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DARBA VISPAREJS RAKSTUROJUMS

Teémas aktualitate

Misdienas btivkonstrukciju joma ir verojama zinatnieku interese izmantot
ar Skiedram stiegrotu betonu (isskiedru betons) dazados nesoSo konstrukeiju
risingjumos. Tads Tstenotais projekts ka starpstavu parsegums tirdzniecibas
centra “Diton Nams” Daugavpili, apstiprina, ka tradicionalais stiegrojums at-
seviskas konstrukciju dalas var tikt aizstats ar 1sam terauda Skiedram. Stieg-
rojot konstrukcijas tikai ar Skiedram, ieverojami samazinas to izgatavoSanas
darbietilpiba. Sis aspekts attiecinams arT uz sarezgitas formas konstrukciju
elementiem un komplicétiem savienojumiem, kur stiegroSana ar tradiciona-
lajiem stiepiem kliist apgriitinosa gan biivniekiem, gan arT projektétajiem.
Skiedru pielieto$ana tie§a veida ietekmé arT konstrukciju ilgizturibu. Plaisu
veidoSanas betona cietéSanas sakuma stadija, ka arT ziiSanas rukums, kas rak-
sturigs betonam bez $kiedram, samazina konstrukcijas nestsp&ju un paatrina
tas nolietosanos. Ta rezultata palielinas konstrukciju uzturé$anas izmaksas un
samazinas to kalpoSanas miizs. Tradicionalas projektéSanas metodes ignoré
betona stiepes stipribu. Tas nozimég, ka biitisks betona apjoms nesosajas kons-
trukcijas netiek izmantots to mehaniskaja darbiba. Tadi inovativi materiali ka
1sskiedru betons lauj projektét efektivakas konstrukciju sisteémas, tadgjadi sa-
mazinot ietekmi uz siltumnicefektu [1].

Papildus iepriek$mingtajam priekSrocibam Skiedru pielietojums betona sa-
mazina konstrukciju izlieces. Dazi no galvenajiem faktoriem, kas ietekme
dzelzsbetona konstrukciju izlieces, ir stiepes stipriba, lieces stingums, plai-
sasana un rukuma ietekmé veidojies konstrukcijas elementa liekums [2]. Te-
rauda Skiedras palielina betona stiepes stipribu un nodrosina palickoSo stiepes
stipribu plaisu veidoSanas stadija. Kompozita materiala sp&ja uznemt stiepes
spriegumus plaisu veidoSanas stadija palielina lieces stingumu saplaisajusos
Skelumos. Terauda skiedras ierobezo rukumu ziiSanas procesa (cit€jot Swamy
un Stavrides 1979, Mangat un Azari 1988, Atis un Karahan 2009) [3]. Ta ka
Skiedru izvietojums ir nosaciti vienmerigs pa visu elementa Sk&rsgriezumu,
samazinas ar1 elementa lickums, kas veidojas rukuma ietekmé.

Neraugoties uz $aja joma veikto pétijumu lielo apjomu un visam ieprieks
izklastitajam priekSrocibam, terauda TsSkiedru betons (angliskais saisinajums:
SFRC) tiek pielietots galvenokart nenesosajas konstrukcijas. Ka galvenais ie-
mesls, kapéc projektetaji neizvelas te€rauda Tsskiedru betonu nesosajas kons-
trukcijas, tiek minéts tadu biivkonstrukciju projektésanas normativo doku-
mentu trikums, kas nemtu véra materiala uzvedibu stiepé plaisasanas stadija



[4, 5]. To pasu var attiecinat uz situaciju Latvija. Saja sakara pedgjo gadu
laika Eiropas valstis un citviet pasaulg ir izstradatas vairakas projekteSanas
vadlinijas. FIB darba grupa TG 8.3 “Fibre Concrete” jaunaja fib Model Co-
de 2010, kas publicéts 2012. gada, ir sagatavojusi divas nodalas térauda Ts-
$kiedru betona konstrukciju projektésanai. Sis vadlinijas var biit par pamatu
projektéSanas normu izstradei Latvija.

Lai gan piemingtie projekteéSanas noteikumi apraksta Tsskiedru betona
spriegumu un deformaciju sakaribas nestsp&jas un lietojamibas robezstavok-
lu aprékiniem un nosaka panémienus stipribas un lietojamibas (spriegumu un
plaisu platuma kontrole) parbaudém, tomér lielakoties tajos nav ieklautas me-
todes izliecu kontroles veiksanai. Péc autora domam, $adas metodes, kas lautu
prognozet 1sskiedru betona konstrukciju izlieces, ir loti nepiecieSamas.

Literatiira ir sastopami vairaki pan€mieni t€rauda TsSkiedru betona defor-
maciju prognozé$ana. Pamatojoties uz eksperimentalos pétijumos noteiktam
speka un izlie¢u sakaribam, kopgjas sijas izlieces var noteikt, veicot skait-
lisku integréSanu visas sijas garuma. Tiek piedavats arT panemiens, kur, pa-
matojoties uz inverso analizi, materiala TpaSibas tiek ieglitas no apalo panelu
parbauzu slodzes un izlieces sakaribam un izmantotas ka izejas dati galigo ele-
mentu aprékinos redlu nesoSo parsegumu platnu projektéSana [6]. Bivalskis
un Kaminskis izstradajusi analitisku panémienu Tsskiedru betona Skérsgriezu-
ma stinguma noteiksanai, kuras pamata ir dzelzsbetona siju aprekina lietota
reduceta Skersgriezuma metode [7].

Saja darba ir izstradats semianalitisks modelis, kur Tsikiedru betons tiek
uzskatits ka kompozits materials ar atSkirigu mehanisko uzvedibu stiepé un
spiedé. Piedavataja modeli ka izejas dati tick izmantoti eksperimentalie re-
zultati TsSkiedru betona darbibai aksiala stiepg un spiedé. Papildus 1sskiedru
betona konstrukciju deformaciju prognozesanai, biitiski ir saprast galvenos
faktorus, kas ietekme 1sskiedru betona materiala Tpasibas un mehanisko dar-
bibu. Tas seviietver tadus aspektus ka Skiedru telpiskais izvietojums un orien-
tacija, savstarp&ja saiste starp atsevisku skiedru un betonu, korozijas ictekme
uz Skiedru diametra samazinajumu un citus. Lai gan $aja joma ir veikti daudzi
zinatniskie pétijumi, zinaSanas joprojam nav pilnigas. Lielas 1sskiedru betona
kompoziciju dazadibas un ta iek$gjas struktiras sarezgitibas d&l, joprojam ir
iesp€ja sniegt jaunu izpratni, metodes un aprékinu pieejas.

Promocijas darba merkis

Galvenais petijuma merkis ir izstradat semianalitisku modeli térauda 1s-
Skiedru betona lieces stinguma prognozesanai un piedavat metodes 1sSkiedru
betona deformésanos ietekmé&joso faktoru novértésanai.



Uzdevumi

Lai sasniegtu darba mérki, tiek izvirziti $adi uzdevumi:

1. Veikt deformativo un stipribas Tpasibu eksperimentalos pétijumus spie-
de, stiep€ un liec€ betonam, kas stiegrots ar dazadas formas Tsskiedram.

2. Petit dazadas formas t€rauda TsSkiedru un betona savstarp&jo saisti.

3. Petit 1sskiedru izvietojumu betona un ta ietekmi uz materiala Tpasibam.

4. Izstradat metodi korozijas ietekmes novérté$anai uz materiala darbibu
liecg.

5. lIzstradat analttisku modeli lieces stingribas prognozeSanai.

Pétijuma metodes

Térauda skiedru un betona saistes p&tijumi tika veikti ar $kiedras izrausa-
nas metodi, kur slogo$anas laika tika registréti izrausanas speka un $kiedras
parvietojuma sakaribas. Spiedes stipribas Ipasibas tika noteiktas cilindriem ar
standarta izm@riem (saskana ar LVS EN 206). Paraugu slogosana to augstuma
vidgja tresdala tika méritas garendeformacijas un skérsdeformacijas. Materia-
la uzvediba vienasigaja stiepé tika noteikta ar hantelu formas stiepes parau-
giem, kuru darba Skersgriezuma forma bija kvadratveida (100x 100 mm) bez
platuma merTjumi tikai veikti gan lineari elastigaja, gan plaisu veidoSanas sta-
dija. Terauda 1sSkiedru betona sijas ar skersgriezuma izmériem 100x 100 mm
bez iezagetas gropes parauga stieptaja puse tika parbauditas ¢etrpunktu liece.
Siju slogosana tika registréta pielikta slodze, izlieces un deformacijas stieptaja
un spiestaja parauga puse.

Deformaciju un izlieCu mérijumos, ka ar1 parvietojumu noteiksana skied-
ras izrau$anas parbaud@s ir izmantoti HBM parvietojuma meritaji. Lai ieglitu
augstakas precizitates rezultatus, papildus testéSanas iekartas (Zwick) slodzes
devg&jam tika izmantots S9 tipa HBM spéka dev&E;js.

Eksperimentalas parbaudes tika veiktas noslégtas vadibas sistéma, kontro-
1gjot testeSanas iekartas galvas parvietojumu. Paraugi spiedg tika parbauditi
slogoSanas iekarta bez atgriezeniskas saites.

Skiedru telpiskais izvietojums ieprieks liecé slogotos Tsskiedru betona pa-
raugos tika noteikts ar manualas Skiedru skaitiSanas panémienu. Paraugi tika
sazageti trijos galvenajos virzienos ar attalumu starp zag€juma plakném vien-
adu ar 40 mm.

Izstradatais semianalttiskais deformaciju prognozesanas modelis pama-
tots uz spriegumu un deformaciju (c—¢€) metodi, kur plaisasanas stadija de-
formacijas tika izteiktas no plaisu platuma mérijjumiem ar raksturiga garuma
metodi. Siju lieckums ir aprékinats, pielietojot nelinearas lociklas panémienu.



Zinatniska novitate

1. Izstradats semianalitisks modelis liektu isskiedru betona elementu de-
formativo un stinguma parametru noteiksanai, kas pamatots uz eksperimentali
ieglitiem rezultatiem vai idealizétam te€rauda 1sskiedru betona Tpasibam vien-
asigaja stiepe un spiede.

2. Piedavats panemiens, kas dod iesp&ju, izejot no terauda Skiedru un be-
tona savstarpé&jas saistes ipasibam, analizét dazadu Skiedru formas ietekmi uz
kompozita materiala sp&ju uznemt stiepes spriegumus saplaisajusa skéluma.
Metodes pamata ir vidgjoto skiedru izrausanas eksperimentalo Itknu bilineara
aproksimacija un efektivais plaisas platums.

3. Terauda skiedras parvietojuma noteikSanai pie plaisas izveidota divu
paral€lu stiegru modela analizes metode, kas nem véra spriegumu sadalijumu
komponent€s un stiegras nepilnigo saisti ar betonu pa Skiedras garumu.

4. Tiek piedavatas metodes t€rauda Tsskiedru liektu konstrukciju elemen-
tu droSuma un ilgizturibas analizei, kuras sevi ietver a) elementa materiala
stipribas Tpasibu un geometrisko raksturlielumu izkliedi; b) lieces momenta
kapacitates samazinajumu terauda Skiedru korozijas ietekmé; c) eksperimen-
tali apstiprinatu kimiska procesa eksponencialo likumu un pienémumu par
linearu korozijas intensitati attieciba pret plaisas dzilumu.

Praktiskais pielietojums

Promocijas darba izstradati analitiski modeli térauda 1s§kiedru betona de-
formativo un stipribas 1pasibu, mehaniskas darbibas un ilgizturibu ietekmgjo-
So faktoru novértesanai.

Lai veicinatu terauda 1sskiedru betona pielietoSanu nesosajas konstrukei-
jas, ir nepiecieSami visaptverosi projektéSanas noteikumi. Ka viens no §1 pro-
mocijas darba praktiskajiem ieguldijumiem ir uz fib Model Code 2010 bazes
izstradatais priekslikums Latvijas Standarta LVS EN 1992-1-1 pielikumam,
kas ir iesniegts Standartizacijas Tehniskaja komiteja LVS/STK 30 Bivnieci-
ba.

Lielaka dala projektesanas standartu un noteikumu, t.sk. fib Model Co-
de 2010, attieciba uz 1sSkiedru betonu nesniedz noradijumus konstrukciju iz-
lie¢u kontrolei. Sis pétijums ir uzskatams par ieguldijumu visparatzitu izlie¢u
noteikSanas metozu izveidei.

