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DARBA VISPAREJS RAKSTUROJUMS

Temas aktualitate

Pasaule ir verojama cilvéku skaita palielinasanas tendence. Saskana ar ASV Tautas
skaiti§anas biroja datiem, simts gadu laika (1950.-2050.), p&c prognozém, cilvéku skaits
palielinasies 3,8 reizes un sasniegs vairak neka 9,7 miljardus. Strauji picaugot cilveéku skaitam,
pieaug ilgtspgjigas attistibas principa nozime — saglabat nakamajam paaudzem vidi un dabu
vismaz tada pat kvalitate, ka to esam san@musi me&s. Neatjaunojamo resursu krajumi ar katru
gadu samazinas, tapec ir svarigi Sos resursus izmantot taupigi un racionali ar iesp&jami lielaku
efektivitati. ST pieeja attiecas ari uz biivniecibas nozari.

Koka-betona kompozits apvieno betonu — visvairak izmantojamo cilvéka veidoto
biivmaterialu — un koksni — atjaunojamo dabas resursu. Abiem materialiem piemit trikumi un
prieksrocibas. Savukart, apvienojot tos un nodrosinot to kopdarbibu, ir iesp&jams samazinat So
materialu trilkumus un iegiit konstrukciju, kurai ir o materialu priek$rocibas, pieméram, iegt
konstrukcijas ar zemaku passvaru un labaku skanas izolaciju neka betona konstrukcijam, bet ar
lielaku stingumu un nestsp&ju neka koka konstrukcijam.

Lietojamibas robezstavoklis platném no koka-betona kompozita parasti ir noteicoss.
Veidojot stingu adhezivu savienojumu starp kompozita materialu slaniem, var iegit lielaku
Skersgriezuma stingumu un Iidz ar to mazakus parvietojumus, salidzinot ar konstrukcijam, kuru
slani ir savienoti padevigi. Eksist€joSas limeto (adhezivo) savienojumu izstrades metodes ir
saistitas ar savienojuma sliktas kvalitates veidoSanas riskiem, tapec ir aktuali piedavat stinga
savienojuma razosanas tehnologiju, kas raksturojas ar savienojuma augstu kvalitati. Vienlaikus,
piedavajot konstrukciju ar stingu ITm&tu savienojumu starp materialu slaniem, kuru aprékinos
tiek nemta v@ra pilnvertiga So slanu kopdarbiba, ir svarigi piedavat arT So savienojumu
nesagraujoso kvalitates kontroles iesp&jas — gan konstrukcijas globalai noveérté€Sanai, gan
konstrukciju lokalai parbaudei.

Betona racionala izmantoSana ir ta izmantoSana spiede€. Stiegru izmantoSana betona slant
palielina ta biezumu, kas draud ar betona dalas noklusanu stiepes spriegumu darbibas zona.
Tapat, nepartraukta te€rauda stiegrojuma ierikosana konstrukcija rada konstrukcijas papildu
izmaksas, kas ir Tpasi sadardzinajusas teérauda regionala deficita apstaklos, kas radusies Covid-
19 pandémijas seku, ka arT karadarbibas Ukraina un Tstenotajam sankcijam pret t€rauda
eksportetajiem dél. Tradicionala teérauda stiegrojuma izmantoSana betona rezultgjas arT lielaka
CO: izmeSu daudzuma. Izvairities no klasiska stiegrojuma izmantoSanas var, izmantojot
disperso sintétisko stiegrojumu. Fibras biitiski neietekmé betona stipribu, taéu sp€j uzlabot
betona plastiskumu un saglabat konstrukcijas integritati sabrukuma gadijuma.

P&d&jos gados interese pret kompozitam koka-betona konstrukcijam aizvien pieaug, to
papildus apstiprina fakts, ka patlaban izstrades stadija ir jaunie projekt€Sanas noteikumi koka-
betona kompozita konstrukcijam. So konstrukciju augo$a popularitate rada nepieciesamibu péc
iesp€jas atrak noteikt racionalus koka-betona kompozita platnu Skérsgriezuma parametrus un
nepiecieSamo materialu stipribas klases projektéSanas sakumstadija vai zinatniskas analizes
nolukos, kas sp€tu biitiski samazinat resursu paterinu.
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Darba merkis

Promocijas darba merkis ir izstradat inovativas koka-betona kompozita konstrukcijas

ilgtsp€jigu un drosu risinajumu, kas raksturojas ar kompozita materialu visefektivako sinergiju

un racionalu materialu lietojumu.

Darba uzdevumi

Lai 1stenotu darba merki, ir noteikti vairaki uzdevumi.

1.

Izstradat metodi ietekmes novertéSanai no defektu esamibas stingaja adhezivaja
savienojuma starp koksnes un betona materiala slaniem uz koka-betona kompozita
platnes darbibu. Identificét bistamus defektu izmeérus. Eksperimentali noteikt lielu
savienojumu defektu ietekmi uz elementa dinamiskajiem parametriem.

Identificeét eksist€joso adhezivo koka-betona savienojumu izgatavoSanas metozu
trikumus. Izstradat inovativu kvalitativa stinga adheziva savienojuma izgatavoSanas
metodi. Noteikt piedavatas izgatavoSanas metodes ietekmi uz koka-betona kompozita
elementu darbibu liec€ un bidg.

Izstradat metodiku un uz tas bazes programmatiiru koka-betona kompozita platném ar
pilnu kompozitdarbibu starp materialu slaniem, kas paredzgtas lietoSanai dzivojamo un
biroja &ku starpstavu parsegumos, racionalu skersgriezuma parametru un nepiecieSamo
materialu stipribas parametru noteik$anai. Izpétit koka-betona kompozita pamatotas
izmantoSanas robezas un noteikt racionalaku koka-betona kompozita platnes
konstruktivu risinajumu.

Parbaudit piedavata savienojuma starp kompozita materialu slaniem nesagraujosas
kvalitates kontroles iespEjas ar operacionalo modalo analizi un ultraskanas
defektoskopiju, lai koka-betona kompozita konstrukciju globala un lokala parbaudé
noskaidrotu, vai savienojuma nav defektu.

Piedavat ilgtsp&jigu un drosu koka-betona kompozita platnes risinajumu bez tradicionala
nepartraukta t€rauda stiegrojuma izmantoSanas betona slani. Noteikt ietekmi, ko rada
sintetiska dispersa stiegrojuma pievienoSana betona sastavam, uz koka-betona
kompozita platnes sabrukuma ainu.

Pétijuma zinatniska novitate

Darba gaita izstradata jauna kvalitativa stinga adheziva savienojuma izgatavoSanas metode

starp koksnes un betona slaniem koka-betona kompozita platném, kas lauj veidot gan ieprieks

ripnieciski izgatavotas — salickamas, gan uz vietas lietas konstrukcijas. Piedavata tehnologija

lauj veikt vizualo un mehanisko kvalitates kontroli vél platnu izgatavoSanas stadija. Piedavata

inovativa izgatavosanas metode — Skembu metode — nodros$ina niecigu attiecibu starp iesp&jamo

defektu laukumu un kopgjo savienojuma virsmas laukumu, kas ir vienada ar skembas skaldnes

laukumu.



Darba izstradata metodika un uz tas bazes — originala programmatiira, ar kuras palidzibu
nepiecieSamajam laidumam un &kas lietoSanas kategorijai (A vai B) var atri piemeklet
racionalakus Skérsgriezuma parametrus ar priekslikumiem par izmantojamo materialu stipribas
klasém, kas apmierinas maksimalo spriegumu, izlieCu un elementa vibraciju prasibas, ieverojot
abu materialu §lidi un betona rukumu, divu veidu koka-betona kompozita platnu
konstruktivajiem risinajumiem — ar CLT vai ribotu saplaksna platni pamata.

Ir piedavata jauna metodika koka-betona adheziva savienojuma defektu ietekmes
novertésanai uz koka-betona platnes darbibu atkariba no defektu izméra un daudzuma,
balstoties galigo elementu 3D skaitliskaja modelésana. Izstradati un validéti galigaja elementu
metode (GEM) balstiti skaitliskie modeli uzvedibas prognozesanai elementiem no krusteniski
Iim@tas koksnes (CLT) un no koka-betona kompozita.

Laboratorijas eksperimentos pieradita operacionalas modalas analizes izmantoSanas
efektivitate konstrukcijas globalaja novertésana un savienojuma starp betona un koka slaniem
kvalitates kontrole. Noteiktas ieverojamas izmainas svarstibu modu formas un frekvencu
spektros paraugiem ar un bez defektiem savienojuma. Noteikta nesagraujosas lokalas parbaudes
metodes ar ultraskanu efektivitate koka-betona kompozita savienojumu kvalitates lokalai
parbaudei, identificgjot biutiskas atskiribas ultraskanas signala caurie$ana koka-betona
kompozita paraugiem ar un bez defektiem savienojuma.

Eksperimentu gaita atklats, ka, betona sastavam pievienojot 0,5 % polipropiléna fibru, kuru
garuma un diametra attieciba ir 90, rodas pozitivs efekts, kas paaugstina konstrukcijas drosumu.
Dispersais stiegrojums samazina spiestaja zona esosa betona slana trauslumu, plaisu atvérumus
un nodrosina betona slana integritates saglabasanu koka-betona kompozita konstrukcijas
sabrukuma gadijuma.

Promocijas darba praktiskais nozZzimigums

Izstradata jauna realizacijas metode savienojumam starp koksnes un betona slaniem lauj
nodros§inat kvalitattvu stingu savienojumu un pilnu kompozitdarbibu elementiem no koka-
betona kompozita, kas nozimé efektivaku materialu izmanto$anu. Koksnes un betona sinergija
rada ilgtsp€jigu konstruktivu risinajumu jaunajam ekam, ka ari dod iesp&ju veikt parsegumu
atjaunosanas darbus vesturiskajas ekas.

AtteikSanas no klasiska nepartraukta t€rauda stiegrojuma par labu dispersajam
stiegrojumam no sintétiskajiem materialiem dod iesp&ju iegiit videi draudzigaku konstrukcijas
risinajumu, vienlaikus saglabajot konstrukcijas drosumu.

Izstradata metodika un uz tas bazes — programmatiira koka-betona kompozita platnu
racionalu parametru noteikSanai, lauj ieverojami samazinat resursu pat€rinu sakotngja
projektésanas posma, kura laika ir jaizvélas izmantotas konstrukcijas parametri un materiali, ka
arT dod iespgju veikt zinatnisku analizi vairakiem gridas platnu konstruktivajiem risinajumiem.

Fiksetas izmainas svarstibu modu formas un atbilzu reakcijas frekvencu doména, ko izraisa
defektu esamiba koka-betona savienojuma, pamato operacionalas modalas analizes
izmantoSanas lietderigumu savienojuma kvalitates kontroleé un ir pamats turpmakiem
petijumiem Saja virziena. legitais ultraskanas signala maksimalas relativas amplitiidas
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daudzkartgjais samazinajums savienojuma defekta d€l lauj secinat, ka ultraskanas
defektoskopiju var efektivi izmantot koka-betona kompozita elementu defektu savienojuma
lokalai diagnostikai.

Pétisanas metodika un izmantotie materiali

Koka-betona kompozita elementu aprékiniem ir izmantota galigo elementu metode un
vienkarSota analitiska aprékinu metode, kas balstas reducéta Skérsgriezuma un saliktas koka
sijas jeb gammas metodgs, ieverojot pilnu kompozita darbibu.

Skaitliskie aprekini, kas balstas galigaja elementu metode, veikti Dlubal RFEM 5.24
datorprogramma. Skaitlisko modelu izstradei izmantoti cieta kermena galigie elementi.
Konstrukcijas elementi no kokmaterialiem ir modeléti, izmantojot 3D ortotropu elastiga
materiala modeli. Koka-betona kompozita konstrukciju aprékinos, kas ievéro betona nelinearo
uzvedibu, betona slana model&$anai ir izmantots 3D izotrops Mazara bojajumu materiala
modelis, kas iestradats Diubal RFEM 5.24 datorprogramma [1]. 3D izotrops Mazara bojajumu
materiala modelis dod iesp&ju definét materiala nelinearo spriegumu-deformaciju Iikni, tadgjadi
ievérojot materiala elastibas modula degradaciju betona plaisasanas laika. Pilnas
kompozitdarbibas modelesanai kontakts starp koka un betona slaniem ir defingts ar pilnu speku
parnesi. Defektu koka-betona savienojuma model&Sanai — bez sp€ku parneses. Ir izmantots
taisnstira galigo elementu rezgis ar galiga elementa izméru 0,01-0,02 m, slodze tiek pielikta
pakapeniski, 100 solos. Skaitliskie modeli ir validéti krusteniski Iim&tas koksnes platném un
koka-betona kompozita platném.

Darba gaita veikti vairaki laboratorijas eksperimenti. Laboratorijas eksperimentos
izmantotas tris dazadas koka-betona kompozita paraugu izgatavo$anas metodes: sausa, kas
paredz ieprieks izgatavotas betona plaksnes salimé&Sanu ar koka platni; mitra, kas paredz svaiga
betona ielieSanu uz svaigi ieklatu koka platnei Itmes kartu; darba izstradata Skembu metode,
kas paredz granita Skembu pielim&Sanu koka platnei un p&c limes noziiSanas svaiga betona
ielieSanu.

Darba veikti: péc mitras un p&c Skembu metodes izgatavotu koka-betona kompozita
paraugu bides testi; operacionala modala analize koka-betona kompozita paraugiem ar un bez
defekta savienojuma; ultraskanas defektoskopija koka-betona kompozita paraugiem; trispunktu
lieces testi:

¢ platném ar laidumu 1,8 m no CLT un no p&c sausas vai péc Skembu metodes izgatavota
koka-betona kompozita ar CLT pamata;

e platném ar laidumu 1,2 m no péc Skembu metodes izgatavota koka-betona kompozita
ar CLT vai ar ribotam saplak$na platném pamata ar un bez fibram betona;

e paraugiem ar laidumu 0,3 m no koka-betona kompozita ar koka d€liem pamata pie trim
dazadam skembu frakcijam.

Eksperimentos izmantojamie materiali: C24 klases koka deli; riipnieciski razotas CLT un

ribotas saplaksna platnes; betona slani veidoti no Sakret BAM maistjuma; ka fibras izmantotas
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PP Strux 90/40; granita Skembas ar frakcijam 2-5 mm, 5-8 mm, 8§-16 mm, 16-25 mm;
epoksida Iimes Sikadur 330, 30 un 31CF.

Operacionala modala analize ir veikta, iedarbojoties uz koka-betona kompozita paraugu
sériju ar balto troksni un ar QuickDAQ datorprogrammas palidzibu ierakstot paraugu atbilzu
reakcijas laika doména. legiitie dati laika doména ir apstradati ARTeMIS programma, ar kuras
starpniecibu iegiiti paraugu atbilzu reakcijas frekvencu domeéna un noteikti paraugu dinamiskie
parametri ar divam atSkirigdm metodém — frekven¢u domena sadaliSanas un stohastiskas
apakstelpas identificéSanas tehnikam. Mazgabaritu koka-betona kompozita paraugu ar
iestradato defektu savienojuma sken&Sanai ar ultraskanu izmantota Rigas Tehniskaja
universitaté izstradata eksperimentala ultraskanas ierice un programmatiira, ar kuras palidzibu
ir iegiiti caurejo$a ultraskanas signala relativas amplitiidas ieraksti koka-betona kompozita
paraugiem ar un bez defekta savienojuma.

Darbgaita izstradata koka-betona kompozita platnu racionalu parametru noteikSanas
metodika un uz tas bazes — programmatira divu veidu koka-betona kompozita platnu
konstruktivajiem risindjumiem — ar krusteniski ITm&tas koksnes platni pamata un ar ribota
Hypertext Prepro-cessor jeb saisinati PHP 8.1., kas darbojas uz Apache servera.
Programmésanas valodas izvele saistita ar iespeju perspektiva aprékinus veikt tieSsaiste. Lai
optimiz&tu ar datorprogrammas palidzibu iegiito datu turpmako lietoSanu un apstradi dazados
griezumos, izmantota MySQL datubaze. Darba ieviests jauns racionalitates kriterijs — izmaksu
koeficients, kas raksturo 1m’? platnes materidlu izmaksas. Izstradata metodika, kas ir
implement&ta programmattira, dod iesp&ju noteikt racionalakus betona un krusteniski ITmétas
koksnes vai saplak$na un koka ribu slanu biezumus, ievérojot tehnologiskas prasibas un
sortimentus, ka arT koksnes un betona stipribas klases. Koka-betona kompozita platnu aprékins
balstas biivmehanikas un dinamikas pamatprincipos un tiek veikts atbilstosi nestsp&jas un
lietojamibas robezstavoklim, ieverojot parseguma vibracijas, betona rukumu, ka ar1 betona un
kokmaterialu §ludi A un B kategorijas ekam.

Pétijuma teorétiskais un metodologiskais pamats

Darba izmantotas §adas inzenierzinatnu jomas:
e biivmehanika;

e slanaino kompozitu materialu mehanika;

e koksnes zinatne;

e betona zinatne;

e bivkonstrukcijas;

e konstrukciju optimizacija;

e dinamika;

e modala analize;

e akustika.
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Pétijuma ierobeZojumi

Darba koksnes makro struktiira tieck modeléta ka ortotrops materials, betons — ka izotrops.
P&tfjums veikts parseguma platném no koka-betona kompozita, kas strada viena virziena un ir
brivi balstitas. Slodze koka-betona kompozita platném tiek pielikta ne atrak ka 28 dienas péc
betona slana ielieSanas. Lieces un bides laboratorijas testi darba gaita veikti uz slaicigu slodzi.
Koka-betona kompozita platne tiek projekteta ar nosacljumu, ka betona slanis tiek paklauts tikai
spiedes spriegumiem. Betona stipriba stiep€ tiek pilnigi ignor&ta. Aprékinos tiek nemti vera
krusteniski I[imétas koksnes transversialie slani.

Izstradatais algoritms koka-betona kompozita platnu racionalu parametru noteikSanai ir
speka nemainigos klimatiskos apstaklos A un B kategorijas &ku parsegumiem pie aprékina
izmantojamajam slodzu kombinacijam:

o fundamentalajai slodzes kombinacijai ar materialu elastibas modulu vidéjam veértibam;
e summai no kvazi pastavigas slodzu kombinacijas kopa ar fikttvu slodzi no betona
rukuma pie materialu efektivajam elastibas modulu vertibam, kas izveérté materialu
§ludi, un Tslaicigas lietderigas slodzes pie materialu elastibas modulu vidéjam vertibam.

Pamatojoties uz koka-betona kompozita platnu laiduma-skersgriezuma augstuma lielu
attiecibu — ap 30, Skérsdeformacijas analitiskajos aprékinos tiek ignorétas. Koka-betona
kompozita platnu pamatotas izmantosanas robezu noteikSanai un divu konstruktivu risinajumu
savstarpéjam salidzinajumam par gridas kop&jo platumu, kas tiek izmantots vibraciju
aprékinos, ir pienemti 5 m.

Promocijas darba rezultati

1. Izstradats un eksperimentali parbaudits inovativas koka-betona kompozita konstrukcijas
ilgtspgjigs risinajums, kas paredz betona slana darbibu tikai spiestaja zona, ar disperso
stiegrojumu no sint€tiskajiem materialiem betona slani un ar stingu savienojumu starp
koka un betona slaniem.

2. Inovativa stinga adheziva savienojuma starp betona un koksnes slaniem izgatavosanas
metode, kas balstas granita Skembu izmantoSana [Tm&ta savienojuma.

3. Izstradata koka-betona kompozita platnu racionalu parametru noteikSanas metodika
konstrukcijam ar laidumu lidz 10 m.

4. Ekonomiskais pamatojums izmanto$anas lietderigumam diviem koka-betona kompozita
platnu konstruktivajiem risinajumiem un izdevigakais koka-betona kompozita platnes
veids.

5. Piedavata metode defektu adheziva savienojuma starp betona un koksnes slaniem
ietekmes noveértésanai uz koka-betona kompozita platnu darbibu.

6. Operacionalas modalas analizes efektiva lietojuma iesp&jamiba koka-betona
konstrukciju globalajam novértgjumam. Ultraskanas defektoskopijas lietderigums
savienojuma kvalitates nesagraujosa lokala parbaudeé.
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Darba aprobacija un publikacijas

Promocijas darba rezultati zinoti un apspriesti 11 starptautiskajas konferencés. Galvenie

darba rezultati izklastiti 12 zinatniskajas publikacijas, kas ir indeks&tas WoS / Scopus datubazes,

un divos zinatnisko konferencu tézu krajumos. Divas publikacijas ir iesniegtas redakcija. Cit&to

publikaciju skaits — 11, cit€tas 99 reizes. Autores HirSa indekss ir 6,0.

Zinatniskie raksti zinatniskajos Zurnalos, kas indekséti WoS / Scopus

1.

Buka-Vaivade K., Serdjuks D., Pakrastins L. Cost Factor Analysis for Timber—Concrete
Composite with a Lightweight Plywood Rib Floor Panel. Buildings 2022, 12, 761.
https://doi.org/10.3390/buildings12060761.

Vasiljevs R., Serdjuks D., Buka-Vaivade K., Podkoritovs A., Vatin N. Load-Carrying
Capacity of Timber-Concrete Composite Panels. Magazine of Civil Engineering, 2020,
No. 1, pp.60-70. doi:10.18720/MCE.93.6.

Gravit M., Serdjuks D., Bardin A., Prusakov V., Buka-Vaivade K. Fire Design Methods
for Structures with Timber Framework. Magazine of Civil Engineering, 2019, Vol. 85,
No. 1, pp.92-106. doi:10.18720/MCE.85.8.

Buka-Vaivade K., Sliseris J., Serdjuks D., Pakrastin$ L., Vatin N. Rational Use of
HPSFRC in Multi-Storey Building. Magazine of Civil Engineering, 2018, Vol. 84, No.
8, pp.3-14. doi:10.18720/MCE.84.1.

Buka-Vaivade K., Serdjuks D., Goremikins V., Pakrastin§ L., Vatin N. Suspension
Structure with Cross-Laminated Timber Deck Panels. Magazine of Civil Engineering,
2018, Vol. 7, pp. 126-135. doi:10.18720/MCE.83.12.

Zinatniskie raksti konferenc¢u zinojumu izdevamos, kas indekséti WoS / Scopus

1.

3.

Buka-Vaivade K., Serdjuks D. Behaviour of timber-concrete composite with defects in
adhesive connection. In: Procedia Structural Integrity ICSI 2021 The 4th International
Conference on Structural Integrity, Funchal, Madeira, Portugal, 30 August—2 September
2021. 2022, pp. 563-569. doi: 10.1016/j.prostr.2022.01.123.

