model for prediction of load
bearing capacity of FRC beams gives good results despite the general simplicity of
the modelling procedure. The character of modelling and experimental curves is in
excellent agreement meaning that the principle of using fiber pull-out laws for a larger
scale model has proved to be very efficient. This proves once again the importance of
pull-out resistance of individual fibers on load bearing capacity and post-cracking
behaviour of FRC structural elements.

The common negative observation from the compared results is that the
agreement between modelling and experimental results decreases with increase of the
fiber weight fraction in the concrete. There are several factors responsible for this
disagreement, which are characteristic for higher fiber fractions. For instance, non-
uniform distribution of fibers, fiber segregation, multiple fiber interaction that causes
stress concentration and, thus, an intensive spalling of the matrix and similar factors
that have not been accounted for in the proposed model.

40

= Maodeling

= = Experimental

20

& mm

Fig.22. Experimental and modelling results for FRC beams reinforced with undulated
shape fibers. Fiber weight fraction w, =150kg/m’

The general conclusion from macro-scale modelling results given in Chapter 5 of
this Dissertation Thesis is that character-wise the agreement with experimental results
is very good. The agreement in character of the modelling and experimental curves
confirms that the direct modelling approach by using micro-scale experimentally
obtained pull-out relations is reasonable. The moderate disagreement in numerical
values can have various reasons. Judging from modelling results the agreement with
experimental data depends on fiber fraction in the mix. According to the results a
better agreement corresponds to smaller fiber concentrations. The possible reason for

56



deviation from experimental results could also be fiber orientation. A FRC mix with
large fiber concentrations does not necessarely follow random distribution across the
volume and random distribution of orientation angles, as it was assumed in the
modelling procedure.

The modelling assumptions such as straight crack planes and constant crack
height equal to 0.8H should also be revised in order to correspond better with the real
conditions. It could be done without introducing complex procedures that would not
be applicable for use in structural design.

Apart from the modelling assumptions the fiber overlapping effects have to be
considered. The large amount of fibers often leads to stress concentration and
overload of the concrete matrix which leads to spalling of the concrete.

To verify the actual distribution of fibers for various FRC mixes with various
fiber fractions, counting of the fibers and in-situ measurements of embedded length
and angle distributions are necessary.

It also has to be noted that only one length scale of beam specimens has been
observed in this study. It is well known for FRC structural and laboratory tested
elements that the size of the sample has a large influence on the strength and load
bearing cacpacity.

To conclude the findings of Chapter 5 it can be mentioned that the model
presented in this study differs from the most of structural design guidelines and
models available in literature by its ability to evaluate the actual fiber content in the
concrete mix. The direct method approach in the proposed model allows obtaining not
only the maximal load bearing capacity but also the general post-cracking behaviour
of the structural element. None of the currently available design regulations and
guidelines are capable of similar. The model presented in this study can thus be
concluded as novelty in the research of fiber reinforced concrete.
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CONCLUSIONS

As the final summary of the present work the following conclusions were drawn:

1. A model for prediction of load bearing capacity and post-cracking behaviour
of steel fiber reinforced concrete structural elements was elaborated using the direct
modelling approach. The proposed simple model is useful and easy to use, if the fiber
pull-out laws are available. The model also differs from the most of the other methods
described in structural design documents and models published in the literature by its
ability to evaluate the actual type and amount of fibers used in the mix. Thus more
economical and motivated use of steel fibers can be possible using the model
proposed in this work.

2. Experimental pull-out test program was performed to determine the pull-out
resistance of three types of commercially available steel fibers. The obtained
experimental results show significant dependence of fiber pull-out resistance on the
embedded length and inclination angle for straight shape fibers in particular.

3. Finite element method (FEM) and fracture mechanics were employed in order
to analyze the steel fiber/concrete matrix inteface debond growth. The obtained
calculation results indicate a high significance of interface properties for achieving
high pull-out resistance. FEM modelling of complete pull-out process was also
performed and from comparison with experimental test results, it was concluded that
the elaborated FEM models are sufficient for determination of different mechanical
parameters such as residual shrinkage stresses, coefficient of friction and interface
fracture toughness.

4. A modelling algorithm was elaborated for prediction of load bearing capacity
and post-cracking behaviour of fiber reinforced concrete elements subjected to
bending loads. Previously obtained fiber pull-out laws were used as the input data in
the model. The best agreement between the modelling and experimental validation
results was obtained for beams with fiber content of 150 kg/m°.
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