Aizstaveésanai izvirzitie rezultati

1. Metode skiedru formas efekta novérté$anai uz saplaisajusa isSkiedru
betona stiepes stipribu, izmantojot bilinearu Skiedras eksperimentala izrausa-
nas sp&ka un parvietojuma sakaribas aproksimaciju un efektivo plaisas platu-
mu.



2. Divu skiedru modelis skiedru parvietojuma aprékinasanai pie plaisas,
vadoties no spriegumu sadalijuma kompozita materiala komponent€s un sais-
tes nepilnibam visa Skiedras garuma.

3. Eksperimentalie Skiedru telpiska izvietojuma pétijumi saistiba ar plai-
sas veidoSanos vietu TsSkiedru betona sijas un teorétisko mode]u, kas balsti-
ti uz homogenu Skiedru koncentraciju, pielietojamibas novertesana skiedru
skaita prognozesanai sabrukuma plaknes.

4. Metodes saplaisajusa un korozijai paklauta te€rauda isskiedru betona
lieces elementu drosuma un ilgizturibas analizei.

5. Semianalitisks modelis térauda Tsskiedru betona siju lieckuma un lieces
stinguma prognozesanai atkariba no lieces momenta lineari elastiga un plaisu
veidoSanas stadija.

Promocijas darba apjoms

Promocijas darbs sastav no $adam nodalam: Ievads; 1. Terauda 1sskied-
ru betona pétijumu apskats; 2. Terauda 1sskiedru un betona saistes petijumi;
3. Terauda skiedru izvietojums betona un ta ietekme uz kompozita materia-
la deformativajam un stipribas ipasibam; 4. Térauda isskiedru betona drosu-
ma un ilgizturibas novertésana; 5. Terauda TsSkiedru betona deformativo un
stipribas Tpa$ibu eksperimentalie pétijumi spiedg, stiepe un liecg; 6. Isskied-
ru betona elastigo Tpasibu un lieces stingribas prognozesana; 7. Secinajumi un
rekomendacijas; Pielikumi. Promocijas darbs satur 119 lapaspuses, 82 att€lus
un 23 tabulas. Darba citéti 110 literatiiras avoti.

Promocijas darba struktira

Promocijas darba struktiira ir paradita 1. att€la. Pirmaja nodala sniegts vis-
parigs ieskats galvenajos aspektos attieciba uz térauda isskiedru betona ves-
turisko attistibu, klasifikaciju, aprékinu panémieniem un izlie¢u kontroli. No
2. Iidz 4. nodalai ir apskatiti faktori, kas ietekmé terauda Tsskiedru betona
deformativas un stipribas ipasibas. Piekta nodala ir apkopoti eksperimenta-
lie rezultati, kuri ir nepiecieSami 6. nodala izstradata semi analitiska modela
parbaudei.
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pétijumu apskats
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Térauda is$kiedru betona
deformativo pasibu
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DARBA SATURS

Pirmaja nodala sniegts liektu térauda Tsskiedru betona konstrukciju ele-
mentu deformaciju prognozesanas metozu parskats, ka art apkopota informa-
cija par panémieniem 1sSkiedru betona mehaniskas darbibas modelé$ana, kas
veikta talakajas nodalas. S1nodala satur Tsu vésturisku ieskatu par isikiedru
betona pétijumiem, ta pielietojumu konstrukcijas, projektésanas un normati-
vo dokumentu attistibu, Tsskiedru betona klasifikacijas aprakstu, skaidrojumu
projektéSanas panémieniem saistiba ar materiala mehaniskas darbibas aprak-
stiSanu, ka arT literatiira pieejamo deformaciju prognozesanas modelu apko-
pojumu.

Promocijas darba 2. nodala ir veltita terauda Skiedru un betona mijiedar-
bibas pétijumiem mikro méroga. Viens no visizplatitakajiem panémieniem
Skiedru un betona savstarp&jas saistes novértéSanai un aprakstisanai ir ekspe-
rimentala $kiedru izrau$anas metode. Sis nodalas pirmaja sadala tiek izklastiti
ar Skiedru izrauSanas metodi iegiitie rezultati — izrauSanas speka un Skiedru
parvietojuma (F-08) eksperimentalas sakaribas (2. attels). Stiegru izrausanas
parbaudes tika veiktas Cetriem dazadiem Skiedru veidiem ar dazadu Skied-
ru orientaciju attieciba pret pielikto speku un atskirigiem enkurojuma dzilu-
miem. legitas Iiknes tika analitiski aprakstitas $kiedru izrau$anas energijas
aprékinasanai. Parametri analitiskajas sakaribas tika iegiiti, veicot minimiza-
cijas procedru.

Skiedru un betona saistes p&tijumu rezultati parada, ka $kiedru formai ir
batiska ietekme uz Skiedru izrausanas energiju, ja $kiedru virziens sakrit ar
picliktas slodzes virzienu. Skiedru formas ietekme paradita 3. attela, kur ta
tiek izteikta ar izrauSanas energiju iepriek$ deformétam Skiedram attieciba
pret gludo skiedru (S) izrauSanas energiju. Pie loti maziem parvietojumiem
(0.1 mm) visa veida $kiedram energijas paterins ir lidzigs. Tomér $kiedru
formas ietekme ir ieveérojama pie 3.5 mm licla parvietojuma. Energija, kas
nepieciesama, lai izrautu Skiedras ar atliektiem galiem (H), ir 9 reizes lielaka
neka gludo skiedru gadijuma. Vilnotas Skiedras (C) un Skiedras ar naglas tipa
galvu (FE) uzrada vel lielaku formas ietekmi — attiecigi 20 un 23 reizu lielaks
energijas patérin$ neka gludajam skiedram. Tomeér Skiedru formas ietekme ir
butiski atkariga no Skiedru orientacijas lenka attieciba pret pielikto speku. 1z-
rauSanas energijas zina atSkiriba starp gludam un iepriek§ deformétam $kied-
ram ir ievérojami mazaka pie lielaka Skiedru orientacijas lenka. Turklat, ja
lenkis ir 60 gradi, pateréta energija atseviskas Skiedras izrausanai no betona
lidz 3.5 mm ir praktiski vienada visa veida skiedram.

Otraja sadala tiek aprakstita metode, kas dod iesp€ju, balstoties uz ekspe-

14



0.15 | \ 0.3
F,kN o Eksperimentalie FIN

—Teorétiskie o
0.10 0.2 -~

o Eksperimentalie
—Teorgtiskie
0.05 0.1
T
8, mm 4, mm
0.00 ‘ : 0 1
0.0 1.0 2.0 3.0 0 1 ) 3
(@) (b)
0.6 0.7
F,kN EREREN:
N o e f Mﬂh
0.4 0.5 i
7 o
0.3 o Eksperimentalie — i o Eksverimentalic
5 —Teorétiskie 0.3 perim il
0.2 —Teorctiskie
/ 0>
0.1 o1
5, mm 5, mm
0 0
0 1 2 3 4 0 1 ) 3 4
(© (d)

2. att. Skiedru un betona saisti raksturojoas videjas Iiknes
(a) taisnas $kiedras, (b) $kiedras ar atliektu galu, (c) vilpotas skiedras un
(d) Skiedras ar naglas tipa galvu

rimentalo skiedru izrauSanas testu rezultatiem, analizét Skiedru sp&ju uznemt
stiepes spriegumus stieptos un liektos térauda Tsskiedru betona elementos at-
kariba no plaisas platuma. Metodes pamata ir apsvérums, ka plaisas platums
ir atkarigs ne tikai no Skiedras izslidéSanas garuma, bet ar no vietgjas betona
sabruk§anas zonas pie plaisu $kérsojosam Skiedram, kuras nav perpendikula-
ras plaisas plaknei. Betona pakapeniska lokalas sabrukSanas procesa skiedras
tiek iesaistitas stiepes spriegumu uznems$anas mehanisma taja bridi, kad skied-
ras parvietojums ir pietiekami liels. So parvietojumu sauc par efektivo plaisas
platumu w,sr. Tas ir atkarigs no Skiedru orientacijas lenka 6 un tiek noteikts
pec $adas formulas:

weff(e):K1+K2tan6, )

kur K, K5 ir $kiedru un betona saistes parbaud@s iegiitic materiala parametri.
Lai aprakstitu sakaribu starp efektivo plaisas platumu w, ¢ un Skiedras orien-
tacijas lenki 6, tiek lietota tangensa funkcija, jo Skiedram ar orientacijas lenki
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3. att. Skiedru formas ietekme uz izrauSanas energiju
atkariba no orientacijas lenka
S — taisnas Skiedras, H — $kiedras ar atliektu galu, C — vilpotas Skiedras,
FE — skiedras ar naglas tipa galvu, W — §kiedras izrausanas energija

90 gradi nav nekadas ietekmes uz materiala sp&ju uznemt stiepes spriegumus.
Plaisas plakn@ esoSo skiedru uznemtie stiepes spriegumi var tikt noteikti
péc sadas sakaribas:

01 =nsVyerrFy , @)
kur
ny Skiedru skaits uz laukuma vienibu;
Fy speks, kas darbojas viena Skiedra;
Vierr  efektivo Skiedru skaits attieciba pret kop&jo Skiedru skaitu Skelu-

ma.

Speéka, kas darbojas katra atseviska Skiedra, lieluma izmainas apraksti-
Sanai tiek lietota uz efektivo plaisas platumu balstita bilineara aproksimaci-
ja. Teorgtisko un eksperimentalo Skiedras izrausanas speka vertibu salidzina-
jums dazadiem lepkiem 6 paradits 4. attela, kura rezultati iegtiti no parbau-
dem ar 50 mm garam vilpotam t€rauda Skiedram un betonu ar spiedes stipribu
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55.1 MPa. Saistes bides spriegumi Skiedras esosa speka aprékinasanai tiek
noteikti no parbauzu rezultatiem pie 6 = 0°.
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4. att. Salidzinajums starp teorétisko un eksperimentalo Skiedras
izrau$anas spéku vilpotam $kiedram

Eksperimentalajas parbaudgés var noveérot, ka tas Skiedras, kuram orienta-
cijas lenkis attieciba pret pielikto speku ir lielaks, maksimalo izrauSanas speka
vertibu sasniedz pie lielaka parvietojuma. Tas nozimg, ka skiedram ar lielaku
orientacijas lenki ir nepiecieSams lielaks parvietojums, pirms tas tiek iesaisti-
tas mehaniskaja darbiba.

Pamatojoties uz Skiedru orientacijas lenki, var tikt noveértéts spriegumu
uznemsanas procesa iesaistito Skiedru daudzums. Lai to noteiktu, ir ieviests
kritiskais lenkis 6..;. Skiedras ar orientacijas lenki mazaku par 6,,;; tiek uz-
skatitas par efektivam. Kritiska lenka vertiba ir atrodama p&c $adas izteik-
smes:

O.riy = arctan <W —Ki ) . 3)
K>

Saplaisajusos sk&lumos stiepes spriegumu aprékinos pie noteikta plaisas

platuma w tiek nemtas vera tikai tas skiedras, kuru orientacijas lenkis attieciba
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pret stiepes spriegumu virzienu ir mazaks par 6,,;;. Aprekinatas kritiska lenka
vertibas dazadu formu Skiedram pie dazadiem plaisu platumiem ir apkopotas
1. tabula. Kritiska lenka princips ir pielietots ari, lai noteiktu formula (2)
lietoto attiecibu starp efektivo un kop&jo Skiedru skaitu Vy.rr apskatamaja
Sk&luma.

1. tabula
Kritiskais lenkis (grados) atkariba no plaisu platuma
Skiedru veids Plaisas platums, w (mm)

0.5 1.0 2.0 3.5
gludas 17 31 50 64
ar atlicktiem galiem 15 28 47 62
vilpotas 7 17 35 52
ar naglas tipa 9 21 39 56
galvam

Skaitliska pieméra rezultati, kas parada plaisu SkérsojoSo Skiedru uznem-
tos stiepes spriegumus liekta elementa, ¢etriem stiegru tipiem ir att€loti 5. at-
tela. Aprékinos tika pienemts, ka Skiedru saturs betona pec tilpuma Vy = 1.0%,
orientacijas koeficients o = 0.5, skiedru garums un diametrs ir attiecigi 50 mm
un 0.75 mm. Raksturigo lielumu Ff ;,,4x, K1, un K3 noteikSanai tika lietoti pro-
mocijas darba aprakstitie Skiedru izrausanas testa rezultati.