Buka-Vaivade K., Serdjuks D., Sliseris J., Podkoritovs A., Ozolins R. Timber-concrete
composite ribbed slabs with high-performance fibre-concrete. In: Environment.
Technology. Resources: Proceedings of the 13th International Scientific and Practical
Conference, Latvia, Rezekne, 17-18 June 2021. 2021, pp.40-44. doi
10.17770/etr2021vol3.6551.

Buka-Vaivade K., Serdjuks D., Podkoritovs A., Pakrastins L., Mironovs V. Rigid
connection with granite chips in the timber-concrete composite. In: Environment.
Technology. Resources: Proceedings of the 13th International Scientific and Practical
Conference, Latvia, Rezekne, 17-18 June 2021. 2021, pp.36-39. doi:
10.17770/etr2021vol3.6552.

Skincs A., Serdjuks D., Buka-Vaivade K., Goremikins V., Mohamed A.Y. Steel and
composite tapes in timber to concrete joint. Lecture Notes in Civil Engineering, 2021,
141, pp. 68-79.
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5. Buka-Vaivade K., Sliseris J., Serdjuks D., Sahmenko G., Pakrastins, L. Numerical

Comparison of HPFRC and HPC Ribbed Slabs. In: IOP Conference Series: Materials
Science and Engineering. Vol.660: 4th International Conference on Innovative
Materials, Structures and Technologies (IMST 2019), Latvia, Riga, 25-27 September
2019. Article number: 012054. doi:10.1088/1757-899X/660/1/012054.

Vasiljevs R., Serdjuks D., Gerasimova J., Buka-Vaivade K., Eriiz A. Behaviour of
Timber-Concrete Joints in Hybrid Members Subjected to Flexure. In: IOP Conference
Series: Materials Science and Engineering. Vol.660: 4th International Conference on
Innovative Materials, Structures and Technologies (IMST 2019), Latvia, Riga, 25—
27 September 2019. Article number: 012050. doi:10.1088/1757-899X/660/1/012050.
Buka-Vaivade K., Serdjuks D., Goremikins V., Vilguts A. and Pakrastins L. 2017.
Experimental verification of design procedure for elements from cross-laminated timber.
Procedia Engineering 172: 1212-1219.

Publikacijas zinatnisko konferenc¢u tézu krajumos

1.

Buka-Vaivade K., Serdjuks D., Pakrastins L. and Dumina J., A safer rigid connection
solution for timber-concrete composite. In: Forum Wood Building Baltic 2022, Latvia,
Riga, 9-11 May 2022. 2022, iesniegta public€Sanai.

Buka-Vaivade K., Serdjuks D., Vasiljevs R., Gerasimova J., Pakrastins L. and Mierins
1., Behaviours of timber-concrete composite members. In: Forum Wood Building Baltic
2021, Latvia, Riga, 14—16 April 2021. 2021, pp. 74-75.

Iesniegtie zinatniskie raksti

1.

Buka-Vaivade K., Serdjuks D., Pakrastins L. and Dumina J., Non-destructive quality
control of the adhesive rigid timber-to-concrete connection in TCC structures. Buildings.
Buka-Vaivade K., Serdjuks D., Zvirina D. and Pakrastins L., Experimental analysis of
timber-concrete composite behaviour with synthetic fibres. In: Journal of Physics:
Conference Series — [OPscience (IMST 2022).

Promocijas darba rezultati ir zinoti un apspriesti 11 zinatniskajas konferences.

1.

Buka-Vaivade K., Serdjuks D., Pakrastins L. and Dumina J. A safer rigid connection
solution for timber-concrete composite. FWBB 2022, Riga, Latvia, 9—11 May 2022.
Buka-Vaivade K. Providing quality rigid connection in timber-concrete composite
material. RTU 62" International Scientific Conference, Riga, Latvia, October 28, 2021.
Buka-Vaivade K., Serdjuks D. Behaviour of timber-concrete composite with defects in
adhesive connection. The 4th International Conference on Structural Integrity, Funchal,
Madeira, Portugal, 30 August—2 September 2021.

Buka-Vaivade K., Serdjuks D., Sliseris J., Podkoritovs A., Ozolins R. Timber-concrete
composite ribbed slabs with high-performance fibre-concrete. 13th International
Scientific and Practical Conference, Environment. Technology. Resources, Rezekne,
Latvia, 17-18 June 2021.

Buka-Vaivade K., Serdjuks D., Podkoritovs A., Pakrastins L., Mironovs V. Rigid
connection with granite chips in the timber-concrete composite. 13th International

14



Scientific and Practical Conference, Environment. Technology. Resources, Rezekne,
Latvia, 17-18 June 2021.

6. Buka-Vaivade K., Serdjuks D., Vasiljevs R., Gerasimova J., Pakrastins L. and Mierins
I. Behaviours of timber-concrete composite members. FWBB 2021, Riga, Latvia, 14—
16 April 2021.

7. Buka-Vaivade K., Sliseris J., Serdjuks D., Sahmenko G., Pakrastins L. Numerical
comparison of HPFRC and HPC ribbed slabs. 4rd International Conference Innovative
Materials, Structures and Technologies, Riga, Latvia, 25-27 September 2019.

8. Vasiljevs R., Serdjuks D., Gerasimova J., Buka-Vaivade K., Orhun Eriiz A. Behaviour
of Timber-Concrete Joints in Hybrid Members Subjected to Flexure. 4rd International
Conference IMST, Riga, Latvia, 25-27 September 2019.

9. Buka-Vaivade K., Sliseris J., Serdjuks D. Numerical estimation of rational application
of high-performance steel fibre reinforced concrete in multi-storey building. RTU 59
International Scientific Conference, Riga, Latvia, October 10, 2018.

10. Buka-Vaivade K., Serdjuks D., Goremikins V. Innovative suspended structure with
cross-laminated timber deck. RTU 58th International Scientific Conference, Riga,
Latvia, October 13, 2017.

11. Buka-Vaivade K., Serdjuks D., Goremikins V., Vilguts A., Pakrastins L. Experimental
verification of design procedure for elements from cross-laminated timber. 12%
International Conference “Modern Building Materials, Structures and Techniques”,
Vilnius, Lithuania, 26-27 May 2016.

Darba saturs un apjoms

Promocijas darbs ietver anotaciju, darba vispargjo raksturojumu, piecas galvenas nodalas,
secindjumus un izmantotas literatliras sarakstu. Darba apjoms — 120 lapaspuses, 96 atteli,
16 tabulas un 139 literattiras avoti.

Pirmaja nodala dots eso$o pétfjumu apkopojums un analize, precizéts darba meérkis un
uzdevumi. Otraja nodala piedavata defektu adhezivaja savienojuma starp koka un betona
slaniem ietekmes uz konstrukciju uzvedibu novertéSanas metodika. Ar laboratorijas
eksperimentu palidzibu noteikta defektu ietekme uz konstrukcijas deformativajam pasibam un
dinamiskajiem parametriem. Tre$aja nodala izstradata kvalitativa stinga koka-betona
savienojuma izgatavoSanas metode. Veikti laboratorijas lieces un bides testi p&c piedavatas
metodes un péc ieprieks eksistéjosajam metodeém izgatavotajiem paraugiem. Ceturtaja nodala
piedavata koka-betona kompozita konstrukciju racionalo parametru noteikS§anas metodika un
uz tas bazes ir izstradata programmatira. Veikta koka-betona kompozita platnu pamatotas
lietoSanas robezu noteik§ana un ekonomiski izdevigaka konstruktiva risinajuma noteiksana.
Piektaja nodala piedavati ar koka-betona konstrukciju droSuma jautajumiem saistitie risinajumi.
Veikta operacionalas modalas analizes un ultraskanas defektoskopijas eksperimentala
aprobacija §o metozu lietoSanai koka-betona kompozita konstrukciju savienojumu kvalitates
kontrolei. Veikti eksperimentalie petfjumi koka-betona kompozita konstrukciju drosaka
sabrukuma nodrosinasanai ar dispersa sint@tiska stiegrojuma izmanto$anu. Promocijas darba
nosléguma apkopoti galvenie secinajumi.
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PROMOCIJAS DARBA SATURS

1. Koka-betona kompozitu konstrukcijas

Strauji pieaugot kop&jam pasaules iedzivotaju skaitam, ilgtsp&jigas attistibas princips kltist
arvien svarigaks. Kompozitu izmantoSana biivnieciba ir viena no iesp&jam, ka nodroSinat
resursu efektivaku izmantoSanu.

Par kompozitu konstrukcijam sauc konstrukcijas, kas tiek izgatavotas no vismaz diviem,
péc 1pasibam dazadiem materialiem ar mérki uzlabot gala konstrukcijas mehaniskas 1pasibas.
Kompozita mehanisko paSibu uzlabosana tiek panakta, apvienojot katra materiala labakas
pasibas, tada veida kompensgjot materiala trikumus. Kompozitos kombingjamie materiali
mikroskopiska Itmeni paliek savstarp&ji atdaliti, saites starp materialiem tiek veidotas
makroskopiskaja [imeni.

Viena no lielakajam Latvijas zemes bagatibam dabas resursu zina ir meZzi, kas ir Latvijas
pamata ekosistéma. 2018. gada mezi Latvija aizn€ma 52 % no valsts sauszemes teritorijas.
Mezs veidojas dabiski, aiznemot arT tas teritorijas, ko ilgaku laiku neskar cilvéka darbiba, tapéc
laika gaita mezu platiba palielinas. Mezu daudzums Latvija, ka arT fakts, ka meZs ir atjaunojams
dabas resurss, rada ievérojamo prieksrocibu, lai biivnieciba izveletos kokmaterialus. Savukart
betons ir visbiezak un visplasak miisdienas izmantojamais maksligais celtniecibas materials.
Koka un betona kompozitu konstrukcijas var apmierinat augoso pieprasijumu péc ilgtsp&jigam
konstrukcijam. Tipiskais koka-betona kompozita izmantoSanas veids ir elementos, kas strada
liecg, vertikalas slodzes no augSas uznemsSanai. Parasti betona slanis tiek uzstadits spiestaja
zona, kokmateriali — stieptaja zona.

Pirmas koka-betona kompozitu konstrukcijas tika izstradatas jau 20. gadsimta sakuma, un
tas bija saistTtas galvenokart ar t€rauda trilkumu betona stiegroSanai [2]. Nopietni p&tfjumi
Eiropa sakas tikai péc 20. gadsimta 60. gadiem. P&c pirmajiem méginajumiem ar kokbetonu
ietaupit téraudu betona stiegro$anai koka-betona tehnologiju saka lietot arT veco vésturisko eku
koka gridu atjaunoSanai. Gan koka-betona kompozita laika gaita izpétitas prieksrocibas, gan
dabas resursu ierobezotiba palielina interesi par kokbetonu. Koka-betona kompozita
konstrukcijas sp€j apmierinat sabiedribas vajadzibas p&c I€tiem un ilgtspgjigiem inovativiem
risinagjumiem [6].

Kokmateriala kombinacija ar betonu, kas ir stingaks materials ar lielu spiedes stipribu,
ieverojami palielina nestsp&ju, konstrukcijas kopgjo stingumu un izturibu pret apkartgjas vides
iedarbibu, 1idz ar to arT konstrukcijas kalpoSanas laiku [6, 7]. Turklat kokbetons, salidzinot ar
betonu, veido ilgtsp&jigakas blivkonstrukcijas, jo izmanto atjaunojamus dabas resursus, ir
saistits ar zemakam oglekla emisijam un ta razoSanai ir nepiecieSams neliels energijas
daudzums [8, 9]. Koksne ka konstruktivais materials apvieno lielu lieces stipribu ar mazu svaru,
kas rada butisku prieksrocibu, salidzinot ar citiem konstruktivajiem materialiem.

Apvienojot divus materialus — koksni un betonu, var uzlabot dazadus koka gridu klasiskus
trakumus, pieméram, dinamisko reakciju, lieces stingumu, nestsp&ju, skanas izolaciju [11],
konstrukcijas ugunsdrosibu [13], seismisko veiktsp&ju [14] un siltuma masu. Tai pasa laika
koka-betona gridas lauj ieverojami samazinat parseguma konstrukciju paSsvaru, salidzinot ar
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dzelzsbetona parsegumiem, lidz ar to arl citu vertikalu konstrukciju un pamatu izmerus.
Papildus tam, samazinoties izmantojama betona daudzumam, paatrinas biivniecibas process un
samazinas izmaksas, kas saistitas ar betona transport&Sanu.

Lielaka dala pétijumu par koka-betona kompozitu ir veikti kompozitam, kas sastav no
parasta betona slana un masiva / [iméta koka sijam vai platném, kas savstarp&ji savienoti ar
dazada veida pretbides savienotajlidzekliem.

ToposSais standarts par koka-betona kompozita konstrukciju projektéSanu [27] paredz
betona slana stiegroSanu ar nepartraukto stiegrojumu. Stiegrojuma nepiecieSamiba parasti tiek
pamatota ar iesp&jamo betona rukumu un nepieciesamas stipribas nodrosinasanu ap pretbides
savienotajlidzekliem. Tas nozime, ka minimalais betona slanis kokbetona ir 80 mm, lai
nodro§inatu minimali nepiecieSamu betona aizsargslani stiegrojumam [17]. Savukart
minimalais koka-betona platnes augstums tada gadijuma veido 240 mm, pie kura ir iesp&jama
efektiva betona slana darbiba, nepaklaujot betonu stiepes spriegumiem. Biezi vien materiala
biezumu nenosaka prasiba pec konstrukcijas nestsp€jas, lidz ar to klasiski stiegrots betons rada
nevajadzigu papildu paSsvaru, palielina materiala paterinu un slodzi uz atbalsto$am
konstrukcijam.

Fibrobetona izmantos$ana var bt alternativs efektivs risinajums koka-betona kompozitam,
kas lauj samazinat betona slana biezumu un lidz ar to arT platnes paSsvaru. Fibru ietekme uz
betona 1paSibam ir atkariga no daudziem faktoriem: fibru formas; attiecibas starp fibras garumu
un tas ekvivalentu diametru (aspect ratio) Iy / dy, pievienota fibru daudzuma; fibru orientacijas
un sadalijuma; izmantojama betona parametriem utt. [30-32]. Ar fibram stiegrota betona
ipasibu prognozeSana ir sarezgita, ir griiti paredz&t fibru orientaciju un to sadalijjumu pa
konstrukcijas tilpumu. Ka rada petfjumi, betona pika stipribas uzlabojums no fibru
izmantoSanas parasti ir niecigs, tapec tas netiek ieverots aprékinos [33]. Savukart fibru
izmantoSanas efektu var ievérot citos aspektos. Fibras sadala lokalus spriegumus, novérs plaisu
izplatiSanos betona, samazina betona trauslumu un rukumu, ievérojami uzlabojot betona
pécpika uzvedibu gan spied€, gan stiep€, gan liec€, ka arT palielina konstrukcijas energijas
absorbciju [34-36]. Paradoties pirmajai plaisai betona, fibras sak stradat, veidojot savienojumus
jeb ta saucamos tiltinus, kas ietekmé betona deformativas ipasibas [37, 38]. Sos efektus ir
lietderigi izmantot koka-betona kompozita konstrukcijas, kur betona slanis strada spiede.

Sinergija jeb kompozita kopdarbibas pakape starp abiem atskirigajiem materialiem rodas,
pateicoties esoSajam savienojumam starp koka un betona materialu slaniem. Pateicoties slanu
kopdarbibai, kompozitam piemit abu materialu labakas ipasibas, jo kompozita darbiba notiek,
ja divi konstrukcijas elementi vai materiali ir savienoti kopa tada veida, ka tie reagg uz slodzi
ka viens elements, ar lielaku stingumu vai izturibu, salidzinot ar katru elementu atseviski.

Koka-betona kompozitu konstrukcijas koka elements tiek savienots ar betona slani parasti,
izmantojot specialus savienojoSus elementus, kas uznpem bides spriegumus. Savienojumam ir
liela nozime konstrukciju uzvedibas analizé€ un projektéSana. Pretbides savienotajlidzekli
nodroSina pretestibu pret slanu slidéSanu, kad elements strada liecé. Savienotaja izvele ir
iz8kiro$a, jo ta nosaka gala sistemas kopgjo efektivitati.

Ideala gadijuma savienojumam ir jabiit stingam, lai nodro$inatu kompozita visefektivako
darbibu. Prakse ar mehaniskajiem savienotajlidzekliem ir griiti izveidot perfektu stingu
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savienojumu. Parasti mehaniskie savienotajlidzekli parnes bides spriegumus, ierobezojot
slidésanu lidz noteiktam bridim, un zinama méra deforméjas. Tada veida tiek nodrosinata tikai
daléja kompozita darbiba. Saja gadfjuma pastav ari divas neitralas asis, kas samazina
Skeérsgriezuma efektivitati.

No savienojuma stipribas un stinguma viedokla Iim@tie savienojumi ir vislabakais
risinajums, kas var nodrosinat gandriz perfektu kompozita darbibu. Ir atzits [42], ka [im&tiem
savienojumiem ir liels potencials, tacu tie joprojam atrodas izstrades stadija. P&tfjumu
daudzums par $o savienojuma veidu ir loti mazs, saskana ar [42] datiem, tas veido ap 2,5 % no
visiem pétfjumiem par savienojumiem starp betona un koksnes slani. Atskiriba no citiem
savienojumu veidiem limétie savienojumi lauj izvairities no koksnes darbibas virsmas spiede.
Turklat Iime var veidot aizsargslani, kas pasarga koksni no betona eso$a mitruma [55]. Limétie
savienojumi lauj izvairities no laikietilpigam darbibam (griesana, urbSana u. tml.) un, lai ar1
Iimju izmaksas ir lielas, tas var kompensét ar pretbides savienotajlidzeklu izmaksam [55].
Limétie savienojumi lauj izvairities arT no korozijas jautajumiem, kas ir aktuali mehaniskajiem
savienotajiem [56].

Terobezojumi ITm&to savienojumu izmantoSanai prakse parasti tieck pamatoti ar [6, 42, 55]:

o dalgji neizpétitu [imeta savienojuma uzvedibu ilgtermina — savienojumu jutigumu pret
temperatliras un mitruma izmaindm un ar §Im izmainam saistitiem spriegumiem, kas
rodas divu dazadu materialu mijiedarbiba;

e relativi trauslu sabrukumu;

o dalgji neizpétitu liméta savienojuma uzvedibu dinamiskas slodzes ietekmg;

e standartu un projektéSanas metozu trikumu;

e tehnologiskajam griittbam savienojuma realizacija un kvalitates kontrolg.

Pedgjos gados paradas jauni petijumi par koka-betona ar Iimeto savienojumu uzvedibu
ilgtermina, ievérojot temperatiiras un mitruma svarstibas. Kopuma apskatitie pétjjumi [57-63]
liecina, ka koka-betona kompozita ar l[imétiem savienojumiem uzvediba ir prognozgjama un
projektejama. Tap&c kompozita ilgtermina uzvediba dazados mitruma un temperatiiras reZimos
nevar but iemesls tam, lai koka-betona ar lim&to savienojumu tehnologiju neizmantotu prakse.

Kompozitu izstradei ir ieteicams izmantot epoksida vai poliuretana (PUR) Iimes [64].
Epoksida un PUR Iimes veido stingus savienojumus, un, lai arl Siem savienojumiem ir
raksturigs trausls sabrukums, tas sp&j nodro$inat nepiecieSamu savienojuma stipribu [65, 66].
Test&jot parseguma platnes praks€, var noverot, ka sabrukums iestajas pie slodzes, kas ir
ievérojami lielaka par aprékinato platnes nestsp&ju [60, 61], parasti sabrukums notiek betona
slant, tam sakot plaisat [67, 22], vai koksn€ no stiepes spriegumiem. Lidz ar to ir pamatots
viedoklis, ka ITm&ta savienojuma trauslums nav konstrukcijas no koka-betona kompozita, kas
strada liec€, sabrukuma pamatveids un I1méta koka-betona kompozita sistema ir tikpat uzticama
ka mehanisko savienotaju izmantosana [55, 60].

Koka-betona kompozita konstrukcijam ir japarbauda gan lietojamibas, gan nestspéjas
robezstavoklus [69]. Lietojamibas robezstavoklis parasti ir noteicoS§s konstrukcijam, kas
paklautas liecei un/vai smagiem mainigiem apkartgjas vides apstakliem. Lietojamibas
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robezstavoklis koka-betona kompozita konstrukcijam parasti ieklauj izliecu, vibraciju un
betona plaisasanas kontroli.

Izstrades stadija esoSais standarts ‘“prCEN/TS Eirokodekss 5: Koka konstrukciju
projektésana — Kompozitu koka-betona konstrukciju projekteésana — Visparigie noteikumi un
noteikumi €kam” ietver vispargjus koka un betona kompozitu konstrukciju projekteSanas
noteikumus gan nemainigos, gan mainigos apkart&jas vides apstaklos. Nemainigos apkart&jas
vides apstaklos saskana ar standartu ir jaievéro betona rukumu. Mainigajos — papildus betona
rukumam ir jaievero koka rukums vai uzbriesana, kas rodas, mainoties mitruma Itmenim, ka art
materialu izpleSanas, mainoties temperatiirai. Lai ievérotu koka, betona un savienojuma $lides
ietekmi uz spriegumiem un deformacijam, aprékinos izmanto materialu elasttbas modulu un
savienojuma nobides modula efektivas vertibas. Standarts ieklauj noteikumus dazada veida
koka-betona kompozitiem ar mehaniskiem pretbides savienotajlidzekliem un/vai iegriezumiem
[27].

Eksiste vairakas analitiskas aprékinu metodes, ko ir iespgjams piemérot koka-betona
kompozita ar IIm&to savienojumu aprékiniem, tai skaita: salikto siju metode; kompozitu
metode; bides analogiju metode; reducéto $kérsgriezuma metode. Izstrades stadija esosais
standarts koka-betona kompozita konstrukcijam ar padevigajiem savienojuma veidiem iesaka
izmantot gamma metodi (y metode) jeb salikto siju metodi saskana ar EN 1995-1-1 B pielikuma
vadlinijam [58]. Saskana ar So metodi aprékinos tiek izmantots Skersgriezuma efektivais
stingums (EI)et, kas ir atkarigs no sijas Skersgriezuma 1pasibam un sijas Skersgriezuma stinguma
parametriem, kas izvérté savienotajlidzeklu elastigo darbibu nobides plaknés. Iesp&jamas
stinguma redukcijas faktora y vertibas svarstas no 0 (nav kompozita darbibas) Iidz 1 (pilna
kompozita darbiba) [71].

Limes izmantoSana rada gandriz stingu savienojumu, kas palielina salikta elementa
stingumu un stipribu un lauj vieglak to aprékinat, izmantojot pilnas saliktas darbibas teoriju
[42]. Tapec aprekinos var pienemt, ka stinguma redukcijas faktors y = 1.

Nemot veéra to, ka koka-betona kompozita konstrukcijas ar IImétu savienojumu
Skeérsgriezumu veido atskirigi materiali ar atSkirigam mehaniskajam Ipasibam, So konstrukciju
spriegumu aprekinos ir erti izmantot reducgto Skérsgriezumu metodi, reducgjot Skersgriezumu
uz tam materiala tpasibam, kura tiek mekleti spriegumi. Reducéto Skérsgriezumu iegiist,
izmantojot redukcijas faktoru n, kas ir materialu slanu elastibas modulu attieciba [72, 73]. Slanu
augstums paliek nemainigs, Skersgriezuma reducéSana notiek uz platuma rékina.

Galigaja elementu metod€ balstitu datorprogrammu izmantoSana koka-betona kompozita
aprekinos lauj lietot sarezgitakus materiala modelus, kokmaterialiem — 3D ortotropu elastigu
materiala modeli, betonam ar disperso stiegrojumu — izotrops materiala modelis ar bojajumu,
kas paredz nepartrauktu stipribas samazinaganas betona plaisasanas dél. Sim materiala modelim
tieck definéta spriegumu-deformaciju nelineara likne atseviski spiedé un stiepé. Pirmaja
spriegumu-deformacijas Iiknes posma jablit speka Huka likumam, péc tam materiala
izotropiskais stingums tiek samazinats ar elastibas modula degradaciju, izmantojot specialu
skalaro bojajuma parametru [75, 77, 78]. Samazinoties elastibas modulim, tiek parrékinata
spriegumu-deformaciju attieciba. Bojata materiala gadijuma, veicot korekciju iteracijas, notiek
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sistémas stinguma samazinasanas lidz bridim, kad atseviskais galigais elements vairs neuznem
spriegumus. Spiedes un stiepes gadijuma bojajuma parametrs atskiras.

Lidz §im ir pazistamas divas [iméto savienojumu izstrades tehnologijas [42] — sausa un
mitra. Par sauso sauc kokmateriala Iime&Sanu ar salickamo betona platni; par mitro jeb slapjo —
sauc tehnologiju, kad svaiga betona maistjums tiek liets uz svaigi uzklatu limes kartu. Katram
pan€mienam ir savas priekSrocibas un trikumi. Saliekamais betons parasti ir ekonomiski mazak
izdevigs augsto transporta izmaksu dgl, taCu §is risinajums spgj paatrinat kop&jo biivniecibas
procesu un nodro§inat augstaku kvalitati, lai arl pastav sarezgitibas izveidota Iiméta
savienojuma kvalitates kontrole. Biivlaukuma lietais betons samazina transporta izmaksas, tacu
pastav limes nobides risks betona lieSanas laika.

Datoriz&ti pétfjumi sniedz iesp&ju risinat sarezgitas problémas ar modernam skaitlo$anas
programmam, tacu nepiecieSamiba péc gatavu izstradajumu nesagraujosas kvalitates kontroles
ar merki noteikt izstradatas konstrukcijas atbilstibu projektéjamai joprojam pastav.

Nesagraujosas testeSanas metodes dod iesp€ju novertet materiala, komponenta vai sistémas
integritati, materiala 1pasibas, identificét un raksturot bojajumus, neradot kait€jumu
parbaudamajam materialam [79]. Metodes nodroSina efektivus paraugu parbaudes veidus
razoSanas kvalitates kontrolei [80]. Eksisté daudzas dazadas nesagraujosas testéSanas metodes,
ko lieto buvnieciba, katrai metodei ir savas prieksrocibas un ierobezojumi. Biivnieciba
konstrukciju stavokla novertéSanai lieto tadas nesagraujo$as testéSanas metodes ka
eksperimentalas parbauzu metodes ar statisko vai dinamisko slodzi, par dinamisko slodzi
izmantojot impulsa slodzes vai vibracijas, ka arT akustiskas nesagraujosas parbaudes metodes
u. c. So metozu nosaukumos parasti ir atsauce uz noteiktu zinatnisku principu vai aprikojumu,
ko izmanto parbaudes veikSanai.

Konstrukciju slogoSana ar statisko slodzi tiek plasi lietota testéSanai laboratorijas apstaklos.
Savukart konstrukcijas tehniska stavokla novertésanai uz vietas So metodi parasti lieto tikai
gadijumos, ja citadi to nav iesp&jams paveikt, jo STmetode ir laikietilpiga un darbietilpiga, daZos
gadTjumos — pat bistama, jo var izraisit konstrukcijas sabrukumu.

Viens no izplatitakajiem veidiem, ka konstrukcijas atklat defektus, ir to dinamisko
parametru monitorings, slogojot konstrukcijas ar dinamisko slodzi. ST metode — eksperimentala
modala analize (EMA) — paredz, ka ir zinama iedarbe uz konstrukciju un konstrukcijas reakcija
uz konkrétu iedarbi. Izmantojot transformacijas funkcijas, ir iesp&jams noteikt konstrukcijas
dinamiskos parametrus.

Neiesp&jamiba vienmér izvertét visas apkartjas vides iedarbes uz konstrukciju, ka ari
metodes ierobezojumi, kas ir saistiti ar apskatama objekta izmériem, ir galvenie iemesli
operacionalas modalas analizes (OMA) attistibai. Operacionala modala analize, ko sauc art par
apkartgjas vides modalo analizi jeb tikai izejas datu modalo analizi, tiek plasi izmantota lielu
konstrukciju modalajos novértgjumos ar vides un ekspluatacijas slodzém [88]. Sai metodei ir
vairakas prieksrocibas, salidzinot ar EMA [89-91]:

e OMA dod iesp&ju veikt modalu analizi, nezinot un/vai nekontrolgjot ievades ierosmi;,
e lauj novertét tadus pasus modalos parametrus — svarstibu modas formu, passvarstibu
frekvenci un rim$anas koeficientu, ka tradicionalas zinamas metodes;
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o OMA pieder pie vairaku ievadu / vairaku izvadu (multi input — multi output, MIMO)
metodes, kas lauj precizi novertét un atkartot modu formas telpa;

e testi ir ekonomiskaki un atri izpildami salidzinajuma ar EMA; §T metode neprasa papildu
aprikojumu sist€mas ierosinasanai, tadu ka vibroplatformas vai triecienamuru testéSanas
veikSanai laboratorijas apstaklos; veicot OMA testus, par ievades iedarbi uz paraugu var
bt laika un telpa nejausas pieskarSanas paraugam paral€li vibraciju reakciju mérjjumiem
parauga vairakas vietas; $ada veida radita ierosme bus labs daudzfaktoru balta troksna
stohastiska procesa tuvinajums.

Tiek izvirzita hipotéze, ka ar operacionalas modalas analizes palidzibu ir iespgjams noteikt
ietekmi, ko rada defekti stingaja koka-betona savienojuma, uz konstrukcijas modalajiem
parametriem, jo petijumi rada, ka konstrukcijas modalie parametri ir jutigi pret konstrukcijas
bojajumiem [96]. Protams, §is metodes lietoSanas parseguma konstrukciju novértéSana
ekspluatacijas laika ir ierobezota, jo gridas ekspluatacijas laika ir ipaSi paklautas ar&jam
slodzém, kas maina to dinamisko aprékina shemu.

Viena no plasak lietojamajam akustiskajam metod€m materiala defektu un struktiiras
izmainu konstatéSanai ir ar ultraskanas izmantoSanu [97]. Ultraskanas vilniem ir ipasiba
viendabiga vidg izplatities taisna virziena. Raiditajs nostta ultraskanas impulsu materiala, kur,
sastopot defektus, ultraskanas vilnis dal&ji atstarojas. Uztvergjs ultraskanu svarstibas parveido
elektriskajas svarstibas un atveido informaciju uz ekrana. Sis metodes trikums — to var lietot
lokali, jo viena mérjjuma tiek ieglita informacija tikai par konkr&tu konstrukcijas apgabalu, kura
§is mérjjums ir veikts. Ir sastopami pé&tjjumi par ultraskanas defektoskopiju betona
konstrukcijas un koka konstrukcijas, tacu pietrukst informacijas par §is metodes izmantoSanas
iesp&jam koka-betona kompozita savienojuma kvalitates kontrolei.

Lai praksé izmantotu IImétos savienojumus koka-betona kompozita konstrukciju
izgatavoSanai, ir nepiecieSams izstradat optimalakus savienojuma izveidoSanas risinajumus,
kas atvieglotu So savienojumu kvalitates kontroli.
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2. Koka-betona savienojuma kvalitates ietekme uz konstrukcijas uzvedibu

Ka rada darba gaita veiktie eksperimenti (2.1. att.), betona slana pievienoSana CLT platnei
spgj ieveérojami samazinat konstrukcijas, kas strada liecg, izlieces. Slogojot CLT un p&c sausas
ITmgéta savienojuma izgatavosanas metodes razotu koka-betona kompozita paraugus ar laidumu
1,8 m tris punktu liece lidz sabrukumam [98, 99, 73], koka-betona kompozita linearas uzvedibas
robezas ir iegiitas 2,5 reizes mazakas izlieces neka pie attiecigas slodzes CLT platneém.
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2.1. att. a) TCC gabaritizmeri un CLT izvietojums slogoSanas iekarta; b) slodzes — vertikalo

maksimalo parvietojumu liknes.
TCC — koka-betona kompozita platne (timber-concrete composite); eksperiments — laboratorijas eksperimenta
noteiktas vertibas; analitiski — ar vienkarSotu analitisko aprékinu iegiitas vértibas; 3D modelis — ar GEM
aprekinatas vertibas programma Dlubal RFEM 5.24.

Tomer koka-betona kompozita paraugu izgatavoSanas process péc sausas metodes bija
saistits ar problémam kvalitativa [imeta materialu slanu savienojuma nodro$inasana. Balstoties
test€Sanas laika ieglitajos datos, kas tika salidzinati ar aprékinatajiem, ka arT savienojuma
vizualo apsekoSana péc koka-betona kompozita platnu sabrukuma, ir konstatets, ka ar sauso
pan€mienu ITméta savienojuma izgatavoSana starp CLT platni un ieprieks izgatavotas betona
plaksnes ir neprognozg€jams process. Vienlaikus ar vienadiem gabaritizmériem tika izgatavoti
divu veidu koka-betona kompozita platnu paraugi — ar un bez papildu pastiprinajuma ar oglekla
Skiedras Mapei Carboplate E250 loksni ar izm&ru 1000 x 100 x 1,4 mm parauga apaksgjas
plaknes vida. Tacu trispunktu lieces testa ne tikai netika noverots efekts no papildu
pastiprindjuma izmanto$anas, bet ari tika konstatéta abu veidu koka-betona kompozita paraugu
padevigaka uzvediba, salidzinot ar projektéjamo. Eksperimentali noteikto maksimalo
parvietojumu atskirtbas no galigaja elementu metode balstitajiem aprekiniem koka-betona
kompozita paraugiem bez un ar papildu pastiprinajumu veidoja attiecigi 26 % un 45 %,
savukart, salidzinot ar vienkar$otajiem analitiskajiem aprékiniem, 1 atskiriba palielinas v&l par
nepilniem 20 %.
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Bitiska atskiriba starp paraugu faktisko uzvedibu no prognoz&jamas liecina par elementa
mazaku stingumu. Nemot vera to, ka koka-betona elementa lieces stingumu ietekmé
savienojuma starp koka un betona slaniem stingums, So paraugu uzvediba liecina par
problémam lim&ta savienojuma kvalitaté. Nemot veéra parauga uzvedibu, ieglito savienojumu
starp betona un CLT slaniem nevar raksturot ka stingu, tapéc var secinat, ka Iimetaja
savienojuma ir defekti.

Koka-betona kompozita parauga izskats péc slogoSanas un betona slana atdaliSanas ir
redzams 2.2. att€la. Taja var redzet, ka kvalitativs ITm&ts savienojums izveidojas mazak neka
uz 25 % no visas redzamas savienojama virsmas. Sadu konstrukciju izgatavosana ir bistama, jo
izgatavoto koka-betona kompozita paraugu Tipasibas pasliktinas, krasi atSkiroties no
projekt€jamajam.

2.2. att. Koka-betona kompozita parauga izskats p&c sabrukuma.

Lai arT koka-betona kompozita elementa [iméta savienojuma trauslums nav koka-betona
konstrukciju sabrukuma pamatveids, tomér savienojuma kvalitatei ir noteico$sa loma
konstrukcijas kop&ja darbiba. Darba veikto laboratorijas eksperimentu rezultata ir konstatéta
potenciala savienojumu defektu veidosanas bistamiba. Savstarp&ji salimgjot péc savas dabas
dazadus masivus materialu slanus, ir griiti nodrosinat pilnu $o slanu kontaktu. Savukart
savienojuma defektu gadijuma pat papildu pastiprinajums oglekla Skiedru loksnes veida nedod
gaidamo efektu. Ievérojot defektu Iimétajos savienojumos augstus veidoSanas riskus, ir svarigi
noteikt, ka Sie defekti var ietekmét koka-betona kompozita elementa ipasibas un uzvedibu.

Darba tiek piedavata metodika dazada daudzuma un lieluma defektu ietekmes novertesanai,
aplukojot slodzes-parvietojumu liknes pie dazadam kvalitativas kontaktvirsmas starp betona un
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koka slaniem platibam gan atkariba no tas kopgja daudzuma, gan no atseviska defekta licluma.
Piedavatas metodikas pamata ir galigaja elementu metod€ balstitu vairaku koka-betona
kompozita elementa 3D skaitlisko modelu izstrade ar dazada izm&ra un kopgjas platibas
attieciba pret kop€jo savienojuma virsmas platibu defektiem savienojuma un iegiito slodzu-
parvietojumu liknu salidzinajums ar etalona slodzu-parvietojumu Iikni, kas ieglita no 3D
skaitliska modela koka-betona elementam ar pilno mijiedarbibu starp betona un koka slaniem.
Kvalitativs savienojums starp betona un koka slaniem tika definéts ar pilnu speka parnesi,
savukart nesalimétajas zonas, kur veidojas defekts, — bez spéka parneses starp slaniem. Par
pamatu 3D skaitlisko modelu izstradei ir izmantoti eksperimenta slogotie koka-betona
kompozita paraugi ar papildu pastiprinajumu, kas dod iesp&ju novertet savienojuma defektu
ietekmes uz koka-betona platnes uzvedibu analiz€ ieglitos rezultatus ar laboratorijas
eksperimenta iegiitajiem datiem. 2.3. un 2.4. att€la apkopotas apskatamo kvalitativo [Tm&tu
laukumu pienemtas izvietosanas shémas.

100 % 50% (10 %)
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2.3. att. Kvalitativo [Tm&to laukumu izvietoSanas she€mas, kur nesalimé&tos laukumus (peleka
krasa) veido daudzi laukumini ar garumu 10 % no parauga garuma.

100 % 60 %

70% 50% (50 %)

2.4. att. Kvalitativo lim&to laukumu izvieto$anas shémas, kur nesaliméto laukumu veido
viens, péc platibas liels laukums (peleka krasa).

Péttjuma pirmaja dala ir noteiktas slodzes-parvietojumu liknes pie 90 %, 75 %, 50 % un
25 % lielam kvalitativas kontaktvirsmas laukumu platibam no kopgja savienojuma virsmas
laukuma, tada veida, ka nekvalitativi saliméta laukumina garums ir 10 % no visa parauga
garuma. Saskana ar iegltajiem datiem pie kvalitativo Iim&to laukumu izvietoSanas shemam
90 %, 75 %, 50 % (10 %), un 50 % (1 %) slodzes-parvietojumu liknes ir gandriz identiskas ar
100 % kvalitativu savienojumu, maksimalo parvietojumu veértibu atskiribas neparsniedz 4 %.
Tadgjadi defekti ar garumu lidz 10 % no parauga kop€ja garuma neatstaj efektu uz parauga
energijas absorbciju, ko nosaka ka laukumu zem slodzes-parvietojumu liknes.
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Petijuma otraja dala veikti aprékini ar noliiku iegiit slodzes-parvietojumu liknes pie 30 %,
40 % un 50 % lieliem defektu laukumiem no kopgja savienojuma virsmas laukuma, tada veida,
ka nekvalitativi saliméts laukums veido vienu lielu laukumu ar garumu no 30 % Iidz 50 % no
parauga kop€ja garuma (2.4. att.). Saskana ar paveiktiem aprékiniem laukumi bez adhezivas
saites starp betona un koka slaniem ar platibu no 30 % Iidz 50 % no visas savienojuma virsmas
platibas, salidzinot ar 100 % kvalitativu savienojumu, ievérojami palielina maksimalos
parvietojumus elementa laiduma vidii (2.5. att.), un pie defektu platibas 30 %, 40 % un 50 %
no visas savienojuma virsmas platibas veidojas attiecigi par 24 %, 72 % un 137 % lielaki
parvietojumi neka pie 100 % kvalitativa savienojuma.
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2.5. att. Slodzes-parvietojumu liknes pie 100 % kvalitativa savienojuma un pie laukumiem
bez adhézijas saites 30 %, 40 % un 50 % lieluma no visas savienojuma virsmas, ka arT
eksperimenta iegiita likne paraugam, kura sabrukuma ainu var redzet 2.2. attéla.

2.5. attela redzams, ka laboratorijas eksperimenta iegiita slodzes-parvietojuma likne péc
sausas metodes izgatavotajam koka-betona paraugam ir tuva liknei, kas saskana ar skaitliskaja
modelesana iegiitajiem datiem atbilst 40 % lielam laukumam bez adh&zijas starp betona un
koka slaniem, kas papildus pierada kvalitativa liméta savienojuma nozimi un izskaidro
eksperimenta gaita iegiitu krasi atskirigu paraugu uzvedibu no prognozgjamas uzvedibas koka-
betona elementam ar 100 % kvalitativu materialu slanu savienojumu.

Veiktais petijums lauj secinat, ka, stradajot liec€, koka-betona kompozita elementa
energijas absorbciju ietekmé nevis kop€ja kvalitativas kontaktvirsmas attieciba pret visu
savienojuma virsmas platibu, bet atseviS§ko laukumu ar defektu platibas lielums. Pa visu
platumu caurejosi lieli laukumi bez adh&zivas saites starp slaniem biitiski samazina platnes
energijas absorbciju, kas tika novérots ari eksperimentali, test&jot péc klasiskas sausas metodes,
izgatavo koka-betona kompozitu tris punktu liec€. Izmantojot klasisko sauso koka-betona
kompozita izgatavosanas tehnologiju, kontaktzonas platiba biis atkariga no savienojuma
izgatavoSanas kvalitates, un, ka rada prakse, tas lielums bis griiti prognozgjams.
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Lai noteiktu, vai defekti limetaja savienojuma starp betona un koksnes slaniem ietekmée
konstrukcijas dinamiskos parametrus, ir izgatavota mazgabaritu 16 paraugu serija ar un bez
iestradatajiem defektiem savienojuma un ar operacionalas modalas analizes palidzibu ir noteikti
un salidzinati abu paraugu veidu dinamiskie parametri. Paraugu gabaritizméri redzami
2.6. a attela. Defekts savienojuma veido 40 % no visas savienojuma platibas. Sada izméra
defekts var izveidoties, piem&ram, razoS$anas tehnologiska procesa neievéro$anas dél un
saskana ar veiktajiem aprékiniem var izraistt konstrukcijas uzvedibu, kas krasi atSkiras no
projektétas.

Koka-betona kompozita paraugu atbildes reakcijas uz balto troksni ir fiks€tas ar sesu
akselerometru palidzibu, kas bija izvietoti pa parauga viduslniju. Eksperimenta laika datu
ieraksts veikts ar datorprogrammas QuickDAQ palidzibu. No ieraksta paatrinajums-laiks ar
datorprogrammas ARTeMIS Modal palidzibu iegtti paraugu dinamiskie parametri, proti,
passvarstibu frekvence, rimsanas koeficients un modas forma. Mingtie parametri ir noteikti
pirmajam trijam modam.

L

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

a)

2.6. att. a) Paraugu gabaritizmeri dinamisku parametru noteikSanai; b) normaliz&tas 3. modas
formas paraugiem bez defekta (nepartrauktas Iinijas) un ar defektu (raustitas Iinija).

Izvertjot pec divam dazadam metodeém iegiitus dinamiskus parametrus, konstatéts ka
vislielako un acimredzamo ietekmi apskatamais defekta veids atstdj uz tre$as modas formu.
2.6. b attéla apkopotas normaliz&tas treSas modas formas visiem 16 paraugiem. Paraugiem bez
defekta ir raksturiga simetriska modas forma ar tris pusvilpiem ar maksimumu vid&ja sensora
vieta. Paraugiem ar defektu modas forma paliek nesimetriska, maksimums tiek sasniegts
pirmaja pusvilni defekta puse.

Tadgjadi péc platibas lieli defekti stingaja savienojuma starp betona un koksnes slaniem
atstaj ietekmi arT uz koka-betona kompozita konstrukcijas dinamiskajiem parametriem. Un tas
nozime, ka pastav iespéja modalas analizes lietoSanai koka-betona kompozita elementu
nesagraujosas kvalitates parbaudes.
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3. Piedavata inovativa adheziva savienojuma izgatavoSanas tehnologija

Sobrid pazistamajam divam liméto savienojumu izstrades tehnologijam — sausajai un
mitrajai — ir baitiski trukumi, kas saistiti ar augstiem defektu veidoSanas riskiem limétaja
savienojuma. Abas metodes neparedz iesp&ju parauga vizualai apsekoSanai izgatavosanas bridi,
kas lautu prognozet gatava produkta kvalitati. Lai popularizétu stingo ITmé&to koka-betona
savienojumu izmantoSanu praks€, ir svarigi piedavat optimalako savienojuma razoSanas
tehnologiju, jo konstrukcijas kop&ja uzvediba izskiro$a loma ir savienojuma kvalitatei.

Darba tiek piedavata granita Skembu izmantoSana ITméta savienojuma nodro§inasanai starp
betona un koka slaniem. Piedavata stinga savienojuma starp koksnes un betona slaniem
izgatavosanas tehnologija ir nosaukta par kembu metodi. Skembu metode paredz koksnes
slanim pielimét Skembas ar epoksida sveku palidzibu un p&c limes noziisanas virsi ieliet svaiga
smalkgraudaina betona slani. Tadgjadi tiek butiski samazinati koka-betona kompozita
konstrukciju stinga savienojuma nozimigu defektu veidoSanas riski, jo atsevisko Skembu,
kuram iesp€jams izveidojas zemas kvalitates ITméts savienojums ar koka slani, ietekme uz
kopgjo savienojuma kvalitati ir neliela. Iespgjama viena defekta laukums veido procentuali
niecigu dalu no kopgja savienojuma virsmas laukuma un ir vienads ar vienas Skembas skaldnes
laukumu. Shematiski piedavata tehnologija ir redzama 3.1. att&la.