Otras nodalas tresaja sadala tiek piedavata divu paralélu Skiedru modela
analizes metode spriegumstavokla un deformaciju novérté$anai aprékina ele-
menta ar viena virziena orientétam $kiedram. ST metode nem véra spriegumu
sadalfjumu komponent€s un stiegras nepilnigo saisti ar betonu pa Skiedras ga-
rumu.

Lai veiktu kompozita materiala deformaciju analizi pie plaisas, tiek ap-
ltikotas vienas Skiedras spriegumu un deformaciju sakaribas. Balstoties uz
saistes spriegumu un parvietojuma pétijumiem [8], saistes Ipasibam [9] un 1s-
Skiedras galiga garuma ietekmi uz elastibas moduli [10], tiek noteiktas sakari-
bas bides spriegumiem, lokalai deformaciju starpibai starp Skiedru un betonu,
ka art Skiedras parvietojumam pie plaisas.

Skiedras nepilniga saiste var veidoties, pieméram, kompozita materiala
komponensu korozijas rezultata [11, 12]. Analizgjot spriegumu sadalfjumu
pa visu skiedras garumu nepilnigas saistes gadijuma, Skiedra tiek patvaligi
sadalita zonas ar idealu saisti un pilniba bez tas. Tadgjadi skiedras tiek noen-
kurotas gredzenveida betona regionos ar idedlu kontaktvirsmas savienojumu.

Tiek aplikots aprékina elements ar divam blakus eso$am paralélam Skied-
ram, kuras novietotas simetriski — lai biitu apmierinats speku lidzsvars plaisas
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5. att. Plaisu S§kérsojoso Skiedru uzpemtie stiepes spriegumi
atkariba no plaisas platuma

Skeluma (6. attels). Tas nozimé, ka pieliktais speks P abos aprékina elementa
galos ir vienads ar ieksgjo stiepes speku F; un 7; summu, kas darbojas attie-
cigi Skiedras un betona. Art divu Skiedru modela gadijuma tiek piedavatas
izteiksmes bides spriegumiem, lokalai deformaciju starpibai starp skiedru un
betonu, ka ar1 Skiedras parvietojumam pie plaisas.

2
& l»
P =,
<« —>

Lere

(b)

6. att. Heksagonals Skiedru sakartojums (a) un divu Skiedru modelis (b)

1 — skiedra; 2 — betona elements

Divu $kiedru modela salidzinasanai ar vienas Skiedras modeli ir veikta
skaitliska analize. Ir izveleti $adi materiala parametri: dy = 0.5 mm, V; = 4%,
Er = 210000 MPa, E,, = 50000 MPa, G,, = 20000 MPa. Segmenta garums
starp divam plaisam (Skiedru enkurojuma garums) ir izvélets 30 mm. Speki
Skiedras pie plaisam ir P, = 0.1 kN un P, = 0.

Divu skiedru sistema speka sadalijums skiedras ir simetrisks. Pretgji tam
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7. att. Speka sadalijums Skiedras un betona divu Skiedru modela gadijuma
1, 2 — speks $kiedras, 3 — speks betona; /., =30 mm, P, =0.1 kN, , =0,un P, =0, P, = 0.1 kN

vienas Skiedras modela aprekinos netiek nodrosinati speku lidzsvara nosaci-
jumi pie plaisas. Skiedras parvietojums pie plaisas A vienas kiedras sistéma
ir 1.032 x 1073 mm, bet divu $kiedru sistéma tas ir 1.155 x 10~3 mm, vei-
dojot 12% lielu relativo starpibu. Divu skiedru sist€mas analizes cela iegiis-
tami precizaki rezultati $kiedru parvietojumam pie plaisas. Lai Sis modelis
biitu pielietojams reala 1sSkiedru betona elementu aprékinos, Skiedru speku
pie plaisas noteikSana jasasaista ar plaisas platumu.

TreSaja nodala ir apkopots p&tijums par Skiedru telpisko izvietojumu un
orientaciju prizmatiskos isSkiedru betona paraugos. Tiek apskatitas sijas ar
izm@riem 100x 100x 500 mm, stiegrotas ar dazadas formas Skiedram. Parau-
gi tika slogoti etrpunktu liec€ lidz sabrukumam un p&c tam sazagéti kubinos
ar Skautnes izméru 40 mm Skiedru daudzuma noteikSanai uz katras zaggju-
ma plaknes. Nominalie $kiedru daudzumi bija 0.75-1.0% péc tilpuma (apm.
60-80 kg/m?).

Tika novérots, ka skiedru telpisko izvietojumu un orientaciju sagatavota-
jos paraugos ietekmé&ja divi galvenie faktori, kurus piemin ari citi p&tnieki.
Pirmkart, $kiedru orientaciju biitiski ietekmé ta saucamais malu efekts. Sa-
ja gadijuma tas bija izteiktaks paraugiem ar lielaku Skiedru skaitu uz tilpuma
vienibu. Otrkart, Skiedru telpisko izvietojumu ietekm€ja izmantota tehnolo-
gija betona iepildisanai veidnos. Sis aspekts var tikt uzskatits ka galvenais
iemesls 1s§kiedru betona neviendabigumam, kas sadala siju §k€lumos ar da-
zadu skiedru blivumu un orientaciju.

Skiedru skaita empiriskas histogrammas un teorétiskas normala sadaliju-
ma Iiknes ir paraditas 8. att€la. Taja sniegta informacija par pargriezto skiedru
skaitu $kérsvirziena plaknés (plaknes X) ar §kérsgriezuma laukumu 64 cm?,
kas ir atlikusais sijas $kérsgriezuma laukums péc ar&jo malu nozaggsanas.

Saja darba tiek analizéts §kiedru skaits un to orientacija saistiba ar sabru-
kuma vietu slogotajas sijas. Skiedru blivums plaisas plakné tiek salidzinats
ar Skiedru blivumu citas ta paSa parauga X plakn@s. Lai parbauditu, vai sijas
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8. att. Histogrammas un teorétiskais normalais sadalijums Skiedru skaitam siju
Skérsgriezuma plaknés

sabruksana notiek §kéluma ar vismazako $kiedru skaitu, visas maksimala mo-
menta zona esosas $k€luma plaknes tika sakartotas pec skiedru blivuma tajas.
Sakartotas plaknes ar Skiedru blivuma vertibam visam sijam ir att€lotas 9. at-
tela, kur pasvitrotas vertibas attiecas uz sabrukuma vietu sijas. Lielakoties
plaisas plakne tika nov@rota regionos ar mazako $kiedru daudzumu. Parau-
gos ar mazaku Skiedru skaitu uz tilpuma vienibu plaisas veidoSanas vietu bez
Skiedru skaita ietekmg&ja arf citi faktori, iespgjams, pasa betona mikrostrukta-
ras neviendabigais raksturs.

Lidziga procediira ir veikta, analizgjot Skiedru orientacijas ietekmi uz sa-
brukuma plaknes atraSanas vietu. Tika noverota tendence plaisam veidoties
Skelumos, kuros attieciba starp garenvirziena veérstam skiedram pret Skérsvir-
ziena orientétam Skiedram ir mazaka. Tomér salidzinajuma ar skiedru skaitu
orientacijas ietekme nav tik izteikta.

Maks. veértiba | 0.64 0.73 0.45 0.33 0.36 0.31 0.30 0.28 0.25

0.61 0.61 0.44 0.25 0.34 0.28 0.28 0.16 0.22

0.42 0.56 0.42 0.20 0.34 0.25 0.27 0.14 0.20

0.53 | | 0.41 0.28 | | 025 | 022 0.19
Min. vértiba
S1.1 S1.2 S1.3 S2.1 S2.2 S2.3 S3.1 S3.2 S3.3
9. att. Siju Skérsgriezuma plaknes maksimala momenta zona, sakartotas péc

$kiedru blivuma vértibam
Pasvitrotas vertibas attiecas uz sijas sabruksanas plakném
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Eksperimentalajos petijumos iegttais plaisas plakni Sk&rsojoso Skiedru
skaits tiek salidzinats ar prognoze&tam vertibam, kuras aprékinatas ar Krenhe-
la (Krenchel) izstradato teorétisko metodi [13], skiedru orientacijas faktoru
aprékinot saskana ar Duponta (Dupont) un Vandevalles (Vandewalle) pie-
davato aprékina panémienu [14]. Salidzinajums veikts péc skiedru blivuma
(Skiedras/cm?®) un apkopots 2. tabula, kur n r.theor 1T teor€tiski prognozetais
Skiedru blivums, ns x mean ir Skiedru blivuma vidgja vertiba maksimala mo-
menta zona un 7y x .. ir Skiedru bltvums parbaudito siju sabrukuma plaknés.

2. tabula
Teoréetiski prognozétie un eksperimentali iegiitie Skiedru blivumi

Af Vf nf theor nf X mean MNfX,cre nf,theor/
@l (%) Gkmd)  Gkemd) GEm) gy e

S1.1 0.442 1.00 1.44 0.40 0.28 5.14
S1.2 0.442 1.00 1.44 0.55 0.28 5.14
S1.3 0.442 1.00 1.44 0.44 0.23 6.26

Paraugs

S2.1 0.442 0.75 1.08 0.19 0.20 5.40
S2.2 0.442 0.75 1.08 0.32 0.27 4.00
S52.3 0.442 0.75 1.08 0.22 0.16 6.75

S3.1 0.860 1.00 0.74 0.26 0.22 3.36
S3.2 0.860 1.00 0.74 0.17 0.14 5.29
S3.3 0.860 1.00 0.74 0.23 0.11 6.73

Saskana ar 2. tabulas datiem Skiedru blivuma vértibas, kas noteiktas teo-
rétiski, pienemot homogeénu skiedru koncentraciju, butiski parsniedz ekspe-
rimentali noteiktas videjas blivuma vertibas. Salidzinot analitiski aprekina-
tos Skiedru bltivumus ar noverotajiem blivumiem plaisu plakn&s, ko raksturo
attieciba 7n1¢ speor /N f X cre, teordtiski noteiktais Skiedru skaits ir 3.3-6.7 reizu
lielaks.

Ceturtaja nodala ir risinati t€rauda sSkiedru betona droSuma un ilgiz-
turibas aspekti. Plaisas liektos t€rauda 1sSkiedru betona elementos veicina
koroziju, kas izraisa konstrukcijas bojasanos. Tadgjadi §1 fenomena ietekmes
analize t€rauda Tsskiedru betona gadijuma ir Joti svariga. Saistiba ar korozijas
ietekmi vairaki petfjumi jau ir veikti, tomér publicétie rezultati nav pietieka-
materiala ilgizturibu [15].

Statiski nosakamu sistému droSuma analize ir salidzinosi viegli veicama,
pamatojoties uz materiala raksturlielumu sadalfjumu un konstrukcijas para-
metru savstarpgjo sakaribu. Konstrukciju droSuma, atbilstibas un ilgizturibas
novértésana tiek lietoti modeli, kas sastav no nosacitiem elementiem, kuru

22



savstarpg€ja saistiba no droSuma viedokla var biit virkn&ta, paraléla un jauk-
ta [16]. Nosacttie elementi ir konstrukciju bistamo zonu varbiitigie rakstur-
lielumi, kuras veidojas geometrisko un materiala stipribas raksturlielumu iz-
kliedes dgl.

Saja pétijuma tiek apstiprinata hipotéze par konstrukciju nestspéjas sama-
zinasanos, ko izraisa Skiedru diametra samazinajums korozijas procesa ietek-
me. Ir izstradats analitisks modelis lieces momenta uznemsanas sp&jas nover-
teSanai elementiem ar samazinatu skiedru diametru. Pielietojot eksperimen-
tali apstiprinatu eksponencialo kTmiska procesa likumu un pienemot linearu
korozijas ietekmes sadaltfjumu attieciba pret plaisas dzilumu, ir noteikts liektu
elementu nestsp&jas samazinajums.

Terauda 1s8kiedru betona elementu momenta uznemsanas sp&ja ir atkariga
no materiala stipribas raksturlielumu izkliedes, geometrijas un apkartgjas vi-
des ietekmes. DroSuma samazinajums var rasties galvenokart situacijas, kad
lieli iedarbju efekti sakrit ar vaju elementa pretestibu.