Koka slana 7 - m
parklasana ar Skembu (T
imi pielimésana

Koka pamatnes
sagatavosana

Svaiga betona o
ieliesana LTméta slana
Koka-betona i

kompozits

3.1. att. Adheziva savienojuma ar Skembam izgatavos$anas tehnologijas sheéma.

Skembu metode, pateicoties nelielam Skembu izméram, nodrosina iesp&ju Iiméta
savienojuma vizualajai kontrolei un savienojuma starp koksnes un $kembam mehaniskajai
parbaudei, pieméram, ar cietas birstes palidzibu, pirms svaigd betona ielieSanas procesa.
Savukart saite starp Skembam un betona slani veidojas dabiska procesa ka kombinacija no
kimiskas reakcijas starp cementa masu un Skembam ka betona pildvielu, ka arT cementa
hidratacijas produktu mehaniskas enkurosanas ar skembu virsmu [103, 104].

Testgjot trispunktu liecg pec Skembu metodes izgatavotus koka-betona kompozita paraugus
ar laidumu 1,8 m, kas ir p&c izmeériem identiski ieprieks testetiem paraugiem ar oglekla Skiedras
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lentes pastiprindjumu, ir konstatéta So paraugu stingaka uzvediba par projekt€jamo (3.2 att.).
Variacijas koeficients koka-betona kompozita paraugu ar Skembam Iim&taja savienojuma
atseviskiem slodzes-parvietojuma grafika punktiem neparsniedz 10 % un vidgji ir 7 %, kas
liecina par iegiito datu viendabigumu. Tas dod pamatu uzskatit, ka koka-betona kompozita
aprékina modelu ar stingu savienojumu izmantoSana péc piedavatas Skembu metodes
izgatavotu koka-betona konstrukciju aprékiniem ir drosa.
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3.2. att. Slodzes — vertikalo maksimalo parvietojumu Iiknes.
TCC — koka-betona kompozita platne; pec sausas / Skembu metodes — eksperimentali iegiitas vertibas péc
attiecigas metodes izgatavotiem paraugiem; +/— 2 s — slodzes — parvietojumu liknes vid&jas veértibas ar divam
standartnovirzém 7CC péc Skembu metodes paraugiem; 3D modelis — ar GEM aprekinata likne, neievérojot
betona degradaciju; 3D modelis damage —ar GEM aprekinata likne, izmantojot izotropu materiala modeli, kas
izverte betona bojajumu slogoSanas laika (Dlubal RFEM 5.24 datorprogramma); analitiski — ar vienkarsotu
analitisko aprékinu iegiitas vertibas.

3.2. attela redzamajai koka-betona kompozita paraugu ar Skembam slodzes-parvietojumu
liknei ir novérojamas liknes rakstura izmainas pie lielakim slodzém. ST paradiba ir
izskaidrojama ar granita Skembu klatbGitni, materiala, kas raksturojas ar daudz augstaku stipribu
par cementa masu un kas koka-betona savienojuma tuvuma pilda rupjas betona pildvielas lomu,
uzlabojot betona stipribu savienojuma tuvuma.

Ar meérki parbaudit Skembu frakcijas ietekmi uz betona slana mehaniskajam pasibam tika
izveidoti mazgabariti koka-betona kompozita paraugi ar tris granita Skembu frakciju veidiem —
2-5 mm, 5-8 mm un 16-25 mm [98, 107]. Katrai granita Skembu frakcijai tika izgatavoti pa
Cetriem paraugiem. Visi paraugi tika test@ti trispunktu liec® lidz sabrukumam. Paraugu
slogoSanas shéma ar dimensijam un to izvietojums slogoSanas iekarta redzami 3.3. attela.

; Pieliméto granita
Ay  faletBWF  yembsiani

T RS MU COTSaR,

© \ ———— |
"i% |Koka dalis c2¢ Q1@ fE

a) S0 | 300 | 50

3.3. att. Mazgabarita paraugu a) slogo$ana shéma un izméri; b) slogoSana.
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Laboratorijas eksperimenta ieglitas slodzes-parvietojumu Iiknes mazgabarita koka-betona
paraugiem redzamas 3.4. a att€la. Starp iegiitajam slodzes-parvietojumu Ikn€m paraugiem ar
dazadas frakcijas Skembam ir iegiits 99,9 % liels korelacijas koeficients. Visam paraugu sérijam
ir raksturigs iegiito datu viendabigums savas sérijas ietvaros. Variacijas koeficients paraugiem
ar Skembu frakciju 2—-5 mm, 5-8 mm un 16-25 mm ir attiecigi zem 4,5 %, 1,6 % un 9,3 %.

0,82

Z

2 0 — 16-25 mm
0,
‘ iy .,

2-5 mm
0 0.5 1 15 2 25 3 Skembu vidgjais | ,
L Ipatsvars Stinguma pieaugums
Parvietojumi, mm pie 12 kN
a) b)

3.4. att. a) Slodzes-parvietojumu Iiknes mazgabaritiem koka-betona kompozita paraugiem ar

dazadam grantta Skembu frakcijam; b) Skembu frakcijas vidgjais Ipatsvars pret betona slana

augstumu un paraugu stinguma piecaugums pie 12 kN slodzes, salidzinot ar 2—5 mm Skembu
frakcijas paraugiem.

Pie skembu frakcijas 16-25 mm bija novérojams parauga nestsp&jas piecaugums par vairak
neka 30 %, salidzinot ar paraugu graujoSo slodzi pie Skembu frakcijam 2—5 mm un 5-8 mm.
Mehanisko 1pasibu uzlabojumu pie lielakam pildvielu frakcijam apstiprina ar1 citi
eksperimentalie petfjumi [108, 109]. Savukart paraugu uzvediba lidz aptuveni 8 kN slodzes
Iimenim ir gandriz identiska. Palielinoties pieliktas slodzes limenim, pie lielakam $kembu
frakcijam ir nov@rojama paraugu nedaudz stingaka uzvediba, kas ir izskaidrojama ar Skembu
lielaku Tpatsvaru betona slani (3.4. att.). Bet, nemot véra zemu paraugu stinguma pieaugumu,
palielinoties Skembu frakcijai, var secinat, ka Skembu frakcijas izm&ram nav noteico$a nozime

péc Skembu metodes razotas koka-betona kompozita platnes, kas strada liec€, uzvediba.

- - ol R it e - [ i)) = =

3.5. att. Mazgabaritu koka-betona paraugu sabrukuma ainas, kas bija razoti péc: a) sausas
metodes; b) piedavatas Skembu metodes.

Lidzigi ka ar koka-betona kompozita paraugiem ar laidumu 1,8 m, arT mazgabarita
paraugiem, kas bija razoti p&c sausas metodes, varéja noveérot betona slana atdaliSanos pa limeta
savienojuma vietu bez slanu kopdarbibas pazimém atskiriba no mazgabarita paraugiem ar
Skembam, kur sabrukums ir novérojams gan pa koksnes Skiedram, gan pa betona slani
(3.5. att.).

Koka-betona savstarpgja savienojuma kvalitatei ir noteicoSa nozime koka-betona
kompozita elementa uzvediba. Koka-betona kompozita elements eksisté lidz bridim, kamér
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eksisté savienojums starp materiala slaniem. Elementam, kas strada liecg, veidojas arT bides
spriegumi, kas savu maksimalo vertibu sasniedz skersgriezuma neitralas ass limeni. Koka-
betona kompozits ir slanains kompozits, turklat parasti ar savienojuma plakni starp betona un
koka slaniem tie$a tuvuma S$kersgriezuma neitralai asij. Kaut ari iev€rojami tangencialie
spriegumi veidojas liec stradajosas sijas ar mazu laidumu un profiliem ar planam sieninam,
piem&ram, dubult-T tipa $kersgriezumiem, darba ir pieversta papildu uzmaniba p&c piedavatas
Skembu metodes izgatavotu savienojumu droSuma limena parbaudei no bides stipribas
viedokla. Sim noliikam darba gaita veikti eksperimenti péc $kembu metodes un mitras metodes
razoto koka-betona paraugu bides stipribas noteikSanai.

Koka-betona kompozita sabrukums notiek, ja sabrik jebkura no komponentem. Lim&to
savienojumu parasti projekt€ ar nosacijumu, ka ta stipriba ir lielaka neka salim&jamo elementu
stipriba. L1dz ar to uz bides spriegumiem parbauda kokmateriala slana bides stipribu un betona
slana bides stipribu. Starp koka bides stipribas vertibu, ko lieto aprekinos, un koka lieces
stipribu pastav $ada sakariba [111]:

Fore = 02(fmre)”" < 3,8 MPa, (3.1)
kur f, ;. + — koka bides stipribas raksturiga vértiba, MPa;

fm x — koka lieces stipribas raksturiga vértiba, MPa.

Betona bez papildu bides un garenstiegrojuma bides stipribas aprékina vertiba, kas izriet no
[100], tiek pienemta p&c sadas formulas:

foie = k1 02f, (3.2)

kur k; = 0,15;

for — betona spiedes stipribas raksturiga vértiba, MPa.

Noliika noteikt efektu no $kembu izmantosanas uz koka-betona kompozita savienojumu
bides stipribu un uzvedibu ir veikti bides stipribas testi 10 paraugiem. Koka-betona stingais
savienojums cetriem paraugiem ir nodro§inats ar mitro metodi, seSiem paraugiem — pé&c
piedavatas Skembu metodes. Paraugu dimensijas un slogoSanas shéma ir redzama 3.6. attela.
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3.6. att. Bides testa paraugi: a) skats no augsas; b) skats no saniem un slogosanas shéma;
¢) parauga izvietojums slogosanas iekarta.
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Gatavus paraugus test€ vismaz peéc 28 dienam atbilstoSos klimatiskajos apstaklos
(temperatiira — 20 °C, relativais gaisa mitrums — 65 %), kad betons pilnigi saciete. TesteSanai
tiek izmantota Form+test razotaja hidrauliskd prese. 3.7.a un b attéla redzamas paraugu
sabrukuma ainas. Abiem paraugu veidiem parsvara sabrukums notika pa betonu, attistoties
plaisai no apaksas, kur veidojas lielaki bides spriegumi, uz augsu, tadgjadi saskelot paraugu.
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3.7. att. Paraugu sabrukumu ainas: a) ar parasto limes savienojumu p&c mitras metodes; b) ar

Graujosa slodze, kN

Skembam savienojuma; c) bides testa ieglitas paraugu graujosas slodzes.

Slogojot paraugus Iidz sabrukumam, tika iegiitas paraugu graujosas slodzes vértibas, kas
apkopotas 3.7. c attela. Taja var redzgt, ka abu paraugu veidiem ir raksturiga rezultatu izkliede.
Savvukart paraugiem bez skembam Iimétaja savienojuma §1 izkliede ir plasaka. Péc skembu
metodes izgatavotajiem paraugiem eksperimenta noteikto graujoSo slodzu variacijas
koeficients ir 28 %, savukart p&c mitras metodes izgatavotajiem paraugiem — 60 %. Variacijas
koeficients virs apméram 30 % parasti liecina par problemam eksperimenta datos un nav
pienemams [112]. Eksperimenta gaita papildus paraugu graujosai slodzei tika fiksgtas
parvietojumu vertibas, kas rodas starp kompozita parauga slaniem. Pie lielakam pieliktas
slodzes vertibam parvietojumu starpiba paraugiem ar un bez skembam ITmetaja savienojuma ir
10 % robezas.

Darba gaita eksperimentali iegiitic rezultati lauj secinat, ka Skembu izmantoSana Iimétaja
savienojuma lauj palielinat ne tika elementa lieces stipribu, bet ari bides stipribu. Skembu
izmantoSana samazina rezultatu izkliedi. Vienlaikus Skembas bitiski neietekmé savienojuma
kopgjo stingumu un atstdj savienojuma nelielu padevigumu, kas izpauzas ar lidzigam slanu
nobidém abiem paraugu veidiem. Tadgjadi, izmantojot koka-betona kompozita izgatavosana
piedavato Skembu metodi, ir iesp&jams iegiit droSu koka-betona kompozita platni ar stingu
koka-betona savienojumu.
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4. Racionali parametri koka-betona kompozita platném

Modulu (modular building) izmantoSanas tendence daudzstavu koka &ku biivnieciba rada
lielu laidumu nepiecieSamibu un vairak izaicinajumu attieciba uz ilgtermina deformacijam un
vibracijam. Parastam koka gridu konstrukcijam zema lieces stinguma dél ir griti izpildit §Ts
prasibas, savukart koka-betona kompozitam liela laiduma starpstavu parsegumu konstrukcijas
ir potencials izmantoSanas veids. Nemot véra $adu konstrukciju perspektivas, ir aktuali piedavat
metodiku koka-betona kompozita komponensu izméru noteikSanai un materialu stipribas
izvelei, ko var lietot projektésanas sakuma stadija, ka arT noteikt koka-betona kompozita platnu
racionalakas izmantoS$anas robezas, salidzinot ar analogiskajiem koka parsegumu risinajumiem
bez betona slana.

Eksiste divi visplasak izmantojami koka-betona kompozita platnu konstruktivi risinajumi —
betona slanis ar CLT platni (turpmak teksta — CLT-betona platne) un betona slanis ar koka sijam
[115]. Koka-betona kompozita platnes konstruktivais risinajums ar koka sijam paredz bieza
stiegrota betona slana izmantoSanu, lai nodroSinatu pietickamu platnes lieces stingumu. Lai
biitu iesp&jams atteikties no t€rauda stiegrojuma izmantoSanas, vienlaikus saglabajot augstu
Skersgriezuma lieces stingumu, izmantojamo koka siju $kérsgriezuma augstumam ir jabut loti
lielam. ST iemesla d&l 4.1. b attéla redzamais risindgjums netiek apskatits ka piemérojams
ilgtsp@jigai koka-betona kompozita konstrukcijai bez terauda stiegrojuma. CLT-betona platnes
(4.1. aatt.) att.) lauj atteikties no terauda stiegrojuma izmantoSanas betona slani, tacu Sis
risinajums ir saistits ar lielam izmaksam CLT augstas cenas un liela materiala patérina del. Lai
saglabatu koka-betona prieksrocibas un mazinatu ieprieks piemingtos trikumus, tiek piedavats
koka-betona kompozita platnes risinajums, kura pamata ir karbveida saplaksna platne ar koka
ribam (turpmak teksta — saplakSna-betona platne). Pateicoties saplakSna apaks€jai kartai
(4.1. c att.), Skérsgriezuma lieces stingums tiek butiski palielinats, salidzinot ar 4.1. b attéla
redzamo risinajumu, un tiek nobidita skérsgriezuma neitrala ass prom no betona slana. 18 mm
bieza saplak$na apaks€ja karta var samazinat koka siju Skérsgriezuma augstumu 1,5 reizes,
saglabajot tadu pasu skersgriezuma lieces stingumu.

o) I— >& K 0 ;Z

b)
4.1. att. Koka-betona kompozita platnu konstruktivi risinajumi: a) ar CTL platni; b) ar koka
sijam; c) ar ribotu saplaksna platni.

Darba gaita izstradata metodika (4.2. att.) un uz tas bazes — programmatiira koka-betona
kompozita platnu racionalu $kérsgriezuma parametru un izmantojamo materialu nepiecieSamas
stipribas klases noteik$anai divu veidu konstruktivajiem risinajumiem — ar CLT platni un ar
ribotu saplaksna platni pamata. Paredz&ts, ka abiem risinajumiem tiek izmantots fibrobetona
slanis un tiek nodrosinats stings savienojums starp fibrobetona slani un koka platni, ko realizé
péc darba piedavatas Skembu metodes.

Dazadu materialu ar atSkirigam 1pasibam, it Ipasi svara un cenas zina d€l, materiala paterins
nevar objektivi raksturot koka-betona kompozita konstrukcijas racionalitati. Konstruktivo
risinajumu savstarp&jam salidzinajumam ir ieviests racionalitates kriterijs — izmaksu koeficients
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¢, kas sasaista dazada veida materialus dazadas mainigas proporcijas. Tas balstas attieciga
Skersgriezuma materiala izmaksas Latvijas tirgi 2021./2022. gadu mija viena kvadratmetra
koka-betona kompozita platnei. Izstradata datorprogramma paredz iesp&ju defin&t izmantojamo
materialu cenas atbilstosi aktualajai situacijai buvmaterialu tirga.

Algoritma sakums

v
Tevades p ar @Imeiy Iespgjamo skérsgriezumu l Skérsgriezuma efekﬁvaw
defindSana —> pregenerdiana stinguma noteik$ana
+ platnes laidums L + Istermina
+ gridas platums B (vibréL‘ijém) + ilgtermina, ievérojot rukumu
+ noslogoto platibu kategorija [Al,A2,B] + vibraciju parbaudém

+ izklied@tas slodzes vértiba gk
+ kvalitates klase vibracijam
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galigie parvietojumi + normalspriegumi koksné / saplakshi l.czombin.ﬁcij as Fu .
+ vibraciju parbaudes + tangencialie spriegumi ribas + ilgtermina n‘if qU??"PCTm“DFﬂ‘
) Q;wjmoj umi J slodzu kombinacijas un Tslaicigas
¢ uietdeﬂgas slodzes

Skérsgriezuma parametru,
kas apmierina visas | ———>
parbaudes izvade

Rezultatu sakartosana pec

i . g —> Algoritma beigas
racionalitates kritérija g g

4.2. att. Koka-betona kompozita platnes Sk&rsgriezuma racionalo parametru noteikSanas
algoritms.

Izmaksu koeficients koka-betona kompozita platnes vienam kvadratmetram tiek aprékinats

péc 4.1. un 4.2. formulas attiecigi ar CLT platni un saplaksna platni pamata.
C=hCLT'PCLT+hc'Pc

4.1
Pc,czo 'B1 ( )
(hpw * P + hpa " Pog +he " P)*b L+ hy by - P+ (L Nygng + b * Nrans)
c= ,  (4.2)
b'L'Pc,czo 'B1

kur: h; — slana vai elementa augstums, m;

P; — attieciga materiala cena, EUR/m?;

b un L — platnes platums un laidums, m;

Nyong UN Nergns — garenribu un Skersribu daudzums;

indeksi pu, pd — augs€jais un apaksgjais saplaksna slanis;

indeksi CLT, t, ¢ — Skérsvirziena limétas koksnes, koka un betona slanis;

Pe 20 — C20 stipribas klases betona cena, kas tiek izmantota par bazes cenu, EUR/n’;

B, — 1 metra platas joslas platums, m.

Izmaksu koeficientu noteikSanai par CLT, koksnes un C20 klases stipribas betona ar 0,5 %
sintétisku fibru daudzumu viena kubikmetra cenu ir pienemts attiecigi 900 EUR, 600 EUR un
104 EUR. Pargjam betona stipribas klasem, ka arT dazada biezuma saplaksna lokSnu pienemtas
cenas apkopotas 4.1. un 4.2. tabula.
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4.1. tabula

Betona ar sintétiskajam fibram cenas atkariba no ta klases

Stipribas klase C25 C30 C35 C40 C45
Cena, EUR/m? 106 108 109 110 111

4.2. tabula

Saplaksna cenas atkariba no ta biezuma

Biezums, mm 6.5 9 12 15 18 21 24 27 30 35 40 45 50
Cena, EUR/m? 1238 1019 911 895 876 895 895 895 895 995 995 995 995

Piedavata metodika paredz visu iesp&jamu koka-betona kompozita platnu skersgriezumu
pregeneréSanu saskana ar definétajiem ievades parametriem, materialiem un tehnologiskajam
robezam. Darba tiek apskatitas viena virziena brivi balstitas koka-betona kompozita platnes ar
platuma-garuma attiecibu 1 : 5. Pienemtie $kérsgriezuma mainigie lielumi ietver se$as betona
un Cetras koksnes stipribas klases; 13 standarta saplaksna biezumus; tris dazadus CLT slana
biezumus, CLT platném ar tris, pieciem vai septiniem slaniem; se$i platumi un 11 augstumi
koka sijam atbilstoSi EN336 sortimentam. Tie ir apkopoti 4.3. attéla.

Kokbetona ng
$kérsgriezuma mainigie >( | N |he
\ N\
& Thpd
B=L/5 bt
4 N\
betons
ar CLT paneli ar saplaksna paneli
biezums he 2 20 mm, ar
augsupejoso soli- 5 mm
stipribas klase C20, C25,
\030, C35, C40vai C45 Y
A 4 \ 4
a4 N a ) )
CLT . koka ribas
saplaksnis
3, 5 vai 7 slani, ar —— — augstums no 47 mm [idz 295
simetriju attieciba pret augssjais slanis no 9 mm lidz mm, platums no 35 mm ITdz
vidgjo slani 50 mm 145 mm, saskana ar EN336
_ ) . . apakséjais slanis no 6,5 mm lidz sortimentu
slanu biezumi 20, 30 vai 50 mm o
40 mm ) minimala platuma-augstuma
o mehaniskas ipasibas un attieciba - v
ipribas Kases <18 biezumi saskana ar raZotaja stipribas klase C18, C20, C22
\&2Y vai ) sortimentu \vai C24 )

4.3. att. Pienemtie Skersgriezuma mainigie koka-betona kompozita platném.
B — platnes platums; L — platnes garums; he — betona slana biezums; h/1 un h/2 — CLT slanu biezums; hpu un
hpd — augseja un apakseja saplaksna slana biezums; bz un hz — koka ribas platums un augstums.
Koka-betona kompozita platnu projektésana tiek veikta, adaptgjot rekomendacijas no
toposajiem koka-betona kompozita konstrukciju noteikumiem, kas paslaik tiek izstradati CEN
TC250/N2330 ietvaros “Eirokodekss 5: Koka konstrukciju projektéSana — Kompozitu koka-
betona konstrukciju projekteéSana — Visparigie noteikumi un noteikumi &kam” un vibraciju
noteikumiem, kas paSlaik tiek izstradati CEN TC250/SC5 WG3 4. apakSgrupas ietvaros
“Vibracijas”. Koka-betona kompozita platne tiek rékinata divos laika momentos. Pirmais — t =
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0 gadi jeb konstrukcijas sakuma stavoklis, kad betona rukums un materialu §lide v&l nav
attistjjusies. Otrais laika punkts ¢ = oo gadi jeb konstrukcijas kalposanas laika beigas, izverte
materialu §]adi un betona rukumu. Materialu §lide tiek ieverteta ar materialu elastibas modulu
efektivajam vertibam, betona rukums — ar fiktivo slodzi no neelastigas deformacijas.
Parbaudamie kritériji koka-betona kompozita platném divos laika momentos ar attiecigajam
slodzu kombinacijam un izmantojamajiem elastibas moduliem apkopoti 4.4. attgla.

( Kokbetona parbaudes |

o —1 )

Iconc = [Fconc]

O4m < [0
tim = [Otim] ; Tslaiciga IietderTg;
Opwe < [opwe] quasi permanent slodze slodze
Flong=G +
Ot < [opw] fong = B 42 Fonort = (1- 42)Q

Tconn < [Teonn] Econ, fin: Etim, fin Econ: Etim )

v | |

4 t=0 '
Econs Eti
Uz;.osn‘. Ffrm ULS: Fiopg g+ 0.8 Pgs UN Fsportg
: uk SLS: Fiopng i+ Psis UN Feportk
L SLS: Fy g ¢ ’
; v v
Owoodbase ((Gg + W2Qq) 1,25 Owoodbase ((Flong,d *+0.8pgs) " 1,25
+ (1- W2)Qq) < [Oypodbase ] + (1- w2)Qq) < [Owoodbase |

parbaude t = 3—7 gadiem
nav nepiecieSama

4.4. att. Koka-betona kompozita platnu parbaudes ar atbilstosam slodzes kombinacijam.

ULS un SLS ir nestsp&jas un lietojamibas robezstavokli; t — laika moments; w — izliece; 6, T — normali un
bides spriegumi; E — elastibas modulis; G, Q — pastaviga un lietderiga slodze; w2 — pastavigas lietderigas
slodzes dala no kopgjas lietderigas slodzes; Fu — slodzes fundamentala kombinacija; psls — fiktiva slodze, kas
noverté betona rukumu; [ ] — pielaujama vertiba; indeksi: conc — betons; tim — koks; pwc — augsgjais saplaksna
slanis; pwt — apaksgjais saplaksna slanis; conn — savienojums starp ribu un augsgjo saplaksna slani; k —
raksturigas vertibas; d — apréekina vértibas; fin — efektivas vertibas; woodbase — koksnes materiali.

Saplaksna-betona platnu parbaudes ieklauj normalspriegumu aprékinus betona slani,
spiestaja un stieptaja saplaksna slani un koka garenribas, tangencialo spriegumu aprékinu Suve
starp ribu un augs€jo saplaksna slani. Parbaudes tiek veiktas koka-betona kompozita platnes
divu veidu efektivajiem Sk&rsgriezumiem — dubult-T un C tipa Sk&rsgriezumiem (4.5. a att.).
Vibraciju un izlieCu aprékiniem izmanto platnes 1 m platas joslas ekvivalentus lieces
stingumus.

Garenisko ribu solis s tiek noteikts, pamatojoties uz augs€ja saplaksna slana nestsp&jas un
deformacijas aprékiniem platnes Skérsvirziena saskana ar aprékina shémam, kas redzamas
4.5. bun c attéla, un betona un augs&ja saplaksna slana ar pilnu kompozitdarbibu starp slaniem
deformacijas aprékinu pec 4.5. d attela redzamas shémas. Nemot véra augseja saplaksna slana
darbibas nozimi starp koka ribam, §im apakselementam ir pienemta konservativaka aprékina
shéma, t. i, brivi balstita sija. Betona slana mijiedarbiba ar augs€jo saplaksna slani pasarga
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pédgjo no noturibas zuduma. Skérsribas tiek izmantotas tikai tapec, lai sadalitu paneli mazakos
briva gaisa tilpumos. To daudzums tiek pienemts vienads ar garenribu daudzumu.

F, 9ed9pug
ad Vs P
betoms e LTINS
$kersribas 7 Z 7%7
. b) s '
garennbas\ 9o Gpuk

saplaksnis )

27 nnnn e R R R R R AR R R

s betons //;/ ’%/}9/
' C) 1 s f

he |
B llp!;l i P— — ‘-'—' ‘augé_éjais_ DGk
a . A . saplaksnis A 2 A VA VA
hpt riba . apaksgjais h
saplaksnis h,
bef.C bef.T Ll ) 2
a) d) s

4.5. att. Saplaksna-betona kompozita platnes: a) C tipa un dubult-T tipa skersgriezumi; b)—d)
aprékina shémas.
H — platnes augstums; hc — betona slana augstums; hpu un hp/ — augsgja un apaksgja saplaksna slana augstums; ht
— koka ribas augstums; bz — koka ribas platums; s —ribu solis; bef, T ir dubult-T Skérsgriezuma efektivais platums,
besr = min( 0,1 L+ by; s); bef,C ir C tipa Skérsgriezuma efektivais platums,

. b
berc = min( 0,05+ L+ b; =2
no betona g4 un saplaksna slaniem g,.q; ¢) augseja saplaksna slana izliece no betona gk un saplaksna g, x slanu
passvara; d) betona un augsgja saplaksna slanu izliece no abu slanu passvara un lietderigas vienmeérigi izkliedétas

); b) augsgja saplaksna slana nestspgja uz 80 kg montazas slodzi Foq un passvaru

slodzes qx; kut s — ribu solis; he un hpu — attiecigi, betona un augseja saplaksna slana biezumi.

Momentano izlieCu pielaujama veértiba ir pienemta — 1/300 dala no platnes laiduma,
galigajam izliecem — 1/150. Lietojamibas robezstavokla parbaude ieklauj ne tikai izlieCu
noteikSanu, bet ar1 vibraciju parbaudes. Visu vibraciju kritériju robezvertibas atbilstosi gridas
darbibas Iimenim, ka ar1 gridas darbibas [imena noteikSana atbilstosi gridas platibu slogo$anas
kategorijai un nepieciesamas kvalitates [imenim apkopotas attiecigi 4.3. un 4.4. tabula.

4.3, tabula

Gridas darbibas Itmenis saskana ar lietoSanas kategoriju un kvalitates klasi

S .. Kvalitates klase
LietoSanas kategorija

Augsta Standarta Ekonomiska
Daudzstavu dzivojamas &kas, Al I I, 11T v \%
Privatmajas, A2 L IL 100, IV \% VI
Biroja ekas, B I 1T I v
4.4. tabula

Vibracijas kriteriju robezvertibas saskana ar gridas darbibas Iimeni

I Gridas darbibas limenis
Kriterijs

1 11 111 v \% VI VII
Stinguma: wixy [mm] < [w] 0,25 0,5 0,8 1,2 1,6 Na
_ v
Atruma un paatrindjuma: R < [R] 4 8 12 16 24 32
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Koka-betona kompozita gridu ar laidumu /, platumu b un 1 kvadratmetra passvara masu m,
ko raksturo efektivie lieces stingumi uz 1 m platu joslu (EI). un (EI)r gridas garenvirziena un
Skeérsvirziena, vibraciju projekt€sanas procedira redzama 4.6. shema.

- Nosaka gridas darbibas limeni ( Aprekina izlieci \
% (I-VII), pamatojoties uz no F=1 kN koncentréta spéka, mm
.i + noslogoto platibu kategoriju [A1,A2,B]; Wien = F % 13 /(48 % (EDp % bep),

1%

+ nepieciesamo kvalitates [Tmeni o L , 0.25
[augsts, standarta, ekonomisks]. Qf min (b; 1/ 1.1 % ((EI)T / (EI)L) J

ﬁprékina gridas padsvarstibu

frekvenci, Hz Ja Stinguma

< kritérijs izpildas?
Wikn <]

nevar pielietot ¢ Ne f >45Hz
$o metodi e

A

Q: 0.5 x T x ((ED)y / m)®>/ 12

Ve s T \Ne

Aprekina vidéjo kvadratisko paatrinajumu, m/s

:(0.4><a><1:0)/'(20-5><2x(_’xM*)

s

pd
1

kur Fy=700N; {=0.025; a = e 0411,
Q/l* =0.5 xm x | x b— gridas modala masa, kg. Y,

ﬂprékina vidgjo kvadratisko atrumu, m/s \
N

= * = x> -
Vims =075 B % Ky x 1/ M a,,./0.005<[R] N5 SKERS%I;;ERZUMS
kur £ =(0.65—-0.01x f))x(122-11x{)xn L
N=152-055xK,,,.pie L0< K,,, <15, i
or 1= 0.69; { =0.025 — rim3anas koeficients; &Ja
- s SKERSGRIEZUMS DER
K,m}, =max {0.48 x (b/1) x (ED)y / (EDp)": 1.0}
»
M#*=0.5 x m x 1x b — gridas modala masa, kg;
1=42x fwl'43 / f11‘3 — vidgjais modalais impulss, Ns; N&
&.: 1.5 Hz — staigasanas frekvence; Vims [ 0.0001 <[R]

T

4.6. att. Koka-betona gridu vibraciju parbaudes procediira péc toposa Eirokodeksa 5, kur [ ] —
robezvertiba saskana ar 4.4. tabulu.

Darba piedavata koka-betona kompozita platnu racionalu parametru noteikSanas metodika
paredz lielu analitisko aprékinu apjomu. Tap&c uz tas bazes ir izstradata programmatiira,
izmantojot programmésanas valodu Hypertext Preprocessor jeb PHP 8.1., kas darbojas uz
Apache servera. Lai optimiz&tu ar datorprogrammas palidzibu iegtito datu turpmako lietoSanu
un apstradi dazados griezumos, ir izmantota MySQL datubaze, kura tiek uzglabati pregenerétie
rezultati. PHP programmé&Sanas valodas izvéle balstas perspektiva programmu attistit ka
tiessaistes riku, ko var izmantot vienlaikus nenoteikts daudzums lietotaju no dazadam vietam
un iericém. Atbilstosi ievades un mainigajiem datiem tiek pregeneréta koka-betona kompozita
platnes visu iesp&jamo $kérsgriezumu kopa, kam tiek noteikti efektivie geometriskie parametri,
kas nepiecieSami turpmakai momentano, ilgtermina un vibraciju kontroles parbauzu veikSanai.
4.7. attela redzama dala no izstradajamas datorprogrammas koda, kas balstas piedavataja
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algoritma koka-betona kompozita platnu ar ribotu saplaksna platni pamata racionalu parametru
noteikSanai.
o 3z & \ |t Bg| % & |EE|S1 X GEHz® B B@l >

[ functions php £3| B ot php £3| B citpure php 3| B cLTce php 3 [H pwiunctions php B3 ‘Emdex,php 1 & pw_vecaisphp 3B «»

1 <2phr A
4 [Jfunction GetExpensesZ(S$options = Array()) |{

= 3; //1 = A cat min ¢, 2 = A cat min H, 3 = B cat min C, 4 = B cat min H
i // ja 1, tad apré&kina tikai vienu variantu

1 //lietderiga slodze 2 vai 3 kN/m2

1; // laidums no 3 lidz 10 m

1L ; // gridas platums vibraciju aprékiniem
Skategorija p [ 1: // Ekas kategorija Al - daudzstavu
dzivojamas &kas, AZ - privatmaja vai B - biroja &kas

SQuality = Soptions[ 10 1; // 1 - augsta, 2 - pamata; 3 - ekonomiska izvéle

RISy

// platnes platums, mm (1:5)

$B=SL/5;
$ ; // momentanas izlieces robefvértiba, mm

;i // galigas izlieces robeZivSrtiba, mm

//pilna kompozita darbiba

SB/ ); // lietderiga lineara raksturiga slodze, kN/m
; //¥N/m3 saplak&na blivums

Nk LNk

): //stieptais saplaksnis,mm
); //koka &v&létas brusas augstums pé&c

97, ’ ’ ' ’ ' ’ ’

sortimenta,mm
Array( ,60,72,97, )i //koka &v&létas brusas platums p&c sortimenta,mm

;15,16,21,24,27,30,35,40,45,50); //spiestais saplak&na ap#uvums,mm

#25,30,35,40,45,50,55,60,65,70,75,80,85,90,95); //h betona,mm

: // koksne = 600 EUR/m3, C20/25 ar fibram = 104 EUR/m3

SbetonaKlase = Array():
37 SbetonaKlase [ = Array(
, "rom"=> .

,"rom"=> A
length : 63,694 lines : 1,207 In:31 Col:13 Pos: 1,426 Windows (CR LF)  UTF-8 IN

4.7. att. Datorprogrammas koda dala ar ievades un mainigo parametru definéSanu.

=> ;" => )

Saplaksna-betona platném lielaka Skérsgriezuma elementu skaita un to iesp&jamo izméru
plasa sortimenta del, salidzinot ar CLT betona platném, ir milzigs iesp&jamo skersgriezumu
kombinaciju daudzums, kas parsniedz 100 000. Tapgc, lai veiktu saplakSna-betona platnes
aprekina rezultatu apstradi, ir butiski veidot iegiito rezultatu datubazi. Visiem pregenerétajiem
Skérsgriezumiem tiek parbauditi nestsp&jas un lietojamibas robezstavokli. Skérsgriezumi, kas
neapmierina kaut vienu no parbaudém, netiek nemti véra. Skérsgriezumi, kas apmierina visas
parbaudes, tiek sakartoti p&c racionalitates kriterija.

Lai noteiktu koka-betona kompozita platnu racionalakas izmantoSanas robezas, salidzinot
ar parastiem analogiskajiem koka parsegumu risindgjumiem bez betona slana, izmantojot darba
izstradatu programmattru, ir noteikti izmaksu zina racionalakie S$k&rsgriezumi un tiem
atbilstosie Skersgriezuma kopgjie augstumi laidumiem robezas no 3 m lidz 10 m ar soli 0,5 m
pie dazadam noslogotu platibu kategorijam (B kategorijas noslogotas platibas tiek projektetas
uz 3 kN/m? izkliedétu slodzi, A kategorijas platibas — uz 2 kN/m?) un vibraciju kvalitates
klasém (augsta, standarta un ekonomiska). Rezultatu savstarpgjam salidzinajumam visas gridas
pienemtais platums, kas tiek izmantots vibraciju aprékinos, ir 5 m.

CLT platném noteicos$a parbaude ir uz vibracijam, savukart CL7-betona platném — uz
galigam izliecem. Tapéc CLT platnem ir noteiktas racionalu parametru veértibas pie tris
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iesp&jamajam vibraciju kvalitates klasém, savukart CL7-betona platnem — tikai pie augstakas
kvalitates klases. 4.8. attgla redzami apzimejumi, kas tiek izmantoti 4.9. attéla grafikos.

« CLT 1

— « CLT2
\ - CLT,3

o TCC,1

4.8. att. CLT un CLT-betona (anglu valoda timber-concrete composite — TCC) platgu
apzimgjums. 1, 2 un 3 — vibraciju kvalitates klases, attiecigi — augsta, standarta un ekonomiska.

2,5
2,0
1,5
1,0
0,5
0,0 0,0
3 4 5 6 7 8 3 4 5 6 7 8
300 300
2 /'
250 £, 250 <*
200 200 B
R 150 150
g e CLT A2,1 e CLT Al 1 oCLTB,I
2100 o g oCLTA22 100 eCLT 41,2 100 ®CLTB,?2
< 5 e« CLT A2,3 50 e CLTAL3 50 *CLT B3
o oTCC A2,1 0 arccALl o 7CC BI
3 4 5 6 7 8 3 4 5 6 7 8 3 4 5 6 7 8
Laidums L, m Laidums L, m Laidums L, m
a) b) ©)

4.9. att. CLT un CLT-betona (TCC) platnes izmaksu koeficienta atkariba un platnes augstuma
atkariba no platnes laiduma €ku kategorijas: a) A2; b) Al;c) B. 1,2 un 3 - vibraciju augsta, standarta
un ekonomiska kvalitates klase, A2, Al un B —privatmajas, daudzstavu dzivojamas un biroja kas.

CLT-betona platném betona slana biezums svarstas no 20 mm lidz 85 mm. Sads betona
slanis spgj butiski uzlabot konstrukcijas dinamisko reakciju. Apkopojot aprékinos iegltus
rezultatus, CLT-betona platnu izmantosana, salidzinot ar CLT platném, ir absoliiti pamatota
daudzstavu dzivojamo €ku un biroja €ku starpstavu parsegumiem pie jebkuras izveéletas
vibraciju kvalitates klases. Sads risindjums spé&j samazinat pienemto racionalitates kritériju —
izmaksu koeficientu Al un B kategorijas vid&ji par 22 % un 23 %, ka arT gandriz nepalielina
platnes kopgjo augstumu, salidzinot ar vienkarSajam CLT platném, kas atbilst ekonomiskajai
(tresajai) vibraciju kvalitates klasei. Privatmaju gadijuma CLT7-betona platnes sp€j vidéji par
19 % samazinat izmaksu koeficienta vertibu, salidzinot ar visekonomiskako CLT platnu
risinajumu, bet vienlaikus ar izmaksu koeficienta samazinajumu nedaudz — vidgji par 6 % —
pieaug platnes kopgjais augstums.
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CLTun CLT-betona platnu izmaksu ¢ un kopgja augstuma H vertibu procentualas izmainas
attieciba pret CLT platnes parametriem, kas atbilst treSajai jeb ekonomiskajai vibraciju
kvalitates klasei, apkopotas 4.10. attéla. CLT-betona izmantoSanas ieguvums starpstavu
parsegumu risinajumos palielinas Iidz ar augstakam prasibam pret vibraciju kvalitates klasi,
lielakiem laidumiem un noslogotakam platibam. Pie augstakas vibraciju kvalitates klases biroja
tipa ekas CLT-betona konstruktivais risinajums var samazinat Iidz pat par 44 % izmaksu
koeficientu un Iidz pat par 25 % platnes Skersgriezuma augstumu.

30

= - 25.9
520 ;
[[s+3
Es 0 8,8
SIS 0,3
£
e
2 =
20 -10
k] BmT7CCI, ¢
E -20 194 B7CC1H
= 10 o 21,9 232 OCLT,2,c
- OCLT.2.H
A2 Al B marie
Noslogotas paltibas kategorija BCLT,1L.H

4.10. att. CLT un CLT-betona (TCC) platnu izmaksu c un kopgja augstuma H vertibu izmainu
salidzinajums ar CLT,3 platnes raksturlielumiem. 1, 2 un 3 - vibraciju augsta, standarta un ekonomiska
kvalitates klase; A2 — privatmajas, Al — daudzstavu dzivojamas &kas, B — biroja ekas.

Saplaks$na ribotam platném noteico$as parbaudes ir uz vibracijam. SaplaksSna-betona
platném pie racionalakajiem $k&rsgriezuma parametriem betona slana biezums ir robezas no
20 mm Iidz 35 mm, par noteicoSo joprojam galvenokart saglabajot vibraciju parbaudi. Abu
veidu platnes ir savstarpgji salidzinatas pie augstakas vibraciju kvalitates klases Al un B
kategorijas €kam. Saplaksna-betona platnu ekonomiska pamatotiba un konkurétsp&jigums ir
acimredzams 4.11. attéla. Pie lielakiem laidumiem saplak$na-betona platnes sp€j samazinat
izmaksu koeficientu Iidz pat par 42 %, platnes augstumu — Iidz pat par 33 %.
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4.11. att. Ribotu saplaksna (PW) un saplak$na-betona (PWCC) platnes biroja €kas (B) un
daudzstavu dzivojamajas €kas (A1): a) izmaksu koeficienta atkariba no platnes laiduma;
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b) platnes augstuma atkariba no laiduma.



Izmaksu zina racionalakie Skérsgriezumi CLT-betona platném dazadam noslogotu platibu
kategorijam ir salidzinati ar saplaksna-betona kompozita platnu skersgriezumiem divos veidos.
Viens gadijums atbilst saplaksna-betona kompozita racionalakajam Sk&rsgriezumam izmaksu
zina ar Sim Skérsgriezumam atbilstoSu augstumu; otrais gadijums — paredz salidzinasanu ar
saplaksna-betona kompozita platnes Skérsgriezumu ar minimali iesp&jamo augstumu un tam
atbilsto$u zemako izmaksu koeficientu. 4.12. a un b attéla apkopoti iegtitie dati A kategorijas
noslogotajam platibam, kas atbilst dzivojamajam &kam.
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4.12. att. CLT-betona (TCC) un saplaksna-betona (PWCC) platnes Al kategorijas €kas
sakaribas starp platnes laidumu un: a) izmaksu koeficientu; b) platnes augstumu; c) platnes
paSsvaru. min H — vismazakais iespgjamais augstums ar atbilstosu izmaksu koeficientu; min ¢ — viszemakais
iespgjamais Skérsgriezuma izmaksu koeficients; A — daudzstavu dzivojamas &kas.

Ka var redzet, piedavatais koka-betona kompozita platnes risinajums ar ribotu saplaksna
platni pamata lauj butiski samazinat izmaksu koeficientu. Salidzinot ar CLT-betona platni,
saplaksna-betona platnes ar izmaksu zina racionalako $k&rsgriezumu A noslogoto platibu
kategorijai izmaksu koeficients ir par 50 % lidz 73 % mazaks, bet vienlaikus saplaksna-betona
kompozita platnes augstums palielinas par 7 % lidz 41 % ar vidgjo vertibu 25 %, salidzinot ar
CLT-betona kompozita platnes augstumu.

Saplaksna-betona platnes konstrukcijas ipatnibu d€] biezaki betona slani rezultgjas
nepieciesamiba péc biezaka augseja saplaksna slana un/vai papildu ribam, lai samazinatu soli
starp ribam. Abi gadfjumi ir saistiti ar papildu izmaksam, katra papildu garenriba, 1pasi pie
lieliem platnes laidumiem, ievérojami palielina platnes 1 m? materidlu izmaksas. Tapéc
racionalakie no izmaksu koeficienta viedokla saplak$na-betona platnu Skérsgriezumi ir ar
planu, parasti ap 20-30 mm biezu betona slani. Tik plana betona slana izmantoSana nodrosina
platnes pasSsvara slodzes zemu Iimeni neatkarigi no platnes laiduma (4.12. ¢ att.). Ja pie 3 m
laiduma saplaksna-betona platnes paSsvars ir aptuveni par 20 % zemaks neka CLT-betona
platném, tad pie lielakiem laidumiem §T atskiriba sasniedz pat 71 %.

Izveloties saplakSna-betona kompozita platni ar vismazako iesp&jamo Skersgriezuma
augstumu, kas izpilda nestsp&jas un lietojamibas robezstavoklu prasibas, ir iesp&jams samazinat
saplakSna-betona konstruktiva risinajuma Sk&rsgriezuma augstuma starpibu ar CLT-betona
platnes augstumu Iidz 14 %, pie vairakiem laidumiem ieglstot saplakSnpa-betona platnes
augstumu mazaku par CLT-betona platnes augstumu, paral€li saglabdjot biitisku izmaksu
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koeficienta samazinajumu, kas veido no 21 % lidz 54 %. Pie laidumiem no 6,5 m Iidz 8 m
saplaks$na-betona platném un CLT-betona platném Sk&rsgriezuma augstums ir gandriz vienads,
savukart izmaksu koeficients saplaks$na-betona platném ir videji par 49 % zemaks neka CLT-
betona platném.