Korozijas ierosinatais Skiedras nestsp&jas samazinajums stiepé var atbilst
Skiedras izrauSanas pretestibai, ta rezultata Skiedra var partrukt, nevis tikt iz-
rauta. Sis process var biit nepartraukts, sakot ar $kiedras partriksanu plaisa
pie elementa virsmas un turpinoties secigi ar $kiedram dzilak plaisa. Nemot
vera korozijas iedarbi, iek$€jos spékus un izmérus (sijas augstumu / un spies-
tas zonas augstumu x), liektu terauda Tsskiedru betona konstrukciju elementu
momenta uzgemsanas sp&ju var noteikt p&c $adas izteiksmes:

M(&) =cht%(h—lm)+Ff <h_zm_x+‘:) _

3 32
x 2
—AFfsl (h - lcrc - g + 3§> 5 (4)
kur
Lere plaisas garums;
¢ lokala koordinate gar plaisas plakni;
Fre stiepes speks, kas darbojas 1sskiedru betona;
Fr Skiedras izrauSanas speks;

AFrg  Skiedru izslideéSanas raditais izrauSanas speka samazinajums.
Saplaisajusas konstrukcijas kalpoSanas ilgums tiek pienemts ka funkcija
no korozijas pakapes. Terauda 1sskiedru betona ilgizturibas aplese ir nepiecie-
Sams noteikt tadu sakotngjo konstrukcijas geometrisko raksturlielumu, kur§
laika bridi + = T nav mazaks par ta aprékina vertibu. Sakotng&jais Skiedras
Skérsgriezums Ay ¢ ir izsakams no $adas izteiksmes:

Aso = As,delt~ )
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Balstoties uz (5) formulu, pienemot eksperimentala cela noteiktu defektu in-
tensitati A un aprékina veértibu terauda stiegras diametram d 4, var aprékinat
atlikuso kalposanas ilgumu 7' vai nepiecieSamo sakotngjo Skiedras diametru
ds .

Piektaja nodala tiek aprakstiti eksperimentalie TsSkiedru betona deforma-
tivo un stipribas Ipasibu petijumi. legitie rezultati materiala uzvedibai vien-
asigaja stiep€ un spiedg tiek izmantoti ka galvenie izejas dati 6. nodala pre-
zent€taja deformativo Ipasibu prognozesanas modeli. Ir veiktas arT paraugu
parbaudes liecg, lai salidzinatu analitiski noteiktas un realu térauda isskiedru
betona siju lieces momenta un liekuma sakaribas. Lai gan §Ts Tpasibas ir daudz
pétitas un aprakstitas literatiira, So petijumu mérkis ir izveidot eksperimentalo
datu bazi minéta modela validacijai.

Pétijumos tika izmantotas normalas stipribas betons ar nominalo térauda
$kiedru saturu 80 kg/m>. Tika izvélétas Latvijas tirgii pieejamas tris daza-
das formas skiedras: vilpotas Skiedras ar apalu Skérsgriezumu, Skiedras ar
atlicktiem galiem, vilpotas Skiedras ar plakanu skérsgriezumu. Visu skiedru
garums bija 50 mm. P&tfjumiem izgatavoto paraugu veidi un skaits atkariba
no Skiedru formas ir apkopoti 3. tabula.

3. tabula
Paraugu raksturojums
. Skiedru forma
Parauga veids
vilnotas atlicktiem vilnotas,
galiem plakanas
Cilindri 5 5 5
Hantelu formas 6 6 6
Prizmatiski (sijas) 3 3 3
Kontroles kubi 4 4 4

Ir ieglitas teérauda 1sskiedru betona spriegumu un deformaciju sakaribas
spied€ un stiepe. Tika noverots, ka lidz maksimalas stipribas sasniegSanai
1sSkiedru betona uzvediba spiedg ir Iidziga nestiegrota betona uzvedibai. To-
mér Skiedru ietekme ir konstatéta p&c maksimalas stipribas sasniegSanas. Ar
Skiedram stiegrota betona paraugi uzrada sp&ju saglabat spiedes stipribu tu-
vu maksimalajai vértibai 1idz pat 0.35% lielam deformacijam. Ar C1 grupas
paraugiem veikto parbauzu rezultata iegtita vidgja spiedes spriegumu un de-
formaciju diagramma kopa ar teoretisko aproksimaciju ir paradita 10. a attela.

Stiepes paraugu parbauzu rezultati ir att€loti ar spriegumu un deformaciju
sakaribam. Visiem paraugiem tika konstatéta spriegumu samazinasanas péc
pirmas plaisas veidosanas, kas nozimg, ka katra parauga attistijas tikai viena
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plaisa. Tika konstrutas idealizetas stiepes spriegumu un deformaciju diag-
rammas, pamatojoties uz trim raksturigiem eksperimentalo datu punktiem:
1) pie maksimala sprieguma; 2) tilit péc sprieguma krituma; 3) pie “pseido”
deformacijas 0.035. Relativas materiala deformacijas (pseido deformacijas)
tika iegtitas, parveidojot kop&jo nomerito parauga deformésanos merijuma ba-
zes zona, kas sastav no materiala deformacijam un plaisas platuma, izmantojot
raksturigd garuma pan€mienu. Idealiz€to spriegumu un deformaciju sakaribu
T1 grupas paraugiem skatit 10. b attgla.

25 1

G, MPa 25
20 o, 0O TLI o T12
mm 2.0 {N/mgm? & TIL.3 x Tl.4
15 ] J o T15 + TL6
£ N 1.5 ——Ideal (T1)
0, £ N\ 1.0
v 05
0 ‘ ‘ & e : : % B
0 0001 0002 0003 0.004 0 00l 002 003 004
(2) (b)

10. att. Parbaudito paraugu spriegumu un deformaciju diagrammas
spiedé (a) un stiepé (b)

Sijas ar izmériem 100 x 100 x 500 mm tika slogotas ¢etrpunktu liecé. Mak-
simalais lieces moments bija no 0.45 Iidz 0.6 kNm, kas tika sasniegts, veido-
joties pirmajai makro plaisai. Liekumam 1/r pieaugot, tika novérota lieces
momenta samazinasanas. Materiala palieko$as stipribas dél, ko nodrosina te-
rauda Skiedru stiegrojums, plaisasanas stadija tika sasniegtas ievérojamas iz-
lieces, saglabajot véra nemamu momenta uznemsanas sp&ju. Paraugu lickums
tika izteikts, pamatojoties uz ta saukto nelinearas lociklas panémienu' [17].

Ir analizets teérauda 1sskiedru betona siju lieces stingums atkariba no slo-
gosanas stadijas. Pirms plaisu veidoSanas stadija eksperimentali noteiktais
stingums bija robezas 150-250 kN/m?, kas sakrit ar teorétisko vértibu (EI), ja
stingums noteikts no deformaciju mérijumiem uz parauga spiestas un stieptas
puses. Ja izmanto siju izlie¢u rezultatus, iegiitas stinguma vértibas ir ievéro-
jami mazakas — 100-150 kN/m?. Eksperimentalas lieces momenta vértibas
atkariba no liekuma un stinguma vertibas atkariba no lieces momenta ir para-
ditas 11. a un b attela.

Tiek analizéta savstarp&ja spiedes un stiepes deformaciju sakariba (sk.
12. att€lu). Lineari elastigaja darba stadija siju spiedes un stiepes deforma-
ciju absollitas vertibas ir vienadas, €./¢€” = 1.0. Tomér p&c graujoSo betona

!non-linear hinge approach
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11. att. Eksperimentalas lieces momenta vértibas atkariba no liekuma (a) un
stinguma vertibas atkariba no lieces momenta (b)
Pilnie, treknie punkti — liekums aprékinats no izliecem;
tuksie, planie punkti — liekums aprékinats no deformacijam

stiepes deformaciju sasniegsanas attieciba starp spiedes un stiepes deforma-
cijam strauji samazinas lidz Iimenim, kas tuvs 0.1, kuru saglaba lidz veikto
parbauzu beigam.

Sestaja nodala, pamatojoties uz eksperimentali noteiktam térauda 1sskied-
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12. att. Spiedes un stiepes deformaciju attiectba atkariba no
stiepes deformacijam

ru betona Ipasibam vienasiga spied€ un stiepé, ir izstradats semianalitisks mo-
delis 1sskiedru betona konstrukciju lieces momenta un lieckuma sakaribas un
lieces stinguma noteikSanai. Stiegrotie elementi tiek apskatiti ka divslanu sis-
téma, plaisasanas stadija pienemot kvazi plastisku stiepes spriegumu darbibu,
to aprakstot ar idealiz&tu spriegumu un deformaciju diagrammu. Momenta
vertibas atkariba no liekuma tiek noteiktas, apskatot normalspriegumu I1dz-
svaru §k€luma, t.i., no stiepes un spiedes spriegumu un deformaciju diagram-
mu laukumu vienlidzibas nosacijuma:

g

/ " Gbde =0, 6)
&

Pamatojoties uz o—¢ laukumu statisko momentu izteiksmém, lidzsvara
stavokli var uzrakstit $adu lieces momenta izteiksmi:

bh?
M= W [S1(&") —S2(&)], @)

b sijas platums;

h  sijas Skersgriezuma augstums;

g spiedes deformacija;

g stiepes deformacija;

S;  o—¢ diagrammas veidojo$a laukuma statiska momenta funkcija.
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No teorgtiskas lieces momenta un liekuma liknes var izteikt stinguma D
izmanas atkariba no sijas lickuma. Stinguma vertibas atkariba no lieces mo-
menta nosakamas no eksperimentali noteiktajam sijas spiestas un stieptas pu-
ses deformacijam, ka paradits formula (8), vai arT no sijas izliecem.

M

De(M) = o ®)

Iegttie analitiskas model€sanas rezultati ir salidzinati ar térauda 1sskiedru
betona siju Cetrpunktu lieces parbauzu rezultatiem 13. atte€la. S1 un S2 parau-
gu grupam piederoSo siju prognozetais lieces moments pie plaisu veidoSanas
sakrit ar eksperimentalajiem rezultatiem. Salidzinot ar S3 grupas sijam, apré-
kinatais plaisasanas lieces moments ir par 30% lielaks neka eksperimentalais.
Aprekinu cela noteiktas lieces momenta vertibas plaisu veidoSanas stadija sa-
krit ar S1 un S3 paraugu grupas siju parbauzu rezultatiem. S2 paraugu grupas
sijam prognoz&tas momenta vertibas ir par 40% lielakas neka eksperimentos
ieglitas. Aprékinatais siju lieces stingums pirms plaisu un plaisu veidosanas
stadija atrodas eksperimentalo parbauzu rezultatu diapazona. Tomér spiedes
un stiepes deformaciju savstarpgja sakariba netiek korekti prognozeta.

Tiek piedavats alternativs panemiens, kas balstits uz materiala spriegumu
un deformaciju sakaribu stiepe un eksperimentali noteikto sakaribu starp spie-
des un stiepes deformacijam. ST metodes pamata ir §adi tris apsvérumi: 1) re-
lativais spiestas zonas augstums x/h dazadas slogo$anas stadijas tiek noteikts
no eksperimentala cela iegiitas spiedes un stiepes deformaciju savstarpgjas
sakaribas; 2) tiek izmantota vienkarsSota iek$gja spekpara pleca relativas ver-
tibas z/h noteik$ana; 3) pamatojoties uz x/h un z/h vertibam, tick parveidota
1sSkiedru betona spriegumu un deformaciju uzvediba spiedg.

Saskana ar $o metodi modelésanas rezultata iegiito siju momenta un lie-
kuma sakaribu atbilstiba eksperimentalajiem rezultatiem lidzigi ka ieprieks
aprakstitaja modelt var tikt pienemta ka apmierinosa. Tomer lieces stingums
pirms plaisu veido$anas stadija un plaisu veido$anas sakuma posma tiek prog-
nozg&ts mazaks par eksperimentali noteikto stingumu. Lai gan $T metode sevi
ietver pareizu attiecibu starp spiedes un stiepes spriegumiem, tomér ieprieks
aprakstita metode, kas balstits uz lidzsvara nosacijumu §k&luma, ir uzskatama
par piemérotaku 1sSkiedru betona lieces stinguma prognozesanai.

Atseviskos gadijumos noverota prognozeto lieces momenta un lickuma
sakaribu neatbilstiba eksperimentalajiem rezultatiem skaidrojama ar lielo plai-
sas plakni Sk&rsojoSo Skiedru skaita izkliedi, kas ir raksturiga 1sSkiedru beto-
nam, ka arT ar atSkiribu starp stiepes un lieces parbaudés izmantoto paraugu
betona kvalitati.