Biroja €ku parsegumiem ir lidziga situacija ka dzivojamajam &kam (4.13. att.). Salidzinot
ar CLT-betona platni, saplakSna-betona platnei ar izmaksu zina racionalako Skersgriezumu B
noslogoto platibu kategorijai izmaksu koeficients ir par 57 %—69 % mazaks, platnes augstums
palielinas par 13 %—43 % ar vid&jo vertibu 29 %, passvars ir par 15 %—67 % mazaks ar vidgjo
vertibu 45 %.
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4.13. att. CLT-betona (TCC) un saplaksna-betona (PWCC) platném B kategorijas &kas

sakariba starp laidumu un: a) izmaksu koeficientu; b) platnes augstumu. min H - vismazakais
augstums ar atbilstoSu izmaksu koeficientu; min ¢ — viszemakais izmaksu koeficients; B — biroja €kas.

Izveloties saplaksna-betona kompozita platni ar vismazako Skeérsgriezuma augstumu, kas
izpilda nestsp€jas un lietojamibas robezstavoklu prasibas, ir iesp&jams samazinat saplaksna-
betona platnes augstuma starpibu ar CLT-betona platnes augstumu lidz 18 %. Pie platnu
laidumiem no 3 m lidz 8,5 m abu veidu platnu augstums ir gandriz vienads — atSkiribas
neparsniedz 6 %, $ajas laiduma robezas izmaksu koeficients saplakSna-betona platném ir par
18 %—-50 % mazaks neka CLT-betona platném.

Saplaksna-betona platnu papildu prieksrociba ir to paredzamaka uzvediba mazaka koksnes
materiala Ipatsvara dél, salidzinot ar CLT-betona platneém. Darba gaita veiktie eksperimenti
paradija mazaku graujosas slodzes izkliedi Cetriem saplakSna-betona paraugiem, salidzinot ar
Cetriem CLT-betona paraugiem. Saplak$na-betona paraugiem tika konstatéta 11 % liela
rezultatu dispersija, kas ir loti labs raditajs, savukart CL7-betona paraugiem $is raditajs bija
vienads ar 28 %, kas ir tuvu nepielaujamai robezai.

Piedavatais saplaksna-betona platnes konstruktivais risindjums, pamatojoties uz paveikto
analizi, ir atzistams ka 1pasi izdevigs risindjums gan dzivojamajam, gan biroja €kam, kas lauj
ievérojami samazinat parseguma izmaksas, salidzinot ar CLT-betona platném arT gadijuma, ja
platnes augstumam ir butiska nozime. Piedavatais risindjums pie lielakiem laidumiem
raksturojas ar ieveérojami mazaku passvaru plana betona slana izmantoSanas dél, kas ietekmé
visu pargjo vertikalo konstrukciju nepiecieSamus izmerus. Tadgjadi piedavatais saplaksna-
betona platnes konstruktivais risinajums veido ilgtsp€jigu un konkurétspgjigu koka-betona
kompozita platnes risinajumu.
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5. Koka-betona kompozita konstrukciju droSuma risinajumi

Darba tiek apskatiti divi aspekti no koka-betona kompozita platnu droSuma viedokla.
Pirmais aspekts ir stinga koka-betona savienojuma nesagraujosas kvalitates kontroles iesp&ja
gan izgatavotu elementu kvalitates parbaudei, gan arT ekspluatacija eso$u konstrukciju stavokla
novertesanai, jo savienojuma kvalitatei ir iz§kiroSa nozime koka-betona kompozita platnu
darbiba. Otrais aspekts ir saistits ar konstrukcijas darbibu sabrukuma bridi. Parasta betona bez
papildu stiegrojuma sabrukums raksturojas ka trausls, kas rada bistamibu. Tapéc darba ir
piedavats izmantot betonu ar disperso stiegrojumu no sintétiskajam fibram.

Viens no ierobezojumiem Iim&to savienojumu izmantoSanai praks€ ir saistits ar
nepiecieSamibu péc savienojumu kvalitates kontroles. Nemot véra mazu pétfjumu daudzumu
par koka-betona kompozitu ar limétu savienojumu, triikst arT pétjjumu par nesagraujoSajam
koka-betona kompozita konstrukciju stinga savienojuma kvalitates parbaudes metodém.
Literatiras analizes laika netika atrasta informacija par koka-betona kompozita konstrukciju
stinga savienojuma kvalitates parbaudes iesp&jam, tapéc darba gaita tika aprobgtas divas
pazistamas metodes — operacionala modala analize un ultraskanas defektoskopija, lai
parliecinatos par So metoZu lietosanas iespéjam defektu stingaja Iimétaja savienojuma starp
betona un koka slaniem noteiks$ana.

Stinga savienojuma kvalitates kontroles metozu aprobacijai darba gaita izgatavoti 16
mazgabarita koka-betona kompozita paraugi ar garumu 60 cm péc darba piedavatas Skembu
metodes. Astoni paraugi ir izgatavota bez defekta savienojuma, pargjiem astopiem — ir
iestradats defekts savienojuma 40 % lieluma no savienojuma virsmas laukuma. Dazas no

paraugu izgatavoSanas stadijam redzamas 5.1. attela.
a) B NEE

_ yeessems.

5.1. att. Paraugu izgatavos$anas stadijas: a) 16 paraugi péc limes nozt$anas; b) parauga gala
40 % apmera ietiSana pléve defekta nodrosinasanai; ¢) paraugu izvietojums veidnos.

Modalai analizei ir izmantoti se$i sensori — akselerometri, ar kuriem ir mérita konstrukcijas
atbildes reakcija paatrindgjuma veida uz balto troksni. Sensori tika izvietoti pa parauga
vidusliniju, saskana ar 5.2. attéla redzamo sheému. Eksperimenta realizacijai bija pieejami divi
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Dytran Instruments, Inc. razotaja sensoru tipi — tris sensori ar zemu jutigumu ap 100 mV/EU —
331242T modelis un tris — ar augstu jutigumu ap 1000 mV/EU — 3/00D24 modelis, kas tika
izvietoti 3., 4. un 5. pozicija. Visi sensori tiek savienoti ar daudzkanalu augstas precizitates
dinamiska signala analizatoru — Data Translation razotu DT9857E, kas uztver sensoru signalus
un nostta mérjumu datus uz datoru. Péc datu registréSanai izmantotas QuickDAQ programmas
konfigurésanas katram paraugam ir veikta datu ievaksana, kas paredz:

1) parauga novietoSanu uz balstiem un sensoru piestiprinasanu;

2) balta trokSpa ierosinaSanu ar laikd un telpa nejausiem pieskarieniem parauga
virsmai;

3) paralli otrajam solim — parauga reakcijas signala ierakstisanu;

4) merfjumu atkartoSanu vel tris reizes.

1 2 3 4 5 6
v
; I v v ' J v 5(
8L , 18L , 1/8L |, 18L 1/4L , /8L /8L
71 7 7 7 7 7

550

5.2. att. Sensoru izvietojuma shéma un koka-betona kompozita paraugu testéSanas gaita.

Eksperimenta laika ieglito datu turpmakai apstradei un analizei tiek izmantots precizaks
riks — ARTeMIS Modal programma. ARTeMIS programma dinamisko parametru identifikacijai
ir iestradatas vairakas metodes, kas balstas gan uz frekvenéu doménu — frekvences doména
sadaliSanas tehnikas (#DD), kas nodroS$ina procesa uzskatamibu un lietotajiem draudzigu vidi,
gan arT uz laika dom@nu — stohastisko apakstelpu identifikacijas tehnikas (SS7), kas raksturojas
ar rezultatu augstu precizitati [90].

Visiem 16 paraugiem tika noteiktas un izvertétas pirmas tris passvarstibu frekvences ar
attiecigajiem rimsanas koeficientiem un kompleksitates jeb modas sarezgitibas pakapi péc
divam dazadam metodem — CFDD un SSI-PC. 5.3. att€la redzams viena parauga bez defektiem
jaudas spektra noveértéjums pec CFFD metodes, izmantojot automatiskas modalas noveértésanas
funkciju, un stabilizacijas diagramma péc SSI-PC metodes.
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5.3. att. a) Jaudas spektrs pec CFDD metodes; b) stabilizacijas diagramma pec SSI-PC metodes.

Validgjot pec abam identifikacijas metodem ieglitas modas, tiek veikta rezultatu savstarpgja
apstiprinasana un modalo rezultatu kvalitates kontrole. Konkrétajam paraugam tris modu MAC
vertibas ir virs 0,95. Modal Assurance Criterion jeb MAC ir statistikas raditajs, ko izmanto
modu paru formu savstarpéjai salidzinadanai. Sis kritérijs ir loti jutigs pret lielam atskiribam un
salidzinosi nejutigs pret nelielam modu formu atskirtbam. Jo tuvak $1 kriterija vertiba ir 1, jo
lielaka ir modu formu sakritiba.

5.4. a att€la apkopotas pirmo tris modu frekvencu vidéjas vertibas saskana ar CFDD metodi.
Pirmas modas frekvence pusé gadijumu ar SS/-PC metodi netika noteikta, apzimgjot attiecigo
frekvencu vertibu ka troksna frekvenci. Otrajas un tresas modu frekvencu vertibu ticamibas
pakape bija augsta.
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5.4. att. Paraugiem ar un bez defektiem savienojuma pirmo tris modu: a) frekvencu vid&jas
vertibas, kur 100 % — bez defektiem, 60 % — ar 40 % lielu defektu; b) formu savstarp€jais
salidzinajums.
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Vera nemama atskiriba starp paraugiem ar un bez defektiem ir otras modas frekvencg.
Paraugiem ar defektu ta ir augstaka par aptuveni 32 %. Papildus tam paraugiem ar defektu koka-
betona savienojuma ir konstatéta tre$as modas formas ievérojams izmainas ar MAC = 0,55 (5.4.
b att.).

Izmainas var noverot arT signala jaudas spektra. Ja paraugiem bez defekta tresas modas
frekvence ap 600 Hz ir domingjosa, tad paraugiem ar defektu pie tresas modas frekvences ir
novérojama zema limena ierosme. Papildus tam paraugiem ar defektu ne tikai palielinas otras
modas frekvences vertiba, bet arT atbilstoss signala stiprums (pie aptuveni 340 Hz), salidzinot
ar paraugiem bez defekta (5.5. att.). Dalai paraugu betona sastavam 0,5 % daudzuma bija
pievienotas sintétiskas fibras PP Strux 90/40, eksperimenta laika tika konstatéts, ka fibras

bitiski neietekm@ paraugu ar un bez defektiem reakciju uz balto troksni.
Bez defektiem Ar defektiem

dB
-40

0 200 400 600 800 1000 Hz 0 200 400 600 800 1000 Hz

5.5. att. Signala jaudas spektrs no visiem sensoriem.

Tadgjadi modalaja analiz€ konstatétas atskiribas starp paraugu s€rijam lauj apgalvot, ka
bojajumu esamiba stingaja savienojuma starp betona un koksnes slaniem ietekmé koka-betona
kompozita parauga atbilzu reakciju un dinamiskos parametrus. Lidz ar to noteiktos apstaklos
operacionalo modalo analizi ir iesp&jams efektivi izmantot koka-betona kompozita konstrukciju
savienojuma starp betona un koksnes slaniem kvalitates un defektu esamibas novertésanai.
Apskattta metode lauj veikt nesagraujoso kvalitates parbaudi globala méroga, apskatot visu
konstrukciju kopuma. Tas var biit IpasSi aktuali, razojot lielu daudzumu liela izméra
konstrukcijas, kad defektu lokalas parbaudes metodes bitu laikietilpigas. Izveidojot vienu
etalona konstrukciju, ko var parbaudit ar lokalam defektu parbaudes metodém, tas modalas
analizes rezultatus var izmantot par referenci paréjam konstrukcijam. Sis metodes lietosana
konstrukciju monitoringam ekspluatacijas laika ir sarezgita apliikojamas konstrukcijas
lietoSanas veida dél. Koka-betona kompozita platnes ir paredzetas lietoSanai starpstavu
parsegumos, no ta izriet, ka tas tiks regulari paklautas islaicigas un kvazi pastavigas slodzes
iedarbibai, ietekmgjot un mainot konstrukcijas aprékina shému, salidzinot ar references
stavokli — sakotngji izbliveto konstrukciju. Lai butu iesp&jams salidzinat konstrukcijas aktualos
modalos parametrus ar sakotn&jiem, ir janodrosina konstrukcijas vienadus apstaklus.

Koka-betona kompozita konstrukciju stinga savienojuma kvalitates kontrolei ekspluatacijas
laika ir iesp&jams izmantot lokalas nesagraujosas testéSanas metodes, kas nav atkarigas no
konstrukcijas aprékina shemas. Literatiira ir sastopami p&tijumi par ultraskanas defektoskopijas
lietoSanu betona konstrukcijam un koka konstrukcijam, bet p&tfjumus par ultraskanas lietoSanu
koka-betona kompozita konstrukcijas atrast neizdevas. Nemot véra, ka koksne un betons ir
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dazadas struktiiras materiali, darba gaita veikta laboratoriska parbaude koka-betona kompozita
paraugiem ar defektu stingaja savienojuma, lai noskaidrotu sagaidamos rezultatus no lokalas
konstrukcijas parbaudes ar ultraskanu. Mérjjumu sérija veikta Cetriem mazgabarita paraugiem
ar iestradatiem defektiem. Katram paraugam veikti se$i mérjjumi. M&rjjumu vietu izvietojums
ir redzams 5.6. a attéla. Merjjumi 1-1 un 2-2 ir veikti parauga dala bez defektiem; 5-5 un 6-6 —
parauga dala ar defektiem; 4-4 — uz robezas starp parauga dalam ar un bez defektiem; 3-3 —
parauga dala bez defektiem, robezas starp parauga dalam ar un bez defektiem tuvuma.
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5.6. att. a) Meérfjumu vietu izvietojums pa parauga garumu un parauga defekta izveide ta
razoSanas laika; b) ultraskanas defektoskopijas gaita.

Merfjumi ir veikti ar Rigas Tehniskaja universitaté izstradato eksperimentalo ultraskanas
aparatu un programmatiiru (5.6. b att.) [129]. Tiek sitits viens impulss, ko raksturo viens
periods, bet ultraskanas vilpa Tpasibas atstaroties no parauga malam dg| registr&jamais signals
sastav no daudziem periodiem, kas pakapeniski norimst. Ultraskanas defektoskopijas
veiksmiga lietoSana savienojuma kvalitates kontrolei balstas akustiskas impedances starpiba
dazados materialos. Akustiska impedance Z raksturo vides (materiala) pretestibas limeni
ultraskanas vilpu svarstibam, to var aprékinat péc 5.1. formulas.

Z=c-p, 5.D

kur: ¢ — skanas atrums, m/s;

p — vides blivums, kg/m’.

Jo lielaks ir vides blivums, jo lielaka ir akustiskas impedances veértiba. Kad ultraskanas
vilnis, izejot cauri vienam materialam, saduras ar cita materiala robezu, dala vilna energijas
atstarojas un dala pariet otraja materiala. To, cik energijas atstarosies, ietekmé abu materialu
akustiska pretestiba jeb impedance. Jebkuriem diviem materialiem atstaroSanas koeficientu R
ka procentu no visas vilna energijas var aprékinat péc 5.2. formulas.

2
R= (?TZ) -100 %, (5.2)
kur Z4,Z, — pirma un otra materiala akustiska impedance.

Vilnim, izejot caur betonu vai koksni un saskaroties ar gaisa vidi, gandriz 100 % no vilna
energijas atstarojas. Sis princips ir pamata defektu, kas ietver gaisa Skirkartas, noteik3anai ar
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ultraskanu. Uz betona-koka materialu robeZas atstarojoSas energijas lielums ir lidz 64 %, ap
36 % no vilna energijas tiek nodots uz otro materialu. ST procesa vizuilais atainojums ir
redzams 5.7. a attéla. SeSu mérfjjumu dati vienam no paraugiem ka nomeérita signala relativas
amplittdas atkariba no laika ir apkopoti 5.7. b attela.
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5.7. att. a) Ultraskanas vilna atstarojums un pareja no betona materiala koksng; b) mérjjumu
ieraksti no parbaudes ar ultraskanu parauga dazadas vietas (1-6 saskana ar 5.6. a attelu).

Caur parauga dalu bez defekta talu no robezas, kur sakas defekts, ultraskanas signals, kas
iziet paraugam cauri, ir stiprs un raksturojas ar lielu amplitidu. Tuvojoties robezai ar defektu,
nomeérita signala maksimala amplitida pakapeniski samazinas. Savukart vieta, kur defekta
klatesamiba ir izteikta un tuvuma nav vietas bez defekta, ultraskanas signals neiziet cauri abu
materialu savienojumam. Signala amplitiidas vertlba nesasniedz 10 % no maksimalas
amplitidas vértibas pie signala parraides vieta bez defekta. So amplitiidas vértibu lielakoties
veido signals, kas izplatas pa visu paraugu, atstarojas no ta malam un klaino, jo apskatama
parauga garums nav bezgaligs. Pie lielakiem parauga izmériem $is amplitidas procents bis vél
zemaks. Tadejadi ultraskanas defektoskopiju ir iesp&jams veiksmigi izmantot koka-betona
kompozita stinga savienojuma, kas izgatavots p&c piedavatas Skembu metodes, lokalai
kvalitates kontrolei, neraugoties uz pietickami lielu ultraskanas vilpa energijas atstaroSanas
koeficientu starp betonu un koksni.

Darba gaita, veicot dazadus laboratorijas eksperimentus, notika saskarsme ar betona slana
bistamu, trauslu sabrukuma veidu ar betona gabalu atdaliSanos no paraugiem. Lai padaritu
koka-betona kompozita konstrukciju sabrukumu plastiskaku un apkart&jai videi drosaku, ir
veiktas eksperimentalas parbaudes koka-betona kompozita paraugiem ar disperso sint&tisko
stiegrojumu betona slani. Ar noliiku parbaudit, vai fibru pievienosana sniedz pozitivu efektu uz
koka-betona kompozita elementu sabrukuma ainu, tika paveikta koka-betona kompozita
elementu laboratoriska test€Sana paraugiem ar riipnieciski razotu CLT platni pamata. Tika
izgatavoti pa diviem koka-betona paraugiem ar un bez dispersa stiegrojuma betona slani.
Betona slanis visiem paraugiem tika iestradats p&c piedavatas Skembu metodes.

Par ieteicamo fibru garuma-diametra attiecibu parasti sauc diapazonu no 40 lidz 100 [138].
Savukart sintgtisku poliméru fibru pievienoSana daudzuma no 0,4 % Iidz 0,8 % sp&j nostiprinat
betona matricu un panakt efektivaku plaisu kontroli [139]. Tapéc koka-betona kompozita
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paraugiem ar sintétisko disperso stiegrojumu betona sastavam ir pievienotas polipropiléna
makro Skiedras PP Strux 90/40 0,5 % daudzuma no betona tilpuma.

Koka-betona kompozita paraugi ar laidumu 1,2 m ir testéti lidz sabrukumam tris punktu
liecé ar hidrauliskas slogoSanas iekartas CONTROLS (Cat. C55G2) palidzibu. Slodzes-
parvietojumu eksperimentalas vertibas ir fiksétas automatiski, pieslédzot digitalus sensorus
datoram (5.8. a att.). Biitisku ietekmi uz paraugu nestsp&ju fibras neatstaj (5.8. b att.).

36,9
21,4
36,5

246

a) b)

5.8. att. a) Koka-betona platnu slogosSanas gaita tris punktu liec€; b) graujoso slodzu vertibas
CLT-betona paraugiem ar un bez fibram, kur 1 un 2 — paraugi bez fibram; 3 un 4 — paraugi ar fibram.

Savukart efekts no fibru izmantoSanas koka-betona kompozita paraugu sabrukuma ainas
bija acimredzams. Koka-betona kompozita paraugiem ar disperso stiegrojumu ir raksturigas
mikroplaisas, kas ir sikakas par cilvéka mata biezumu (5.9. att.). Paradoties plaisai, betons
turpina stradat, jo fibras sp€j turpinat parnest stiepes spriegumus.

g

5.9. att. Pilna sabrukuma aina, plaisu raksturs un attistiba, kas raksturiga koka-betona

kompozita paraugiem: a) bez fibram; b) ar fibram.

Paraugi ar fibram raksturojas ar mazak trauslu sabrukumu, tie bitiski nemaina savu
izskatu — betona slanis saplaisa, bet kopuma platne nezaud@ savu integritati atSkirtba no
paraugiem bez fibram, kam ir raksturiga betona gabalu atdaliSanas no koka platnes. Tadgjadi
fibrobetons koka-betona kompozita konstrukcijas lauj saglabat konstrukcijas kopgjo droSumu
un integritati.
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SECINAJUMI

Promocijas darba mérkis un uzdevumi ir sasniegti. Izstradats inovativas koka-betona
kompozita konstrukcijas ilgtsp€jigs un dross risinajums, kas raksturojas ar kompozita materialu
visefektivako sinergiju un racionalu materialu pielietojumu.

Promocijas darba rezultata ir iegtiti vairaki galvenie secinajumi.

1. Izstradata stinga adheziva savienojuma starp koka un betona slaniem jauna izgatavoSanas
metode, kas nodrosina koka un betona materialu pilnu kopdarbibu. Piedavata Skembu
metode nodro§ina savienojuma vizualas un mehaniskas kontroles iesp&ju koka-betona
savienojuma izgatavosanas laika, ir saistita ar zemu Iimes slana nobides risku un nodrosina
dabisko saites veidoSanos starp betona masu un skembam.

2. legitie rezultati pierada p&c Skembu metodes izgatavota savienojuma augstaku droSuma
Iimeni, salidzinot ar p&c mitras metodes izgatavotu koka-betona savienojumu. P&c
piedavatas metodes koka-betona kompozita paraugi bides testos ir uzradijusi lielaku
graujosas slodzes vidgjo vertibu ar mazaku rezultatu dispersiju.

3. Pieradits pozitivs efekts uz betona mehaniskajam ipasibam savienojuma tuvuma no skembu
metodé izmantojamajam $kembam, kas papildus pilda betona pildvielas lomu. Noteikts
koka-betona kompozita paraugu graujosas slodzes liecg Iidz pat 30 % liels pieaugums pie
lielakam Skembu frakcijam (1625 mm), salidzinot ar paraugiem pie 2—5 mm un 5-8 mm
frakcijas. Eksperimentali pieradits, ka frakcijas izméra ietekme uz slodZu-parvietojumu
Iiknes raksturu ir nieciga, tapec ir secinats, ka Skembu frakcijai nav butiska loma koka-
betona kompozita uzvediba, jo Sim konstrukcijam parasti noteicoS$s ir lietojamibas
robezstavoklis.

4. lIzstradata metodika un programmatiira koka-betona kompozita platnu ar pilnu
kompozitdarbibu racionalu parametru atrai noteik$anai. Koka-betona kompozita platnes ir
atzitas par ekonomiski pamatotu konstruktivu risindjumu izmantosanai gan dzivojamajas,
gan ari biroja €kas, salidzinot ar analogiskajiem konstruktivajiem risinajumiem bez betona
slana pie visam vibraciju kvalitates klasém. Pie augstakas vibraciju kvalitates klases CLT-
betona un saplaksna-betona platném ir lidz pat par 44 % un 42 % zemakas izmaksu
koeficienta vertibas un 25 % un 33 % mazaki Skérsgriezuma augstumi, salidzinot ar
analogiskajiem risindgjumiem bez betona slana.

5. Noteikts, ka pie A un B lietoSanas kategorijam saplaksna-betona platném ir attiecigi videji
par 66 % un 65 % zemaki izmaksu koeficienti, kas rezultgjas vid&ji par 25 % un 29 %
lielakiem platnu augstumiem, salidzinot ar CLT-betona platném. Robezas, kur ar saplaksna-
betona risinajumu ir iesp&jams nodro$inat Iidzigu CLT7-betona platném augstumu, izmaksu
koeficienta samazinajums svarstas robezas no 18 % lidz 51 %.

6. Eksperimentali pieradita mazaka platnu graujosas slodzes izkliede pie zemaka koksnes
materiala Ipatsvara. Variacijas koeficients saplaksna-betona platném veidoja 11 %, savukart
CLT-betona paraugiem — 28 %.

7. Laboratorijas eksperimentu gaita ir noverota pec sausas metodes izgatavotu koka-betona
kompozita konstrukciju krasi atSkiriga uzvediba no projekt€jami sagaidamas uzvedibas
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10.

defektu koka-betona savienojuma esamibas dél. Ar skaitliskajiem eksperimentiem pec
izstradatas defektu ietekmes novertésanas metodes pieradits, ka defekti, kas veido lielas
nepartrauktas platibas 30 %, 40 % un 50 % apméra no visas koka-betona savienojuma
virsmas platibas, ir bistami un rezultjas ar attiecigi par 24 %, 72 % un 137 % lielakam
izlieceém neka pie 100 % kvalitativa savienojuma. P&c platibas mazi defekti (ar garumu lidz
10 % no platnes garuma) pat pie liela to kop&ja daudzuma (lidz 75 % no visas savienojuma
virsmas platibas) butiski neietekmé koka-betona kompozita konstrukcijas energijas
absorbciju. Papildus tam liela izméra defekti koka-betona savienojuma saskanpa ar
laboratorijas testiem ietekmé konstrukcijas reakciju uz dinamiskajam slodz&€m, mainot
konstrukcijas dinamiskus parametrus, tadus ka modu formas un passvarstibu frekvencu
vertibas.

Aprobgta un atzita par efektivu operacionala modala analize koka-betona kompozita
konstrukciju globalajam novértéjumam uz defektu esamibu savienojuma starp kompozita
slaniem. Eksperimenta gaita ir konstatetas butiskas atSkiribas dinamiskajos parametros
koka-betona kompozita paraugiem ar un bez defekta savienojuma. Ir noteiktas bitiskas
tresas modas formas izmainas defekta de] (statistikas raditajs, ko izmanto modu paru formu
savstarpgjai salidzinasanai, MAC = 0,55).

Piedavats risinajums koka-betona kompozita savienojuma kvalitates kontroles probléemai.
Aprobgta un atzita par efektivu ultraskanas defektoskopija p&c Skembu metodes izgatavotu
koka-betona savienojumu lokalais testéSanai. Neraugoties uz betona un koksnes radialaja
virziena aptuveni desmitkart€jo atskiribu akustiskajas impedanc@s, ar 36 % energiju no
ultraskanas vilna, kas pariet no viena materiala otraja, ir pietieckami, lai veiksmigi analiz&tu
koka-betona savienojuma kvalitati. Ja par nomerita signala maksimalo amplitiidu pie
kvalitativa adheziva savienojuma pienem 100 %, tad defekta tuvuma §1 vertiba pakapeniski
samazinas lidz 30-60 %. Liela un izteikta defekta gadfjuma noméritais signals atbilst
trokSniem, un ta maksimala amplittida ir zem 10 %.

Eksperimentali pieradits pozitivs efekts uz koka-betona kompozita konstrukcijas drosumu,
betona sastavam pievienojot 0,5 % polipropiléna fibru ar garuma-diametra attiecibu 90.
Noteikts betona slana bez tradicionala terauda stiegrojuma trausluma samazinajums,
spriegumu pardaliSanas, kas plaisu attistibas gadijuma rezultéjas sikas plaisas ar mazu
atverumu, ka arT betona slana integritates saglabasanas ar koksnes slani koka-betona
kompozita konstrukcijas pilna sabrukuma gadijuma.
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GENERAL REVIEW OF THE DOCTORAL THESIS

Actuality of the Thesis topic

The world population is growing rapidly, according to the U.S. Census Bureau, within a
hundred years (1950-2050), the number of people will increase 3.8 times and amount to more
than 9.7 billion. So the principle of sustainable development — meeting the needs of the present
without compromising the ability of future generations to meet their own needs — is becoming
ever more important. As stocks of non-renewable resources decrease yearly, economical and
rational resource use is essential. This approach also applies to the construction industry.

Timber-concrete composite (TCC) combines concrete — the most used man-made building
material, and timber — a renewable natural resource. Both materials have their own advantages
and disadvantages. Combining them and ensuring their composite action makes it possible to
reduce the disadvantages of these materials and obtain a structure with such benefits as a lower
self-weight and better sound insulation than concrete structures and greater stiffness and load-
bearing capacity than timber structures.

The serviceability limit state (SLS) for TCC structures subjected to the flexure is usually
decisive. By forming a rigid adhesive connection between the layers of the composite material,
it is possible to obtain a higher cross-sectional stiffness and, therefore, smaller deflections
compared to structures with the semi-rigid connection between timber and concrete. Currently,
two known technologies for developing glued (adhesive) connections are associated with the
risks of poor-quality connection forming, so it is essential to offer a rigid connection production
technology characterized by a high quality of the produced connection. At the same time,
observing the full composite action in the structure design, it is essential to offer non-destructive
quality control options for these connections — both for the global evaluation and for the local
inspection of the structures.

The rational use of concrete is its subjection to compression. The use of steel bars in the
concrete layer increases its thickness, which threatens with a part of the concrete layer falling
into the tensile zone. The use of steel reinforcement in the TCC structures leads to additional
costs, which have become especially high in the conditions of the regional shortage of steel
caused by the Covid-19 pandemic results, as well as the hostilities in Ukraine and the
implemented sanctions against steel exporters. Also, the use of steel reinforcement results in
higher CO, emissions. By using dispersed synthetic reinforcement, it is possible to avoid the
use of classical reinforcement. Fibres do not significantly affect the strength of concrete but can
improve concrete ductility and preserve the structure's integrity in case of collapse.

In recent years, the interest in TCC structures has been growing, which is confirmed by the
fact that the new design rules for TCC structures are currently in development. The growing
popularity of these constructions creates the need for the ability to quickly determine the
rational cross-section parameters of TCC slabs and the required material strength class, which
would be able to significantly reduce resource consumption at the initial stage of design or for
scientific analysis purposes.
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The objective of the research

The Doctoral Thesis aims to develop a sustainable and safe solution of an innovative timber-

concrete composite structure characterized by the most effective synergy of composite

materials and rational use of materials.

The tasks

The following tasks were defined to achieve the objective of the work:

1.

Develop a method for evaluating the effect of defects in the rigid adhesive connection
between the timber and concrete layers on the behaviour of the timber-concrete
composite slab. Identify dangerous defect sizes. Experimentally determine the effect of
significant defects in the connection on the dynamic parameters of the element.

Identify shortcomings of the existing production methods for adhesive timber-to-
concrete connections. Develop an innovative production method for high-quality rigid
adhesive connection. Determine the influence of the proposed production method on
timber-concrete composite elements behaviour in bending and shear.

Develop methodology and based on its software for determining rational cross-section
parameters and necessary material strength parameters of timber-concrete composite
slabs with full composite action between material layers, intended for use in the floors
of residential and office buildings. Study the limits of justified use and determine the
rational structural solution of timber-concrete composite slab.

Check the possibilities of non-destructive quality control of the proposed connection
between the layers of composite materials by operational modal analysis and ultrasonic
testing for global and local inspection of timber-concrete composite structures for the
presence of defects in the connection.

Offer a sustainable and safe timber-concrete composite slab solution without using
traditional continuous steel reinforcement in the concrete layer. Determine the influence
of the addition of synthetic dispersed reinforcement to the concrete composition on the
collapse scene of the timber-concrete composite slab.

Scientific novelty of the research

Within the framework of the research, a new production method of a high-quality rigid

adhesive connection between timber and concrete layers for timber-concrete composite slabs
has been developed. The proposed method allows the creation of both pre-fabricated and on-
site constructions. The proposed technology provides visual and mechanical quality control

even at the stage of slab production. The proposed innovative production method — the stone

chips method, ensures a small ratio between the area of possible defects and the total surface

area of the connection, which is equal to the surface area of the stone chip.

A methodology and software on its basis have been developed, which provides the quick

determination of the most rational cross-section parameters for the required span and building
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use category (A or B) with the proposals for materials strength classes, which satisfy the
requirements for element maximum stresses, deflections and vibrations, considering both
materials creep and concrete shrinkage, for the two types of structural solutions of the timber-
concrete composite slabs — with CLT or ribbed plywood panel.

A new methodology has been proposed for assessing the influence of timber-concrete
adhesive connection defects on the behaviour of timber-concrete composite slabs, depending
on the size and quantity of defects, based on 3D numerical modelling. Numerical models based
on the finite element method (FEM) have been developed and validated for predicting the
behaviour of cross-laminated timber (CLT) and timber-concrete composite elements.

The effectiveness of operational modal analysis in the global assessment of the structure
and quality control of the connection between concrete and timber layers has been proven by
laboratory experiments. Significant changes in the mode shapes and frequency spectra of the
specimens with and without defects in the connection have been determined. The effectiveness
of the non-destructive quality control method with ultrasound for local inspection of the timber-
concrete connections was determined. Significant differences in the penetration of the
ultrasound signal through timber-concrete composite specimens with and without defects in the
connection were identified.

A positive effect of adding polypropylene fibres with an aspect ratio of 90 in the amount of
0.5 % to the concrete composition on the safety of the timber-concrete composite structure has
been revealed by laboratory experiments. Dispersed reinforcement reduces the brittleness of
the concrete layer in the compressed zone and crack openings and ensures the integrity of the
concrete layer in case the timber-concrete composite structure collapses.

Practical application of the Doctoral Thesis

The developed new implementation method for connecting timber and concrete layers
ensures a high-quality rigid connection and full composite action for timber-concrete composite
elements, which means more efficient use of materials. The synergy of timber and concrete
creates a sustainable structural solution for new buildings and the opportunity to carry out floor
restoration works in historic buildings.

Abandoning the classic continuous steel reinforcement in favour of dispersed reinforcement
from synthetic materials allows for obtaining a more environmentally friendly construction
solution while maintaining the safety of the construction.

The developed methodology and the software for determining the rational parameters of
timber-concrete composite slabs allow to significantly reduce the resources consumption in the
initial design stage, during which the parameters and materials of the used structure must be
selected, and also provide the opportunity to perform a scientific analysis of several structural
solutions of floor slabs.

Fixed changes in the mode’s shape and responses in the frequency domain caused by defects
in the timber-concrete connection justify the usefulness of using operational modal analysis in
connection quality control and are the basis for further research in this direction. The obtained
multiple reductions of the relative amplitude of the ultrasonic signal maximum voltage due to
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the connection defect allow the effective application of ultrasonic testing for the local diagnosis
of defects in the timber-to-concrete connection.

Methodology and materials used in the research

The finite element and simplified analytical methods are used to calculate timber-concrete
composite elements. The simplified analytical calculation method is based on the transformed
cross-section and gamma methods, considering the full composite action of the timber-concrete
composite.

A numerical model of timber-concrete composite elements was developed with the
structural analysis program Dlubal RFEM 5.24 with solid finite elements. Structural timber
elements are modelled using a 3D orthotropic elastic material model. In the calculations of
timber-concrete composite structures, which respect the nonlinear behaviour of concrete, a 3D
isotropic Mazar damage material model is used to model the concrete layer, which is embedded
in the Dlubal RFEM 5.24 software [1]. The 3D isotropic damage material model enables the
definition of the nonlinear stress-strain curve of the material, thereby observing the degradation
of the material's elasticity modulus during concrete cracking. The contact between the timber
and concrete layers is defined with full force transmission to model the full composite action.
The defect areas in the timber-to-concrete connection are modelled without force transmission.
A rectangular mesh with a target length of the finite element equal to 0.01-0.02 m is used, and
the load is applied gradually, in 100 steps. Numerical models have been validated for cross-
laminated timber panels and timber-concrete composite panels.

Three production methods for timber-concrete composite specimens have been used for
laboratory experiments. The dry method involves glueing a pre-cast concrete layer with a timber
layer. The wet method involves pouring a fresh concrete layer onto the timber base on a freshly
applied glue layer. The developed stone chips method involves glueing granite chips to a timber
base and pouring fresh concrete after the glue has dried.

As part of the work, such laboratory experiments have been performed as shear tests of
timber-concrete composite specimens produced by the wet and stone chips method; operational
modal analysis of timber-concrete composite specimens with and without a defect in the timber-
to-concrete connection; ultrasonic testing of timber-concrete composite specimens; as well as
three-point bending tests:

» for slabs with a span of 1.8 meters from CLT and timber-concrete composite made by
the dry or stone chips method with CLT as a base;

« for timber-concrete composite slabs with a 1.2-meter span produced by the stone chips
method with CLT and ribbed plywood panels with and without fibres in the concrete;

« for timber-concrete composite specimens with a span of 0.3 meters with timber board
and three different fractions of granite chips.

Materials used in the experiments — C24 class timber boards; industrially produced CLT
and ribbed plywood panels; concrete layers made of Sakret BAM mixture; PP Strux 90/40 used
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as fibres; granite chips with fractions 2—5 mm, 5-8 mm, 8-16 mm, 16-25 mm; epoxy adhesives
Sikadur 330, 30 and 31CF.

Operational modal analysis has been performed by subjecting a series of timber-concrete
composite specimens to white noise and recording the specimens' responses in the time domain
using the QuickDAQ software. The specimens' responses in the frequency domain have been
obtained by ARTeMIS software. The specimens' dynamic parameters have been determined
using frequency domain decomposition and stochastic subspace identification techniques. For
ultrasonic scanning of small-sized timber-concrete composite specimens with an embedded
defect in the connection between timber and concrete layers, the experimental ultrasound device
and software developed at Riga Technical University were used, with the help of which
recordings of relative amplitude of the transmitted ultrasound signal were obtained for
specimens with and without a defect in the connection.

As part of the research, a methodology for determining the rational parameters of timber-
concrete composite slabs has been developed as well as software based on it for the two types
of timber-concrete composite slabs structural solutions — with cross-laminated timber and
ribbed plywood panel. The computer program is implemented using the programming language
Hypertext Preprocessor, or PHP 8.1 for short, which runs on the Apache server. The choice of
programming language is related to the possibility of performing calculations in perspective
online. A MySQL database has been used to optimize the further use and processing of the data
obtained by a computer program in various sections. A new criterion of rationality has been
introduced in work — the cost factor, which characterizes the cost of 1 m? slab materials. The
developed methodology, implemented in the software, allows determining more rational
thicknesses of concrete and cross-laminated timber or plywood and timber rib layers,
considering technological requirements and assortments as well as timber and concrete strength
classes. The calculation of timber-concrete composite slabs is based on the basic principles of
building mechanics and dynamics and is carried out according to the ultimate and serviceability
limit states for A and B use category buildings. The floor vibrations, concrete shrinkage, as well
as creep of concrete and timber are considered in the calculations.

Theoretical and methodological basis of the research

The Doctoral Thesis is based on the following scientific fields and sub-fields:

e structural analysis;

e mechanics of layered composite materials;
e timber science;

e concrete science;

e structural engineering;

e construction optimization;

e dynamics;

e modal analysis;

e acoustics.
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Study limitations

In research, the macrostructure of timber is modelled as an orthotropic material, concrete as

isotropic. The study was carried out for floor slabs made of timber-concrete composite, which

work in one direction and are simply supported. The load is applied to timber-concrete

composite slabs no sooner than 28 days after pouring the concrete layer. Bending and shearing

laboratory tests, as part of the research, have been performed for short-term loading. The

timber-concrete composite slab is designed with the condition that the concrete layer is

subjected to compressive stresses only. The tensile strength of concrete is completely ignored.

Transversal layers of cross-laminated timber are taken into account in the calculations.

The developed algorithm for determining the rational parameters of timber-concrete

composite slabs is valid for constant climatic conditions for A and B use category building

floors for load combinations used in the calculation:

the fundamental load combination with the average values of material elasticity modules;
the sum of the combination of quasi-permanent loads with a fictitious load from concrete
shrinkage at the effective values of the materials elasticity modulus, which evaluates the
creep of the materials, and short-time live loads at the average values of the materials
elasticity modulus.

Based on the high span-cross-section height ratio of timber-concrete composite slabs —

around 30, shear deformations are ignored in analytical calculations. To determine the limits of

reasonable use of the timber-concrete composite slabsand to compare two structural solutions,

the total floor width used in vibration calculations is assumed to be 5 meters.

Results presented for the defence

A sustainable timber-concrete composite construction solution was developed and
experimentally tested, which provides for the operation of the concrete layer only in the
compression zone, with synthetic dispersed reinforcement in the concrete layer, and with
a rigid timber-to-concrete connection.

The innovative production method of a rigid adhesive connection between concrete and
timber layers, which is based on the use of granite chips in a glued connection.

The developed methodology for determining the rational parameters of timber-concrete
composite slabs for structures with a span of up to 10 meters.

The proposed method for assessing the impact of defects in the adhesive connection
between concrete and timber layers on behaviour of the timber-concrete composite slabs.
The economic justification for using two timber-concrete composite slab structural
solutions and the definition of the most advantageous type of structural solution.
Feasibility of effective application of operational modal analysis for global assessment
of timber-concrete composite structures. The usefulness of ultrasonic testing in non-
destructive local testing of connection quality.

57



Approbation of the results and publications

The Tthesis results have been reported and discussed at 11 international conferences. The
study's main results have been presented in 12 scientific publications indexed in WoS and
SCOPUS databases and in 2 abstract books of scientific conferences. Two publications have
been submitted for the review of editorial board. The number of cited publications is 11,
citations — 99. The author's Hirsch index is 6.0.
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https://doi.org/10.3390/buildings12060761
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1, pp. 60-70. doi:10.18720/MCE.93.6
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Content and scope of research

The Thesis consists of an annotation, general description, five main chapters, conclusions,
and a list of used literature. The volume of the work is 120 pages, 96 pictures, 16 tables and
139 literature sources.

In Chapter 1, a summary and analysis of existing research are given, the purpose and tasks
of'the work are specified. Chapter 2 proposes a methodology for assessing the impact of defects
in the adhesive connection on the behaviour of timber-concrete composite structure. Based on
the laboratory and numerical experiments, the effect of defects on the deformation
characteristics and dynamic parameters of timber-concrete composite structure have been
determined. In Chapter 3, a high-quality production method for a rigid timber-to-concrete
connection was developed. Laboratory bending and shear tests have been performed on the
specimens made by the proposed and previously existing methods. In Chapter 4, a methodology
for determining the rational parameters of timber-concrete composite structure is presented and
software is developed on its basis. The limits of the reasonable use and the most economically
advantageous structural solution of timber-concrete composite slab have been determined.
Chapter 5 offers solutions related to the safety issues of timber-concrete structure. Experimental
approbation of operational modal analysis and ultrasonic testing has been carried out to use
these methods for the quality control of adhesive timber-to-concrete connection. Experimental
studies have been carried out to ensure safer collapse of timber-concrete composite structures
using dispersed synthetic reinforcement. The main conclusions are summarized at the end of
the Thesis.
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CONTENT OF THE DOCTORAL THESIS

1. Timber-concrete composite structures

With the rapid increase in the total world population, the principle of sustainable
development is becoming more and more important. Using composite in construction is one of
the possibilities to ensure more efficient use of resources.

Composite structures are structures made from at least two materials with different
properties, aiming to improve the final structure's mechanical properties. The mechanical
properties of the composite are enhanced by combining the better properties of each, thus
compensating for the material's shortcomings. In composite, the combined materials remain
separated at the microscopic level, but the bonds between the materials are formed at the
macroscopic level.

One of the greatest treasures of Latvia, in terms of natural resources, is the forest, the basic
ecosystem of Latvia. As of 2018, forests in Latvia occupy 52 % of the country's land area. It is
formed naturally, occupying those territories that are not affected by human activity for a longer
time, so the area of forests increases over time. The amount of forests in Latvia and the fact that
timber is a renewable natural resource creates a significant advantage for choosing timber for
construction. On the other hand, concrete is the most frequently and widely used artificial
building material today. Timber and concrete composite structures can meet the growing
demand for sustainable structures. The typical use of timber-concrete composite is in elements
subjected to flexure for receiving vertical loads from above. Usually, the concrete layer is
installed in the compression zone and the timber in the tension zone.

The first timber-concrete composite structures were developed at the beginning of the 20th
century and were mainly related to the lack of steel for concrete reinforcement [2]. But serious
European research began only after 1960. After the first attempts with timber-concrete
composite to save steel for concrete reinforcement, timber-concrete technology also began to
be used to restore wooden floors in old historic buildings. Both the advantages of timber-
concrete composite studied over time and the limitation of natural resources increases the
interest in timber-concrete composite structures. Timber-concrete composite constructions can
satisfy society's needs for cheap and sustainable innovative solutions [6].

The combination of timber with concrete, a stiffer material with high compressive strength,
significantly increases the load-bearing capacity, the overall stiffness of the structure and
resistance to the effects of the surrounding environment, thus also the service life of the
structure [5], [6]. In addition, compared to concrete, timber-concrete composite provides more
sustainable building structures that use renewable natural resources, it is associated with lower
carbon emissions and requires a small amount of energy for its production [8], [9]. Timber as a
construction material combines high bending strength with low weight, which is a significant
advantage compared to other construction materials.