Izstradata deformativo pasibu prognozesanas modela parametriskas ana-
lizes rezultati ir atspoguloti 14. att€la. Materials ar lielaku paliekosas stiepes
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13. att. Prognozétais un eksperimentalais lieces moments atkariba no
lickuma (a) un stingums atkariba no lieces momenta (b)

stipribu var sasniegt augstaku maksimala momenta vertibu. Tadgjadi Skiedru
ietekme uz Ts§kiedru betona konstrukciju maksimalo nestsp&ju ir acimredza-
ma. Tomer pirms plaisu veidosanas stadija stinguma un momenta sakaribas
ir vienadas visam sijam, neuzradot nekadu materiala paliekosas stipribas ie-
tekmi uz stinguma maksimalo vértibu. Skiedru ietekme uz lieces stingumu var
noverot tikai plaisu veidosanas stadija, ietekm&jot D-M diagrammas lejup-
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ejoso zaru pec plaisasanas lieces momenta sasniegSanas.
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14. att. Deformativo ipasibu prognozé$anas modela parametriska analize
(a) stiepes sprieguma un deformaciju sakariba, (b) momenta un liekuma sakariba,
(c) un (d) stinguma un momenta sakaribas t€rauda Tsskiedru betona sijam ar attiecigi dazadam

stiepes spriegumu un deformaciju sakaribam un betona spiedes stipribas vértibam

Ka redzams 14. d att€la, betona spiedes stipriba lieces stingumu pirms
plaisu un plaisu veidosanas stadija ietekme nedaudz. Palielinot spiedes stipri-
bu no 20 I1dz 50 MPa, apskatito siju lieces stingums pieaug tikai par 13-20%.
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SECINAJUMI UN REKOMENDACIJAS

Secinajumi

1. Specifiska kompozita materiala strukttra, kas sastav no trauslas mat-
ricas un Tsa, elastiga, patvaligi orient&ta térauda stiegrojuma, ir iemesls liektu
elementu deformaciju kontroles metozu trilkumam, ipasi plaisu veidosanas
stadija.

2. Isu terauda 8kiedru un betona savstarpgjas saistes pétijumos, kur ti-
ka izmantota Skiedru izrausanas metode, ir noteikta t€rauda 1sSkiedru betona
spriegumu uznemsanas kapacitate saplaisajusa skéluma. Pie lieliem skied-
ru orientacijas lenkiem jabit pietickami lielam parvietojumam, pirms attie-
cigas Skiedras tiek iesaistitas mehaniska darbiba. Tapéc pie maziem plaisu
platumiem $kiedram, kuru orientacijas lenkis parsniedz 30 gradus, efektivita-
te stiepes spriegumu uznemsana ir nieciga. Ar izstradato metodi tieck modeléta
Skiedru orientacijas lenka ietekme.

3. Skiedru telpiska izvietojuma un orientacijas ietekme uz térauda isikied-
ru betona elementu deformativajiem un stipribas raksturlielumiem tika no-
teikta ar Skiedru skaitiSanas metodi, liec€ parbauditas sijas, sazaggjot nelielos
prizmatiskos paraudzinos. Tika apstiprinats, ka plaisas tiecas veidoties re-
gionos ar mazaku Skiedru skaitu un pret normalspriegumu virzienu lielaku
orientacijas lenki.

4. Terauda Tsskiedru betona konstrukciju elementu drosibas un ilgizturi-
bas analizei ir izstradatas metodes, kas balstitas uz kompozita materiala stip-
ribas Ipasibu un konstrukcijas elementa geometrisko raksturlielumu izkliedi.
Ir piedavats modelis lieces momenta uznemsanas sp&jas novertésanai pie ko-
rozijas izraisita térauda Skiedru diametra samazinajuma. Modeli tiek nemts
vera eksponencialais korozijas procesa likums un pienemts linears korozijas
intensitates sadalfjums attieciba pret plaisas dziJumu un platumu.

5. Pamatojoties uz eksperimentali noteiktajam terauda 1sSkiedru betona
Tpasibam vienasigaja spied@ un stiepg, ir izstradata semianalitiska metode liek-
tu TsSkiedru betona elementu momenta un lickuma sakaribas noveértésanai.
Plaisasanas stadija tick pienemts kvazi plastisks stiepes spriegumu sadalijums.
Izstradata modela validacija ir veikta ar térauda 1s§kiedru betona sijam, kuras
Skiedru saturs bija 1% no betona tilpuma. Prognozetas momenta un lickuma
attiecibas uzradija labu atbilstibu Cetrpunktu liecg iegtitajiem eksperimentala-
jiem datiem.

6. Lieces parbaudgés tika novérota savstarp&ja sakariba starp spiedes un
stiepes deformacijam. Lineari elastigaja darba stadija deformacijas bija vie-
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nadas un abu deformaciju attieciba bija vienada ar 1.0, bet p&c plaisu paradi-
Sanas §T attieciba strauji samazinas un sasniedz Iimeni, kas tuvs 0.1. Teguta
deformaciju attieciba tiek izmantota piedavataja modeli, lai to vienkarSotu un
noverstu analitisko un eksperimentalo rezultatu savstarpgjo nesaisti.

7. Piedavata metode lauj novertet attieciga skersgriezuma lieces stingumu
pirms plaisu un plaisu veidosanas stadija. Stinguma un momenta sakaribas ir
noderigas liektu terauda sSkiedru betona konstrukciju elementu deforméja-
mibas novertésana.

8. Terauda isskiedru betona ipasibas un mehaniska darbiba ir daudz pé-
tita joma, un rezultati ir pieejami, tomer nacionalo projektéSanas standartu
trikuma dé] is§kiedru betonu galvenokart pielieto neso$ajas konstrukcijas. ST
promocijas darba ietvaros, pamatojoties uz fib Model Code 2010 ir sagatavots
pielikums Latvijas standartam LVS EN 1992-1-1, un iesniegts Standartizaci-
jas Tehniskaja komiteja LVS/STK 30 Biivnieciba.

Rekomendacijas

1. Lai gan tika noverota laba izstradata modela aprékina rezultatu atbilsti-
ba eksperimentalajiem datiem, ir nepiecieSami plagaki pétijumi talakai modela
validacijai. Siju parbaud€s noverota attieciba starp spiedes un stiepes defor-
macijam, kas tiek izmantota deformaciju prognozesana, var tikt ietekmé&ta no
Skiedru daudzuma. Tapéc ir vajadzigi papildus eksperimentalie petijumi de-
formaciju attiecibas izvert€Sanai it Tpasi materialiem, kuri uzrada spriegumu
picaugumu péc plaisu veidoSanas stadija.

2. Sis petijums parada, ka térauda Tsikiedru betona vienasigas stiepes 6—€
diagrammas ir pielietojamas Tsskiedru betona siju momenta—lickuma un stin-
guma—momenta sakaribu prognozesanai, tomer validacija javeic ari cita veida
konstrukcijam, pieméram, parseguma platném. Literatiira pieejamie p&tijumu
rezultati parada, ka Tsskiedru betona ipa$ibas ir loti saistitas ar geometriska-
jiem parametriem: konstrukcijas $k€rsgriezuma augstums un platums. ArT Sis
aspekts ir petams saistiba ar izstradato modeli.

3. Sagatavotais Latvijas standarta LVS EN 1992-1-1 pielikums térauda
1sSkiedru betona konstrukciju projektéSanai nesatur noradijumus konstrukei-
ju izliecu kontrolei. Lai izstradatu izliecu reguléSanas metodes un ieklautu
standartu nacionalajos pielikumos, ir javeic visaptverosa piedavato un lietoto
modelu analize kopa ar plasiem eksperimentalajiem p&tfjumiem.

4. Saistiba ar t€rauda TsSkiedru betona ilgizturibas novertésanu uz teore-
tiskajiem un eksperimentalajiem p&tijumiem balstitais eksponencialais likums
konstrukciju un to elementu novecosanas procesa aprakstiSana ir pirmais tuvi-
najums. Talakai modela attistiSanai ir javeic uz sistematizétu eksperimentalo
rezultatu un jau uzbiivéto konstrukciju inspekcijas un laboratorisko parbauzu
pamata bazets novertejums.
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REVIEW OF DOCTORAL THESIS

Topicality of the work

Fibre reinforced concrete (FRC) as a solution for different structural ap-
plications is of great interest among today’s scientists of the field of structural
engineering. The realised projects like elevated suspended slab in “Diton
Nams” (Daugavpils, Latvia), approves that conventional reinforcement can
be replaced by steel fibres. If structures are reinforced with fibres only, the
labour-intensity can be reduced significantly. This aspect applies also to struc-
tural elements with complex shapes and tangled connections, where the use
of traditional reinforcement can become inconvenient both for builders and
designers. From a durability perspective, both early-age cracking and drying
shrinkage reduce load carrying capacity and accelerate deterioration, result-
ing in increased maintenance costs and reduced service life. Fibres have a
direct impact in that area as well. Traditional methods of designing ignore
the tensile capacity of concrete, that means that a notable portion of concrete
used in structural elements does not contribute to the load bearing capacity
and deformations. Using innovative materials such as fibre reinforced con-
crete allows for the design of more efficient structural systems thus reducing
the influence on greenhouse effect [1].

In addition to the advantages mentioned above, fibres can contribute to the
reduced deflections of structural members. Some of the main factors affect-
ing deflections of a structural element are tensile strength, bending stiffness,
cracking, and shrinkage curvature [2]. Steel fibres increase the tensile strength
of the concrete and provide residual tensile strength after cracking. The abil-
ity of transferring tensile stresses in the cracked stage increases the bending
stiffness for cracked sections. Steel fibres also help restrain shrinkage due to
drying of the cement matrix (citing Swamy and Stavrides 1979, Mangat and
Azari 1988, Atis and Karahan 2009) [3] and the uniformity of fibre reinforce-
ment through out the cross-section reduces the shrinkage curvature.

Despite the massive amount of research that has been carried out and
all the benefits described above, the usage of steel fibre reinforced concrete
(SFRC) is limited mainly to non-bearing structures. The lack of Building
Codes for structural design, which take into account the post-peak behaviour
of FRC in tension, is mentioned as the main reason why SFRC is not used
in structural applications by practitioners [4, 5]. The same can be referred to
the situation in Latvia. There are several design guidelines developed in the
European countries and world wide in recent years. FIB task group TG 8.3
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“Fibre Concrete” have prepared pair of sections for FRC structural design in
the new fib Model Code 2010 published in 2012, which can serve as the basis
for design rules adopted in Latvian Standards.

Although the mentioned guidelines and building codes describe the design
constitutive laws for the use in both ultimate and serviceability limit states,
gives rules for verification of safety and serviceability (stress limitation, crack
control) of FRC structures, there is no procedure provided for deflection con-
trol in most of them. In the opinion of the author of this work it is an urgent
necessity to have such procedure for calculating deflections similar to those
provided in Eurocode 2 for conventional reinforced concrete.

Regarding deformations of SFRC, there are several approaches available
in the literature. Based on the experimentally determined constitutive laws
of bending force over deflection, a numerical integration procedure can be
performed along the length of the member. Also an inverse analysis using
the finite element method can be employed to deduce the material properties
from the load—deflection response of the round panel test and afterwards the
obtained properties is used as input data in finite element calculations for real
structural slab design [6]. To find the stiffness of a fibre reinforced concrete
section the analytical method of transformed section, which is common for
conventionally reinforced concrete elements, is suggested by Bywalski and
Kaminski [7]. In this work a semi-analytical approach is proposed, where
concrete with the fibre reinforcement is considered as a composite material
with different behaviour in tension and compression. In this model experi-
mental results for pre-crack and post-crack behaviour of SFRC in uni-axial
tension and compression are needed.

Besides prediction of deformations of SFRC structural elements, main
factors influencing material properties and behaviour should be understood.
This includes the aspects of fibre distribution and orientation, interfacial bond
between fibres and concrete, reduction of fibre diameter due to corrosion, and
others. Although there is much research done in these fields, the knowledge is
not complete. Because of the variety of SFRC compositions and complexity
of its inner structure, there are still possibilities to bring in some new under-
standing, methods and approaches of calculations.

Objective of the study

The main objective of the study is to develop semi-analytical model to
predict bending stiffness of steel fibre reinforced concrete, and propose meth-
ods for evaluating the factors that influences the behaviour of SFRC structural
elements under flexure.
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Tasks of the study

To achieve the objective of the work the following main tasks are set to
be fulfilled:

1. experimental study of deformation and strength properties of concrete
in compression, tension and flexure reinforced width different types of steel
fibres;

2. analysis of the interfacial bond properties of concrete and different
types of fibres;

3. study of the distribution of short steel fibres in concrete and its influ-
ence on material properties;

4. proposition of a method to evaluate the reduction of moment capacity
due to corrosion;

5. development of semi-analytical model for prognosis of bending stiff-
ness.

Methodology

Besides analytical calculations and literature studies, comprehensive ex-
perimental testing of SFRC specimens were carried out.

Investigations on steel fibre and concrete interfacial bond properties were
performed by fibre pull-out test method, where pull-out force over fibre dis-
placement was registered. Deformation and strength properties in compres-
sion of SFRC were determined using cylinders with dimensions in compli-
ance with standard LVS EN 206-1. Both longitudinal and transversal strains
were measured within the central third of the height of the cylinders. Un-
notched dumbbell like specimens with square cross-section (100x 100 mm)
were used for acquiring material response under uni-axial tensile loading.
Measurements of strains and crack width opening was recorded in both linear
elastic and post-cracking range. SFRC behaviour in flexure was tested un-
der four-point bending. Un-notched rectangular prism specimens with cross-
section of 100x 100 mm were used. Applied force, deflections, and strains on
compressed and tensioned side were measured. For fibre displacement meas-
urements in pull-out tests and strains measurements in tensile, compression,
and flexural tests HBM transducers were used. Additionally to the load cell
of testing machine (Zwick), S9 type HBM force transducer was used, where
greater accuracy was needed.

Tests were performed under closed looped conditions by controlling pos-
ition of the machine head. The specimens in compression were tested under
open looped conditions.

The distribution and orientation of the fibres in concrete samples was eval-
uated by manual fibre counting approach. Samples were sawn in three main
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directions having the distance of 40 mm between cutting planes.

The proposed semi-analytical model for deformation prognosis is devel-
oped basing on the stress—strain (o—¢) approach, deriving strains from crack
width opening measurements using the concept of characteristic length. Cur-
vature of beams was determined by applying non-linear hinge approach.

Scientific novelty

1. A semi-analytical model for predicting deformations and stiffness para-
meters of flexural steel fibre reinforced concrete elements is developed by us-
ing the experimentally obtained and/or idealised uni-axial tension and com-
pression properties of SFRC.

2. Basing on steel fibre and concrete interfacial bond properties, an eval-
uation method is proposed, that gives possibility to analyse the influence of
fibre type on the capability of transferring tensile stresses by fibres crossing
a crack. The method is based on bi-linear approximation for average pull-out
experimental curves, taking into account the effective crack width.

3. To evaluate fibre displacement at a crack, two-fibre system analysis at
micro-level is developed, which takes into account stress distribution along
fibre length considering incomplete bonding. The proposed analysis shows
more accurate results than that obtained form the single-fibre analysis.

4. The methods of reliability and durability analysis of SFRC flexural
elements are proposed, which considers @) the dispersion of material strength
properties and geometrical characteristics of elements; b) decrease of the bend-
ing moment capacity due to reduction of steel fibre diameter caused by cor-
rosion; ¢) experimentally established exponential law of chemical processes
and the assumption of linear rate of corrosion along the crack depth.

Practical application

The Doctoral Thesis provides models, which are applicable for evaluating
various factors determining the deformation and strength properties, mechan-
ical behaviour, and durability of steel fibre reinforced concrete.

To promote use of SFRC in structural application, comprehensive design
rules are needed. As a part of this promotion work, on the basis of fib Model
Code 2010 appendix to Latvian Standard LVS EN 1992-1-1 is prepared and
submitted to the Latvian National Standardisation body Latvian Standard.

Most of the current building codes regarding FRC structural design, in-
cluding fib Model Code 2010, do not provide rules for deflection control. This
study can be considered as a contribution to development of generally accep-
ted methods for deflection calculations and control of structural members.
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Results presented for defence

1. Method, based on bi-linear approximation for average pull-out experi-
mental curves, and taking into account the effective crack width, for evaluat-
ing fibre type effect on tensile stress transferring capacity in cracked section.

2. Two-fibre model for calculating fibre displacement at a crack, which
takes into account stress distribution along fibre length considering incom-
plete bonding.

3. Experimental analysis of fibre distribution and orientation with respect
to crack initiation in beams, and evaluation of applicability of theoretical mod-
els assuming homogeneous fibre concentration for predicting fibre amount in
fracture plane.

4. Methods of reliability and durability analysis of cracked SFRC flexural
elements subjected to corrosion.

5. Semi-analytical model for prognosis of moment—curvature response
and bending stiffness of steel fibre reinforced concrete beams.

Volume of the Doctoral Thesis

Doctoral Thesis includes the following chapters: Introduction; 1. Review
of investigations on fibre reinforced concrete; 2. Investigation of steel fibre
and concrete interfacial bond properties; 3. Fibre distribution and its influence
on deformation and strength properties of steel fibre concrete; 4. Reliability
and durability estimation of steel fibre concrete; 5. Experimental study of de-
formation and strength properties of fibre reinforced concrete in compression,
tension, and bending; 6. Prognosis of steel fibre reinforced concrete proper-
ties in flexure; 7. Conclusions and recommendations; Appendices. Doctoral
Thesis contains 119 pages, 82 figures, and 23 tables. Bibliography contains
110 sources.

Structure of the Doctoral Thesis

The structure of the Thesis is outlined in Fig. 1. The first chapter gives
general insight of main aspects regarding the SFRC development, classifica-
tion, design approaches and deflections control. Chapters 2 to 4 deal with
factors, which influenc deformation and strength properties of SFRC. Chap-
ter 5 provides experimental data necessary for the semi-analytical model pro-
posed in Chapter 6.
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General information
State of the art
(Chapter 1)

Factors influencing
deformation properties of
SFRC

Interfacial bond properties
of steel fibres and concrete
(Chapter 2)

Fibre distribution influence
on crack formation
(Chapter 3)

Durability aspects
Corrosion of fibres
(Chapter 4)

Prognosis of deformations
of SFRC

Properties in tension
Properties in compression
(Chapter 5)

Behaviour in flexure
(Chapter 5)

Semi-analytical model for
prediction of stiffness
(Chapter 6)

Conclusions and recommendations
(Chapter 7)

Fig. 1. Outline of the doctoral Thesis
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APPROBATION OF THE WORK

The results of the doctoral Thesis are published in one scientific journal.
Five papers are published and one is submitted for publishing in proceedings
of international scientific conferences. Two of the publications are available
in EBSCO and one in SCOPUS databases. The results are also presented in
7 international scientific conferences. The publications and conferences are
listed below.

Publications in scientific journals

Skadins U., Brauns J. (2012) Investigation of Steel Fibre Pullout and Mod-
eling of Bridging Behaviour in SFRC. Engineering Structures and Technolo-
gies, Vol. 4, No. 3, pp. 77-88 (EBSCO).

Available:
http://www.tandfonline.com/doi/abs/10.3846/2029882X.2012.729653

Publications in conference proceedings

1. Skadins U., Brauns J. (2013) Influence of Fibre Amount on SFRC Pre-
and Post-Crack Behaviour. In: Proceedings of 4th International Scientific
Conference Civilengineering ’13. May 16-17, 2013. Jelgava, Latvia: LLU.
[Submitted]

2. BraunsJ., Skadins U. (2011) Durability Estimation of Steel Fibre Con-
crete Flexural Elements. In: 7th International Conference on Analytical Mod-
els and New Concepts in Concrete and Masonry Structures. June 13-15.
Krakow, Poland: Polish Academy of Sciences, pp. 269-270.

3. Skadins U. (2011) The Effect of Fibre Type on Pullout Energy. In:
Proceedings of fib Symposium PRAGUE: Excellence and Efficiency. Prague,
Czech Republic: fib CEB-FIP, pp. 979-982.

4. Skadins U., Brauns J. (2011) Modeling of Fiber Bridging Behaviour in
SFRC. In: Proceedings of 3rd International Scientific Conference Civilen-
gineering '11. May 12-13. Vol. 3, Jelgava, Latvia: LLU, pp. 109-112
(SCOPUS).

Available:  http://www.scopus.com/inward/record.url?eid=2-s2.0-8486632
3820&partnerID=40&md5=d740e7b8cd7d0b8c026539f629683477

5. Skadins U., Brauns J. (2010) Modeling of Unidirectional Short-Fiber
Reinforced Concrete. In: Research for Rural Development 2010. Vol. 2,
Jelgava: LLU, pp. 192-196 (EBSCO).

6. Brauns J., Skadins U. (2009) Semi-analytical Modelling of SFRC in
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Flexure. In: Proceedings of the 16th Baltic Building Symposium. May 28.
Tartu: EMU, pp. 37-44.

International scientific conferences

1. 17th International Conference of Mechanics of Composite Materials.
May 28 - June 01, 2012. Jurmala, Latvia: PMI. Prediction of Steel Fiber
Reinforced Concrete Flexural Behaviour.

2. 7th International Conference on Analytical Models and New Concepts
in Concrete and Masonry Structures. June 13-15, 2011. Krakow, Poland:
Polish Academy of Sciences. Durability Estimation of Steel Fibre Concrete
Flexural Elements.

3. fib Symposium Prague: Excellence and Efficiency. June 8-10, 2011.
Prague, Czech Republic: fib CEB-FIP. The Effect of Fibre Type on Pullout
Energy.

4. 3rd International Scientific Conference: Civilengineering '11. May
11-12, 2011. Jelgava, Latvia: LLU. Modeling of Fibre Bridging Behaviour
in SFRC.

5. 16th International Conference of Mechanics of Composite Materials.
May 24-28, 2010. Riga. Bond Strength Investigation and Modelling in Steel
Fiber Concrete.

6. 5th International Scientific Conference: Students on Their Way to Sci-
ence. May 28, 2010. Jelgava, Latvia: LLU. Model Based Analysis of Short
Fiber Reinforced Concrete.

7. 16th Baltic Building Symposium. May 28, 2009. Tartu, Estonia: EMU.
Semi-analytical Modelling of SFRC in Flexure.
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CONTENTS OF THE DOCTORAL THESIS

The first chapter gives an overview of the methods used for prognosis of
deformations of fibre reinforced concrete flexural members. It provides back-
ground information for understanding the behaviour of materials discussed in
further chapters. In this chapter a short historical development with respect to
research, application, design, and standardisation of FRC, main classification,
possible design approaches used to describe material tensile behaviour, and
available deformation prediction models are given.

Chapter 2 deals with investigations of fibre and concrete interaction stud-
ied at the level of micro-scale. One of the most common way to evaluate and
describe the bond between a fibre and concrete is by using experimental pull-
out method. The first section in this chapter deals with this method, where ex-
perimental pull-out force over fibre displacement (F—8) curves are obtained
(Fig. 2) for four types of fibres tested under several inclination angles and
two embedment lengths. Analytical description of the curves is proposed and
pull-out energy is calculated. The parameters of analytical relationships were
obtained by using minimization procedure.

The results of the pull-out tests depicts that the type of fibres has a signif-
icant influence on pull-out energy for fibres aligned with applied force. Fig. 3
shows the effect of fibre type if smooth fibres (S) are taken as a reference.
All types of fibres are involved in stress transferring process equally for very
small slip (0.1 mm). Nevertheless, the effect is notable at the displacement of
3.5 mm. The energy necessary to pull out hooked (H) fibres comparing with
smooth ones is almost 9 times more. Crimped (C) and flat-ended (FE) fibres
show even greater effect, respectively, 20 and 23 times bigger energy con-
sumption than for smooth ones. However, the energy largely depends on fibre
orientation angle. The difference between smooth and pre-deformed fibres is
much smaller for bigger inclination angles. Moreover, the energy consumed
to pull out a fibre from concrete till 3.5 mm is almost the same for all types of
fibres, if they are inclined at the angle of 60 degrees.

In the second section the experimental results of the pull-out tests are used
to propose a method that gives possibility to analyse tensile stresses—crack
opening displacement response of SFRC members in tension and flexure. The
method is based on assumption that the crack width depends not only on fibre
slip, but also on the failure of concrete at the exit point of inclined fibres.
Due to the concrete damaging process, fibres become effectively involved in
the tension carrying mechanism when sufficient displacement has occurred,
named as effective crack width w,¢. It depends on fibre orientation angle 6
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Fig. 2. Pul-lout response of different types of fibre

(a) smooth fibres, (b) hooked fibres, (c) crimped fibres, (d) flat-ended fibres

and is determined by the following equation:

Weff(e) =K1 +Ktan0, 1)

where K, K, are material parameters obtained from pull-out tests. As the
fibres with orientation angle 90 degrees have no effect in stress bridging, the
tangent function is used to describe the relationship between effective crack
width w,r and the fibre orientation angle 6.

The tensile stresses transferred by fibres from one side of a crack to the
other can be determined by the following relationship:

where
ny

Viers

01 =nsVyerrFy , @)

number of fibres per unit area;
force in a single fibre;
ratio of effective fibres to total number of fibres in a section.
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Fig. 3. Fibre type effect on pull-out energy depending on fibre orientation angle
S — smooth, H — hooked, C — crimped, FE — flat-ended fibres

Bi-linear approximation based on the effective crack width w, sy is used
to describe the force in a single fibre. Fig. 4 represents the comparison of
the theoretical and experimental values of pull-out force for various angles 6.
In the figure the results are determined for 50 mm long crimped fibres and
concrete strength 55.1 MPa. The bond shear stress for calculating the force in
fibre is determined from the test results with 6 = 0°.

It can be seen from the test results, that those fibres, which are more in-
clined, reach their maximal pull-out force at a greater displacement. That
means that for fibres orientated at a large angle significant slip is needed be-
fore mechanical locking occurs.

On the bases of the fibre orientation angle the amount of fibres involved in
stress bridging process at a certain crack opening displacement is evaluated.
A critical angle 6., is used to set the boundary, under which fibres can be
considered effective. The critical angle can be found by using expression:

w—K,
0.,i; = arctan ( 5 ! ) . 3)
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Fig. 4. Comparison of theoretical and experimental pull-out
force in crimped fibre

At a certain crack width, w, only those fibres can be taken in to account,
which are inclined less than 6,,;. Results for different types of fibres and
crack widths are given in Table 1. The concept of the critical angle is used to
determine the ratio of effective fibres to total number of fibres, V. rr, used in

Eq. (2).

Table 1
Critical angle (deg.) depending on crack width
Fibre type Crack width w (mm)

0.5 1.0 2.0 3.5
Smooth 17 31 50 64
Hooked-ended 15 28 47 62
Crimped-round 7 17 35 52
Flat-ended 9 21 39 56
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Fig. 5 shows the numerical example of the tensile stresses transferred by
four different types of fibres in cracked section of a flexural SFRC element.
In the calculations it is assumed that fibre volume fraction Vy = 1.0%, ori-
entation coefficient & = 0.5, length and diameter of fibres is equal to 50 mm
and 0.75 mm respectively. Pull-out test results for the characteristic quantities
Ff max, K1, and K> are used.
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Fig. 5. Tensile stresses transferred by fibres depending on crack width

In the third part of Chapter 2 two-fibre model for studying the stress state
and deformation caused by axial force in a considered calculation element
with oriented short-fibre reinforcement is proposed. The model takes into
account stress distribution along fibre length (embedded length) considering
incomplete bonding.

In order to perform analysis of deformation of a composite at the crack,
the stress—strain relationship in the case of a single fibre is examined. Based
on studies of bond stress—slip relationships [8], bond properties [9], and effect
of the fibre finite element length on the elastic modulus [10], expressions for
shear stress and local strain difference between fibre and concrete as well as
fibre displacement at the crack are given.

The incomplete bonding is formed as a result of corrosion of composite
components or under other conditions [11, 12]. Examining the stress distribu-
tion mode through the length of a fibre in the case of partial bond, the fibre is
arbitrarily divided into sections in which an ideal bond exists between fibres
and the ones without bonding. Thus, the regions with ideal contact are con-
centrated in annular volumes covering the reinforcing fibre.
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It is proposed to consider a calculation element where two adjacent fibres
are symmetrically located so that the force balance is satisfied at the crack
(Fig. 6). That means that the applied force P on both ends of the calculation
element is equal to the sum of tensile forces in fibres F; and in matrix 7;. Also
in case of two-fibre model expressions for shear stress and local strain differ-
ence between fibre and concrete as well as fibre displacement at the crack are
derived.

2
P, P,
-
P —-
<2 L2y

cre

(b)

Fig. 6. Hexagonal fibre arrangement (a) and two-fibre system model (b)
1 — fibre; 2 — concrete element

In order to compare the results in the case of a single-fibre and two-
fibre system, some numerical analyses are performed. The following ma-
terial parameters are chosen: dy = 0.5 mm, V; = 4%, E; = 210000 MPa,
E,, = 50000 MPa, G,, = 20000 MPa. The segment length between two
cracks (embedded length) is chosen 30 mm, and the fibre forces at the cracks
P1 =0.1 kN ansz =0.

F;T kN
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00615 ,~==7"7Tmmmmes -
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0.0201 \
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Fig. 7. Distribution of fibre force and matrix force in two-fibre system
1, 2 — fibre forces, 3 — matrix force; I, =30 mm, P, =0.1 kN, P, =0,and P, =0, P, = 0.1 kKN

In the two-fibre system, the fibre force distribution is symmetrical while
in a single-fibre analysis it is not symmetrical due to the exceeded boundary
conditions. Note that for the single-fibre system the fibre displacement A at the
crack is 1.032 x 10~2 mm, and for the two-fibre system itis 1.155 x 1073 mm,
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where the relative difference is approximately 12%. Obviously, the two-fibre
system analysis gives more accurate results for the fibre displacement at the
crack. To apply the model to real FRC elements, the fibre forces at the cracks
should be derived from the crack widths.

In Chapter 3 a study of fibre distribution and orientation in prismatic
SFRC samples is represented. The investigations were performed on beams
with dimensions of 100x100x500 mm. Samples with different types and
amount of fibres were manufactured, tested under four-point bending till fail-
ure and then sawn for counting the the number of fibres on every “new” sur-
face of prismatic specimens. Nominal fibre amount was 0.75 to 1% by volume
(approx. 60 to 80 kg/m?).

It was observed that the distribution and orientation of fibres in the manu-
factured specimens were influenced by two main factors, which are mentioned
by other researchers as well. First, the fibre orientation is much influenced by
so-called wall-effect. It was more explicit for specimens with greater number
of fibres per volume. Second, technique used for concrete placing and com-
pacting affected the distribution of fibres. This aspect could be mentioned as
the main cause of heterogeneity of SFRC dividing beams into sections with
distinct fibre densities and orientation.

In Fig. 8 empirical histograms of the number of fibres and theoretical nor-
mal distribution curves are given. The mentioned figure represents the num-
ber of cut fibres counted on the transversal surfaces (X-planes) with area of
64 cm?, which is the remaining cross-sectional area of beams after the outer
sides were cut off.

w — £ —_
= E B 7“
g (=}
EPa S |
S = =
2 8 - - z <
Bm <@ @ _ 7]
5 o 5 S g § i
& €1 H | a
1 o
_ S 4 g 4
(=3 (=3 (=3
S S S
S T T T 1 S T T T T S T T T T
10 20 30 40 50 5 10 15 20 25 30 0 5 10 15 20 25
Fibre count for S1 Fibre count for S2 Fibre count for S3

Fig. 8. Number of fibres per cross-section represented by normalised histograms
and theoretical normal distributions

In this study the number and orientation of fibres with respect to the frac-
ture plane of the tested beams is analysed. Fibre density in crack plane is
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compared to the densities in other X-planes of the same beam specimen. To
evaluate whether fracture plane develops in the section with the smallest num-
ber of fibres all section planes located in the range of maximum bending mo-
ment were sorted by the values of fibre density. The sorted planes of each
beam with the values of the densities are given in Fig. 9, where the bold un-
derlined values indicates the position of fracture planes. In most cases fracture
plane was located in region were the smallest fibre amount was observed. For
specimens with less fibres per volume, the crack location was affected also by
other factors besides fibre distribution, probably the heterogeneous nature of
concrete micro-structure.

Similar procedure was performed for analysing the influence of fibre ori-
entation on the fracture plane location. There is observed a tendency for cracks
to develop in sections, where the ratio of longitudinal to transversal fibres is
smaller, though the influence is not as strong as of fibre density.

Max. value 0.64 0.73 0.45 0.33 0.36 0.31 0.30 0.28 0.25

0.61 0.61 0.44 0.25 0.34 0.28 0.28 0.16 0.22

042 | | 056 | | 042 | (020 |034| [025] |027| [014 | | 020

0.30 0.53 0.41 0.16 0.28 0.25 0.22 0.09 0.19

Min. value .28 0.28 0.23 0.16 0.27 0.16 0.20 0.09 0.11

S1.1 S1.2 S1.3 S2.1 S2.2 S2.3 S3.1 S3.2 S3.3

Fig. 9. Fibre densities in the maximum moment zone of every beam sorted by
values of the densities
bold underlined values represent the density in fracture plane

The experimental results of number of fibres per crack plane are compared
with the predicted values using theoretical method proposed by Krenchel [13],
where fibre orientation factors are calculated by method given in [14]. The
comparison in form of fibre densities (fibres/cm?) is given in Table 2. In
the table ny 00, is the theoretically predicted density, 77 x yeqn is the mean
value of densities and n7 x . is the fibre density in fracture plane of the tested
beams.

Table 2 shows, that the fibre amount predicted by method, where homo-
geneous concentration of fibres is assumed, is significantly overestimated in
the case of the studied beam samples. Comparing analytically calculated fibre
densities with the densities in the crack planes 71 jeor/n 7 x cre giVes overes-
timation of 3.3 to 6.7 times.

In Chapter 4 durability and reliability aspects of SFRC are discussed. The
cracks in flexural SFRC elements facilitate the corrosion, which causes dam-
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Table 2
Theoretically predicted and experimentally obtained fibre densities

. Af Vf nftheor  NfX mean MNfX.cre nf.theor/
Specimen (cm?) (%) (fibres/cm?) (fibres/cm?) (fibres/cm®) n £ X cre

S1.1 0.442 1.00 1.44 0.40 0.28 5.14
S1.2 0.442 1.00 1.44 0.55 0.28 5.14
S1.3 0.442 1.00 1.44 0.44 0.23 6.26

S2.1 0.442 0.75 1.08 0.19 0.20 5.40
S52.2 0.442 0.75 1.08 0.32 0.27 4.00
S2.3 0.442 0.75 1.08 0.22 0.16 6.75

S3.1 0.860 1.00 0.74 0.26 0.22 3.36
S3.2 0.860 1.00 0.74 0.17 0.14 5.29
S3.3 0.860 1.00 0.74 0.23 0.11 6.73

age to structure. Thus, analysing the effects of this phenomenon in SFRC is
of great importance. Several studies have already been carried out consider-
ing the corrosion of SFRC, however, the published results are not sufficient
to attest the resistance of corroded SFRC and estimate the durability of ma-
terial [15].

Reliability analysis of statically determined systems can be easily per-
formed on the basis of distribution of material characteristics and relationships
between parameters of the structure. In the assessment of safety, suitability
and durability of structures models consisting of conditioned elements, con-
nection of which in the sense of reliability can be in series, parallel and mixed,
are used [16]. The conditioned elements present probabilistic characteristics
of dangerous zones of the structure that are caused by dispersion of geomet-
rical and material strength characteristics.

In this study, the hypothesis of reduced load capacity due to decrease of
fibre diameter in corrosion process is attested. An analytical model for es-
timation of the bending moment capacity with decreasing of fibre diameter
is developed. Using experimentally established exponential law of chemical
processes and assuming linear rate of corrosion along the crack depth, the
decrease of load carrying capacity of flexural element is determined.

The moment capacity of SFRC element depends on dispersion of strength
characteristics of materials, geometry and environmental effects. The loss of
reliability can occur, mainly, in the case when high load effects coincide with
low resistance of the element.

The reduction of tensile capacity of fibre due corrosion could coincide
with the pull-out resistance and the fibre could break instead of being pulled
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out. The process can be continuous with the fibre rupture close to the crack
mouth first and then successively on fibres deeper in the crack. Taking into
account corrosion front, acting forces, and dimensions (depth of the beam 4
and height of the compressive zone x), the moment capacity of flexural ele-
ment can be determined in the following way:

2 x ¢
M(C)*chtg(h*lcrc)*FFf <hlcrc3+2) -

x 2
_AFfsl (h_lcrc_ g + 3C> 5 (4)
where
Lere crack length;
¢ local coordinate along the crack;

Fro tensile force acting in fibre reinforced concrete;
Fr pull-out force of the fibre;
AFrg  and reduction of the pull-out force due to fibre slipping.

The service life of cracked element is a function of the corrosion rate. In
durability design of SFRC it is necessary to determine such initial geometrical
characteristic of a structure which in the moment ¢t = T is not less than design
value. The initial section of A, o can be determined by using expression

AS,O = As,dem- (5)

On the basis of Eq. (5), assuming experimentally determined faults intensity
A and design diameter of steel fibre d; 4, the remaining maintenance time T
or the necessary initial steel fibre diameter d; o can be calculated.

In Chapter 5 experimental studies of deformation and strength properties
of SFRC composites are described. Experimentally obtained material behav-
iour in uni-axial tension and compression is the main input information for the
model proposed in the Chapter 6. Flexural tests give possibility to compare
the analytically derived moment—curvature relationships with the behaviour of
real SFRC members under bending. Although these properties are well stud-
ied and described in literature, the aim of the study, described in this chapter,
is to provide database, which is necessary to validate the proposed model.

Steel fibre concrete of normal strength and fibre dosage of 80 kg/m> was
studied. Three types of fibres, commercially available in Latvian market,
were used: crimped fibres with round cross-section, fibres with hooked ends,
crimped fibres with flat cross-section. The length of all fibres was 50 mm.
The types and amount of the manufactured specimens are given in Table 3.

Stress—strain response of SFRC in compression and tension is obtained.
It was observed that the behaviour of SFRC under compression is similar
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Table 3
Amount of specimens

Specimen type Fibre type
Crimped Hooked Crimped flat
round ended
Cylinder 5 5 5
Dog-bone shaped 6 6 6
Prismatic (beams) 3 3 3
Control cubes 4 4 4

to the behaviour of plain concrete in the range till peek value of stresses is
reached. The fibre contribution, however, can be noticed in the post-peek
range, where ability to maintain the stress level till strains of 0.35% can be
observed. The experimentally obtained mean compressive stress—strain dia-
gram together with theoretical approximation for sample group C1 is plotted
in Fig. 10a.

The results obtained from the tensile test represents the load and defor-
mation response of the specimens. For all tested specimens tension strain
softening behaviour was observed, which means that only one crack per speci-
men had developed. In Fig. 10b an idealised stress—strain diagram for sample
group T1 based on three main characteristic points was constructed: 1) at peak
load; 2) just after the drop of the load; 3) at “pseudo” strain 0.035. To convert
deformations, consisting of strains and crack width, to the tensile strains the
approach of characteristic length was applied.

25 4
G,., MP
ol ? 2579 6, o TLI o TI2
1 fﬁ% 20 -N/gm> a2 T1.3 x Tl.4
5] d o TLS + TL6
£ N 15 —Ideal (T1)
0, £ N\ 1.0
s & 0.5
0 ‘ ‘ & o1 : : : Gt
0 0.001 0.002 0.003 0.004 0 0.01 0.02 0.03 0.04
(@ (b)

Fig. 10. Stress—strain diagrams for tested specimens under
compression (a) and tension (b)

Maximum bending moment for all beam samples was in range from 0.45
to 0.6 kNm, and it was reached when the first macro-crack was developed.
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Further moment—curvature (M—1/r) response exhibits deflection softening
behaviour. Due to the residual strength provided by fibre bridging, notable
deformation at midspan can be reached in the cracking stage. To determine
the curvature of the tested samples the approach of non-linear hinge was used
[17].

Bending stiffness of SFRC beams depending on loading stage are ana-
lysed. In pre-crack stage derived from strains of compressed and tensioned
sides of beams the stiffness is in the range of 150 — 250 kN/m?, which cor-
responds to the theoretical value of stiffness (EI). If the stiffness is calcu-
lated from deflections of the specimens, the value is underestimated, 100 —
150 kN/m?. Moment—curvature and stiffness—moment relationships of the
tested beams are given in Fig. 11a and b.

Relationship between compressive and tensile strains is analysed (Fig. 12).
The compressive and tensile strains are equal in the linear elastic range, giving
g./€" = 1.0. However, after the ultimate tensile strain is reached, the strain
ratio reduces hyperbolically and stabilises on level close to 0.1.

In Chapter 6 on the basis of the experimentally determined properties of
SFRC in uni-axial compression and tension a semi-analytical model for the
estimation of moment—curvature behaviour and bending stiffness of SFRC
members is developed. The reinforced elements as a two-layered system
were treated, and in the cracked range the action of quasi-plastic tensile
stresses by using the idealized stress—strain diagram was considered. Mo-
ment—curvature response is determined considering the equilibrium of nor-
mal stresses in the section, i.e. the equality of the areas under tensile and
compressive stress—strain diagrams:

g’
/ obde = 0. (©6)
&

Basing on the expressions for the static moment of o—¢ area, in the equi-
librium state the following expression for bending moment can be written

bh?
M= m [S1 (&) — S2(&)], @)

where

b width of beam;

h height of beam cross-section;

€ compressive strain;

g" tensile strain;

S;  the function of static moment of 6—¢ diagram area.

On the basis of the theoretical bending curve, the variation of stiffness D

with the curvature can be determined. The stiffness values with the bending
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Fig. 11. Bending moment—curvature (a) and stiffness—moment (b)relationships
filled markers — curvature is calculated from deflections;
empty markers — curvature is calculated from strains

moment can be defined by using the experimental value of strains of outermost
fibres as shown in Eq. (8) or, similarly, on the basis of deflections.
M

D, (M) = stw Py (8)
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Fig. 12. Strain ratio over tensile strain

In Fig. 13 the obtained simulation results are compared with the exper-
imental results of SFRC beams tested under four-point bending. The prog-
nosticated cracking moment was in the range of experimental results in the
case of samples of groups S1 and S2, while an overestimation of the crack-
ing moment by 30% was observed for specimens of group S3. The predicted
post-peak moment capacity corresponds to the experimental results for speci-
mens of group S1 and S3. For specimens of group S2 the moment capacity is
overestimated by 40%. The predicted bending stiffness in both pre-crack and
cracking stage was in the range of the data derived from test results. However,
the model does not give correct relationship between compressive and tensile
strains.

An alternative method is proposed, which is based on 6—¢ response in
tension and additionally takes into account the experimentally determined re-
lationship between compressive and tensile strains. The following are three
key points of this method: 1) constitutive law for relative depth of neutral
axis x/h derived from strain ratio obtained from experimental results; 2) sim-
plified assumption for relative lever arm of the inner forces z/A; 3) modified
compression stress—strain diagram for SFRC.

The simulation of moment—curvature response by this method can be ac-
cepted as satisfactory. However, the bending stiffness in the pre-crack and
early cracking stage is underestimated and the predicted shape of stiffness—cur-
vature response differs from the one determined experimentally or by the
model based on the equilibrium of the areas under tensile and compressive
o—¢ diagrams.
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Fig. 13. Predicted and experimental moment—curvature (a) and
stiffness—moment relationships (b)

The large scatter of fibre amount crossing the fracture plane, which is
considered to be inherent to the material, as well as the difference of the quality
of concrete between tensile test specimens and flexural element can lead to
discrepancy between the predicted and actual moment—curvature behaviour
of the particular structural element.

The results of parametric analysis represented in Fig. 14 shows that the
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materials with higher residual tensile strength achieve higher peak moment
capacity. Thus the fibre contribution to maximum moment capacity at re-
latively large curvatures of beams is obvious. However, the pre-cracking
stiffness—moment response is equal for all beams, and no influence of post-
cracking tensile properties can be observed. Fibre contribution to the bending
stiffness can be detected only in the cracking stage affecting the descending
branch of the D—M diagrams after the cracking moment is reached.
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Fig. 14. Parametric study of the proposed model
(a) tensile stress—strain response, (b) moment—curvature response, (c) and (d) stiffness—moment
behaviour for SFRC with different tensile stress—strain response and different concrete
compressive strength respectively

As depicted in Fig. 14d, compressive strength slightly influences the stiff-
ness in both pre-crack and cracking stage. Increasing compressive strength
from 20 to 50 MPa, leads to approximately 13 to 20 % increase in bending
stiffness of the calculated beams.
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CONCLUSIONS AND RECOMMENDATIONS

Conclusions

1. Specific structure of composite material consisting of brittle matrix and
short elastic steel reinforcement with random orientation causes lack of meth-
ods to control deformations of flexural elements, especially in the stage of
crack formation.

2. In the studies of bond between short steel fibres and concrete by using
pull-out tests the magnitude of bridging stresses in cracked cross-section is
assessed. At large orientation angle of fibres significant slip is needed before
mechanical locking occurs and therefore the efficiency of fibre with inclina-
tion angle of 30 degrees and more is inessential at relatively small displace-
ments. The effect of inclination angle is modelled with proposed method.

3. The influence of the fibre distribution and orientation on deformation
and strength characteristics of SFRC elements is determined by fibre count-
ing method on tested flexural samples sawn into prismatic specimens. It is
confirmed that cracks tend to propagate in the regions with smaller number
of fibres and large orientation angles of fibres with respect to the direction
normal to the crack plane.

4. The methods of reliability and durability analysis of SFRC elements
based on dispersion of composite material strength properties and geometrical
characteristics of elements are developed. An analytical model for estimation
of the moment capacity with decreasing of steel fibre diameter caused by cor-
rosion is proposed. The model takes into account exponential law of corro-
sion process, linear rate of corrosion along the crack depth as well as the crack
width.

5. On the basis of experimentally determined properties of SFRC in uni-
axial compression and tension a semi-analytical method for the estimation of
moment—curvature relationships of SFRC flexural elements is developed. In
the cracked range the action of quasi-plastic tensile stresses was considered.
Using specimens with fibre content of 1% by volume the validation of the pro-
posed model was performed. The predicted moment—curvature relationships
showed a good agreement with experimental data determined in four-point
bending tests.

6. In the flexural tests a relationship between strains, measured on the
extreme compressed and tensioned sides of the specimens, was observed. In
the linear elastic range the strains were equal and the ratio of both strains was
1.0 but after initial cracking it reduces rapidly and reaches the level of 0.1.
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The strain ratio is used in the proposed model to simplify it and to avoid the
discrepancies between analytical and experimental results.

7. The proposed method allows evaluating the bending stiffness for a
given cross-section in the cracked and uncracked stage. Stiffness—moment re-
lationships are useful in deformability estimation of flexural SFRC elements
with random orientation of short reinforcing fibres.

8. The properties and behaviour of SFRC under loading is well studied
and the results are available, however, because of the lack of national building
standards material cannot be used in load-bearing structures. As a part of this
promotion work, on the basis of fib Model Code 2010 appendix to Latvian
Standard LVS EN 1992-1-1 is prepared and submitted to the Latvian National
Standardisation body Latvian Standard (LVS).

Recommendations

1. Although there is a good agreement between experimental and calcu-
lated results obtained by the proposed model, further validations and research
work is necessary. The experimentally observed relationship between com-
pressive and tensile strains, which is used to for deformation prognosis, can
vary for specimens with different fibre content. Therefore more experimental
investigations to ascertain the relationship, especially for materials that ex-
hibit tensile strain hardening behaviour, are necessary.

2. This research shows that the 6—¢ diagrams obtained from uni-axial
tensile specimens can be used for predicting moment—curvature and stiff-
ness—moment responses in beams, nevertheless the validity should be checked
for other types of structure, for example, slabs. Most probably a conversion
technique should be introduced. It can be found on literature that SFRC prop-
erties are influenced by geometrical parameters, like depth and breadth of the
structure, significantly. This aspect, regarding the proposed model, should be
studied as well.

3. The suggested appendix for Latvian Standard (LVS EN 1992-1-1) on
fibre reinforced concrete still does not contain any procedure for deflection
control of FRC structural elements. Comprehensive comparison of sugges-
ted and used models together with wide experimental research should be per-
formed to develop reliable deflection evaluation methods and include in na-
tional annexes.

4. Regarding the durability assessment, the exponential law, which is
based on theoretical and experimental investigation, for the description of
ageing processes, deterioration of the structure and their elements is the first
approximation. Obviously, the assessment has to be grounded on the wide
bases of classified experimental results as well as inspection and testing of
existing structures.
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