Combining two materials — timber and concrete — can improve various classic disadvantages
of wooden floors, such as dynamic response, bending stiffness, load-bearing capacity, sound
insulation [11], structural fire resistance [13], seismic performance [14], and thermal mass. At
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the same time, timber-concrete composite floors significantly reduce the self-weight of
structures compared to reinforced concrete floors, and thus also the dimensions of other vertical
structures and foundations. In addition, reducing the amount of concrete used speeds up the
construction process and reduces the costs associated with concrete transportation.

Most studies on timber-concrete composites have been carried out on a composite
consisting of a plain concrete layer and solid/glulam timber beams or slabs interconnected by
various types of shear connectors.

The upcoming standard on the design of timber-concrete composite structures [27] provides
for the reinforcement of the concrete layer with continuous reinforcement. The need for
reinforcement is usually justified by possible buckling of the concrete and providing the
necessary strength around the shear connectors. The use of longitudinal reinforcement means
that the minimum concrete layer in a timber-concrete composite structure is 80 mm to ensure
the minimum required concrete protective layer for reinforcement [17]. On the other hand, the
minimum height of the timber-concrete composite slab in that case is 240 mm, at which the
effective operation of the concrete layer is possible without subjecting the concrete to tensile
stresses. Often, these material thicknesses are not determined by the structure's load-bearing
capacity requirement. Therefore, classically reinforced concrete creates unnecessary additional
self-weight and increases material consumption and load on supporting structures.

The use of fibre-reinforced concrete can be an effective alternative solution to the timber-
concrete composite, which reduces the thickness of the concrete layer and, therefore, the self-
weight of the slab. The influence of fibres on the properties of concrete depends on many
factors: the shape of the fibres, the ratio between the length of the fibre and its equivalent
diameter (aspect ratio) ¢/ dr, the amount of added fibres, the orientation and distribution of the
fibres, the parameters of the concrete to be used, etc. [30]-[32]. Predicting the properties of
fibre-reinforced concrete is difficult. It is difficult to predict the fibres' orientation and
distribution throughout the structure's volume. Studies show that the improvement in the peak
strength of concrete from using fibres is usually negligible, so it is not considered in the
calculations [33]. On the other hand, the effect of using fibres can be observed in other aspects.
Fibres distribute local stresses, prevent the propagation of cracks in concrete, reduce the
brittleness and shrinkage of concrete, significantly improving the post-peak behaviour of
concrete in compression, tension, and bending, and increase the energy absorption of the
structure [34]-[36]. When the first crack appears in the concrete, the fibres begin to work,
forming connections or so-called bridges, which affect the concrete's deformation properties
[37], [38]. It is helpful to use these effects in timber-concrete composite structures, where the
concrete layer works in compression.

Synergy, or the degree of cooperation of the composite between the two different materials,
occurs due to the existing connection between the layers of timber and concrete materials. Due
to the interaction of the layers, the composite has better properties than both materials
separately. The composite action occurs when two structural elements or materials are joined
together in such a way that they respond to the load as a single element, with greater stiffness
or strength than each element individually.
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In timber-concrete composite structures, the timber layer is connected to the concrete layer,
usually using special connecting elements that absorb shear stresses. Connection plays a vital
role in structural behaviour analysis and design. Shear connectors resist the sliding of layers of
the structure subjected to flexure. The choice of connector is crucial because it determines the
overall efficiency of the end system.

Ideally, the timber-to-concrete connection should be rigid to ensure the most effective
performance ofthe composite. It is difficult to create a perfect rigid connection with mechanical
fasteners. Generally, mechanical fasteners transfer shear stresses by limiting sliding to a certain
point and deform to some extent. In this way, only partial composite action is ensured. In this
case, there are also two neutral axes, which reduce the efficiency of the cross-section.

From the point of view of connection strength and stiffness, glued connections are the best
solution to ensure the composite's almost perfect performance. It has been recognized [42] that
adhesive connections have great potential but are still under development. The amount of
research on this type of connection is tiny. According to [42] data, it is about 2.5 % of all
research on connections between concrete and timber layers. Unlike other types of connections,
glued connections avoid the action of the timber surface under pressure. Also, the glue can form
a protective layer that protects the timber from the moisture in the concrete [55]. Glued
connections avoid time-consuming operations (cutting, drilling, etc.), and although the cost of
glues is high, they can be offset by the cost of shear connectors [55]. Also, glued connections
avoid the corrosion issues relevant to mechanical connectors [56].

Limitations for the use of glued connections in practice are usually justified by [6], [42],
[55]:

* partially unstudied behaviour of a glued connection in the long term — the sensitivity of
the connections to changes in temperature and humidity and the stresses associated with
these changes, which arise from the interaction of two materials with different behaviour;

» relatively brittle collapse;

* partially unstudied behaviour of a glued connection under the dynamic load;

* lack of standards and design methods;

» technological difficulties in connection implementation and quality control.

In recent years, new studies have appeared on the long-term behaviour of timber-concrete
composite with glued connections, observing temperature and humidity fluctuations. The
reviewed studies [57]-[63] show that the behaviour of timber-concrete composite with glued
joints can be predicted and designed. Therefore, the long-term behaviour of the composite at
different humidity and temperature regimes cannot be a reason not to use the technology of
timber-concrete composite structures with glued connections in practice.

Epoxy or polyurethane (PUR) adhesives are recommended for producing timber-concrete
composite [64]. Epoxy and PUR adhesives form rigid connections, and although these
connections are characterized by brittle failure, they can provide the required connection
strength [65], [66]. When testing slabs in practice, it can be observed that the collapse occurred
at a load that is significantly greater than the calculated bearing capacity of the slab [60], [61].
Usually, the failure occurs in the concrete layer when it begins to crack [67], [22] or in timber
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from tensile stresses. Therefore, it is a reasonable opinion that the brittleness of the glued
connections is not the primary type of collapse of timber-concrete composite structures
subjected to flexure and the glued timber-concrete composite system is as reliable as the use of
mechanical connectors [55], [60].

Timber-concrete composite structures must be designed for serviceability and ultimate limit
states [69]. The serviceability limit state is usually decisive for structures subjected to flexure
and/or severe variable environmental conditions. The serviceability limit state for timber-
concrete composite structures usually includes the control of deflections, vibrations and
concrete cracking.

The standard under development, "prCEN/TS Eurocode 5: Design of Timber Structures —
Structural design of timber-concrete composite structures — Common rules and rules for
buildings", includes general rules for the design of timber-concrete composite structures in both
quazi-constant and variable environmental conditions. Under quazi-constant environmental
conditions, concrete shrinkage must be observed according to the standard. Among the
variables, in addition to the concrete shrinkage, it is necessary to take into account the shrinkage
or swelling of timber due to changes in humidity level, as well as the expansion of materials
due to temperature changes. The effect of the timber, concrete and connection creep on stresses
and strains are taken into account by using effective values of the materials' elasticity modulus
and the connection slip modulus in the calculations. The standard includes provisions for
various timber-concrete composites with mechanical shear connectors and/or notches [27].

Several analytical calculation methods can be applied to timber-concrete composite design
with glued connections, including gamma, composite, shear analogy, and transformed cross-
section. The standard under development recommends using the gamma method (y method),
known as the composite beam method for timber-concrete composite structures with semi-rigid
connection types, according to EN 1995-1-1 Annex B guidelines [58]. According to this
method, the effective stiffness of the cross-section (EI)er is used in the calculation. The effective
stiffness depends on the characteristics and the stiffness parameters of the beam's cross-section,
which evaluates the elastic behaviour of the fasteners in the displacement planes. Possible
values of'the stiffness reduction factor y range from 0 (no composite action) to 1 (full composite
action) [71].

Using glue leads to a near-rigid connection, which increases the stiffness and strength of
the composite element and allows for easier calculation using full composite action theory [42].
As a result, it can be assumed in the calculations that the stiffness reduction factor y = 1.

Because timber-concrete composite structures with glued connections consist of different
materials with different mechanical properties, it is convenient to use the transformed cross-
sections method for stress calculations. The transformed cross-section method reduces the
cross-section to the material's properties in which stresses are sought. It is obtained using the
reduction factor n, which is the ratio of elastic moduli of materials layers [72], [73]. The height
of the material layers remains unchanged, and the cross-section is changed at the expense of
the width.

Using computer software based on the finite element method in the timber-concrete
composite design allows the application of more complex material models, such as a 3D
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orthotropic elastic material model for timber and an isotropic damage material model that
assumes continuous strength reduction due to concrete cracking for concrete with dispersed
reinforcement. A nonlinear stress-strain curve is defined separately in compression and tension
for the isotropic damage material model. In the first stage of the stress-strain curve, Hooke's
law should be valid, after which the isotropic stiffness of the material is reduced by the
degradation of the elastic modulus using the special scalar damage parameter [75], [77], [78].
As the modulus of elasticity decreases, the stress-strain relationship is recalculated. In the case
of damaged material, iterations of corrections reduce the system's stiffness until the individual
finite element no longer absorbs the stresses. In compression and tension, the failure parameter
is different.

Until now, two technologies for the development of glued connections are known [42] —
dry and wet. The glueing of timber with a prefabricated concrete slab is called “dry” and ,the
technology when the fresh concrete mixture is poured onto the freshly applied layer of glue is
called “wet”. Each of the techniques has its advantages and disadvantages. Precast concrete is
generally less economical due to high transport costs. Still, this solution can speed up the overall
construction process and ensure higher quality, although there are difficulties in controlling the
quality of the bonded connection. On the construction site, poured concrete reduces transport
costs, but there is a risk of adhesive displacement during concrete pouring.

Computer-aided research provides an opportunity to solve complex problems with modern
computer programs. Still, the need for non-destructive quality control of finished products to
determine the compliance of the developed structure with the designed one still exists.

Non-destructive testing methods provide an opportunity to evaluate the integrity of a
material, component or system, and material properties, identify and characterize damage
without causing damage to the material being tested [79]. The methods provide effective ways
of'testing specimens for production quality control [80], as well as for monitoring the condition
of structures during their operation. Many different non-destructive testing methods are used in
construction, each with its advantages and limitations. In construction, non-destructive testing
methods such as experimental test methods with static or dynamic load, impulse loads or
vibrations as dynamic load, acoustic non-destructive testing methods, etc. are used to assess the
condition of structures. The names of these methods usually refer to a particular scientific
principle or equipment used to perform the test.

Static loading of structures is widely used for testing in laboratory conditions. For on-site
assessment of the structure's technical condition, this method is usually used only in cases where
it is impossible to do otherwise because this method is time- and labour-intensive,
uninformative, and sometimes even dangerous, as it can cause the structure to collapse.

One of the most common ways to detect defects in structures is by monitoring their dynamic
parameters by loading the structures with the dynamic load. This method, experimental modal
analysis (EMA), assumes that there is a known impact on the structure and the response of the
structure to a specific impact. It is possible to determine the dynamic structure parameters by
applying the transformation functions.

The impossibility of always evaluating all the effects of the surrounding environment on
the structure and the limitations of the method, which are related to the dimensions of the
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inspected object, are the main reasons for the development of operational modal analysis
(OMA). Operational modal analysis, also called "ambient modal analysis" or "data-only modal
analysis", is widely used in modal evaluations of large structures with environmental and
service loads [88]. This method has several advantages over EMA [89]-[91]:

*  OMA enables modal analysis without knowing and/or controlling the input excitation.

» It allows estimating the same modal parameters — mode shape of oscillations, natural
frequency and damping coefficient, as traditional known methods.

* OMA belongs to the multi-input — multi-output (MIMO) method, which allows accurate
estimation and repetition of mode shapes in space.

*  OMA tests are more economical and quick to perform than EMA. This method does not
require additional equipment to excite the system, such as a vibrating platform or impact
hammers for laboratory testing. When performing OMA tests, the input effect on the
specimen can be random touching of the specimen in time and space, parallel to the
measurement of vibration responses in several places. The excitation generated in this
way is a good approximation of a multivariate white noise stochastic process.

It is hypothesized that by operational modal analysis, it is possible to determine the
influence of the presence of defects in the rigid timber-concrete connection in the canopy on
the modal structure parameters because studies show that the modal structure parameters are
sensitive to structural damage [96]. Of course, the application of this method in the assessment
of floor structures during operation is limited because, during operation, floors are especially
exposed to external loads that change their dynamic calculation scheme.

Ultrasonic testing is one of the most widely used acoustic methods for detecting material
defects and structural changes [97]. Ultrasonic waves have the property of propagating straight
in a homogeneous medium. The transmitter sends an ultrasonic pulse into the material. When
defects are encountered, the ultrasonic wave is partially reflected, and the receiver converts the
ultrasonic oscillations into electrical oscillations and displays the information on the screen.
This method's shortcoming is that it can be applied locally because, in one measurement,
information is obtained only about a specific area of the structure in which this measurement
was made. There are studies on ultrasonic testing in concrete structures and timber structures.
Still, there is a lack of information about the possibilities of using this method for the quality
control of the timber-concrete adhesive connection.

It is necessary to develop a more optimal producing method for the timber-to-concrete
connection that would facilitate the quality control of these connections to popularise the use
of timber-concrete composite structures with glued connections in practice.
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2. Effect of timber-concrete connection quality on structural behaviour

As shown by the experiments carried out as part of the research (Fig. 2.1), adding a concrete
layer to the CLT slab can significantly reduce the deflections of the structure subjecting to
flexure. The loading tests of CLT and timber-concrete composite (TCC) specimens produced
by the dry method with a span of 1.8 meters in three-point bending until failure [98], [99], [73]
show 2.5 times smaller deflections in TCC slabs than at the corresponding load in CLT within
the limits of linear behaviour.
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Fig. 2.1. a) Overall dimensions of TCC and placement of CLT in loading equipment;

b) loads — vertical maximum displacements curves.
TCC — timber-concrete composite slab; experiment — values determined in the laboratory experiment;
analytical — values obtained by simplified analytical calculation; 3D model — values calculated by FEM in
Dlubal RFEM 5.24 software.

However, manufacturing timber-concrete composite specimens by the dry method were
associated with problems in ensuring a high-quality glued connection between the material
layers. Based on the data obtained during the testing, which were compared with the calculated
ones, as well as on the visual inspection of the connection after the timber-concrete composite
slabs collapse, it has been established that the production of the glued connection between the
CLT slab and precast concrete slabs by the dry method is an unpredictable process. At the same
time, two types of timber-concrete composite slab specimens were made with the same overall
dimensions — with and without additional reinforcement with a carbon fibre Mapei Carboplate
E250 sheet with dimensions of 1000 x 100 x 1.4 mm in the middle of the lower plane of the
specimen. In the three-point bending test, no effect was observed from the use of additional
reinforcement. Also, a more yielding behaviour of both types of timber-concrete composite
specimens compared to the designed one was found. The differences of the experimentally
determined maximum displacements from the calculations based on the finite element method
for timber-concrete composite samples without and with additional reinforcement amounted to
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26 % and 45 %, respectively, while compared to the simplifying analytical calculations, this
difference increases by almost 20 %.

A significant difference between the actual behaviour of the specimens and the predicted
one indicates a lower stiffness of the element. The bending stiffness of a timber-concrete
element is affected by the connection stiffness between the timber and concrete layers. The
behaviour of these specimens indicates problems in the quality of the glued connection. Based
on the behaviour of the specimens, the resulting CLT-to-concrete connection cannot be
described as rigid, and it can be concluded that there are defects in the adhesive connection.

The timber-concrete composite specimen's appearance after loading and separating the
concrete layer can be seen in Fig. 2.2. It can be seen from the picture that a quality glued
connection is formed on less than 25 % of the entire visible surface to be connected. The
production of such structures is dangerous because the behaviour of the produced timber-
concrete composite specimens is drastically different from the design one for the worse.

Fig. 2.1. View of the timber-concrete composite specimen after the collapse.

Although the brittleness of the timber-to-concrete glued connection is not the main type of
failure of timber-concrete structures, the quality of the connection plays a decisive role in the
overall behaviour of the structure. As a result of the laboratory experiments carried out in the
research, the potential danger of forming connection defects has been identified. By glueing
different massive layers of materials to each other, it is difficult to ensure full contact of these
layers. On the other hand, in case of connection defects, even additional reinforcement in the
form of a carbon fibre sheet does not give the expected effect. It is essential to determine how
the defects in glued timber-to-concrete connections can affect the properties and behaviour of
the timber-concrete composite element, considering the high defect formation risks.
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Within the framework of the research, a methodology is proposed for evaluating the impact
of defects of different quantities and sizes on timber-concrete composite structure behaviour by
looking at the load-displacement curves at different areas of a high-quality connection between
concrete and timber layers, both depending on their total quantity and the size of an individual
defect. The basis of the proposed methodology is the development of 3D numerical models of
several timber-concrete composite elements based on the finite element method with different
sizes and total areas of defects in the connection. Based on the numerical experiments, the
obtained load-displacement curves are compared with the standard load-displacement curve,
obtained from a 3D numerical model of a timber-concrete composite element with full
interaction between concrete and timber layers. A qualitative connection between the concrete
and timber layers was defined with full force transfer, but in the non-glued areas where the
defect is formed, without force transfer between the layers. The timber-concrete composite
specimens used in the laboratory experiment with additional reinforcement are used as the basis
for developing 3D numerical models. It allows evaluating the results obtained in analysing the
influence of connection defects on the behaviour of the timber-concrete composite slab with
the data obtained in the laboratory experiment. Figures 2.3 and 2.4 summarize the adopted
placement schemes of the examined good-quality glued connection areas.
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Fig. 2.3. Timber-to-concrete connection scheme with good-quality glued areas (white) and
non-glued areas (grey), where many areas form non-glued defects with a length equal to 10 %
of the total specimen length.
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Fig. 2.4. Timber-to-concrete connection scheme with good-quality glued areas (white) and
non-glued areas (grey), where one large area forms a non-glued defect.

In the first step of the research, the load-displacement curves have been determined for
timber-concrete composite specimens with 90 %, 75 %, 50 %, and 25 % high-quality
connection area to all connection surface area ratios. In this case, the length of the separate
poorly glued area is 10 % of the total specimen length. According to the obtained data, 90 %,
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75 %, 50 % (10 %), and 50 % (1 %) of the load-displacement curves, according to Fig. 2.3, are
almost identical to the load-displacement curve for design scheme with 100 % high-quality
timber-to-concrete connection, the differences in the maximum displacement values do not
exceed 4 %. Thus, small-size defects with a length of up to 10 % of the total specimen length
have no effect on the specimen energy absorption, defined as the area under the load-
displacement curve.

In the second step of the study, the load-displacement curves have been obtained for design
schemes with one large-size defect, which takes 30 %, 40 %, and 50 % of the total connection
surface area (Fig. 2.4). Large-size (30—-50 %) areas without an adhesive bond between concrete
and timber layers, according to the calculations significantly increase the maximum
displacements in the middle of the element span (Fig. 2.5) in comparison with 100 % good-
quality connection case. Thus, 30 %, 40 % and 50 % large defect areas in the timber-concrete
connection form, respectively, 24 %, 72 % and 137 % larger displacements than at a 100 %
quality connection

30

Load, kN

m experiment

0 5 10 15 20 25 30 35

Displacements, mm

Fig. 2.5. Load-displacement curves for timber-concrete composite specimens with a good-
quality connection area of 100 %, 70 %, 60 %, and 50 % of total connection surface area, and
the experimentally obtained curve for the specimen, whose collapse is shown in Fig. 2.2.

The load-displacement curve obtained in the laboratory experiment for the timber-concrete
composite specimen produced by the dry method is shown in Fig. 2.5. The fact that the
experimentally obtained curve is close to the curve corresponding to a case with a 40 % large
area without adhesion between the concrete and timber layers, additionally proves the
importance of a quality glued connection and explains the dramatically different behaviour of
the specimens obtained during the experiment from the predicted behaviour of a timber-
concrete composite element with 100 % quality connection between layers.

The completed study concludes that the energy absorption of a timber-concrete composite
element subjected to flexure is influenced not by the ratio of the total high-quality connection
surface area to the whole connection surface area but by the size of the individual defect areas.
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Large areas passing through the specimen width without an adhesive bond between the layers
significantly reduce the energy absorption of the slab, which was also observed experimentally
in a three-point bending test of the timber-concrete composite specimen produced by the classic
dry method. Using the traditional dry timber-concrete composite producing technology, the area
of'the good-quality connection depends on the quality of the connection production. As practice
shows, its size is difficult to predict.

A series of 16 small-sized specimens with and without embedded defects in the connection
has been made to determine whether defects in the glued connection between concrete and
timber layers affect the dynamic parameters of the structure. The dynamic parameters of both
types of specimens have been determined and compared using operational modal analysis. The
overall specimen dimensions can be seen in Fig. 2.6 a). The defect in the connection is 40 % of
the total connection area. In this way, defects are modelled, which may arise, for example, due
to non-compliance with the technological process of production and, according to calculations,
may cause the structure to behave drastically differently from the design.

Six accelerometers located along the specimen centre line have recorded the responses of
timber-concrete composite specimens to white noise. During the experiment, the data recording
was done by QuickDAQ computer software. The specimens' dynamic parameters, such as
natural frequency, the damping coefficient and the mode shape, have been obtained from the
acceleration-time record by the computer program ARTeMIS Modal. The mentioned
parameters are defined for the first three modes.

4

600

a)
Fig. 2.6. a) Specimens dimensions for determining dynamic parameters; b) normalized 3rd
mode shapes for specimens without defect (continuous lines) and with defect (dashed lines).

By evaluating the dynamic parameters obtained by two different methods, it has been
established that the considered defect type has the most significant and noticeable effect on the
3rd mode shape. In Fig. 2.6 b), normalized 3rd mode shapes for all 16 specimens are
summarized. The defect-free specimens have a symmetric mode shape with three half-waves
with a peak at the middle sensor location. For specimens with a defect, the mode shape remains
asymmetric. The maximum is reached in the first half-wave on the side of the defect.

Thus, large-size defects in the rigid timber-to-concrete connection impact the dynamic
parameters of the timber-concrete composite structure that indicates the possibility of using
modal analysis for non-destructive quality inspection purposes.
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3. The proposed production technology of innovative adhesive connection

The currently known two production technologies of adhesive timber-to-concrete
connection — dry and wet — have significant drawbacks. They are associated with high risks of
forming defects in the glued connection. A visual specimen inspection during production,
which would allow predicting the quality of the finished product, is not possible for both
methods. Since connection quality plays an essential role in the overall structure behaviour, it
is vital to offer the most optimal connection production technology to promote the use of rigid
glued timber-concrete connections in practice.

It is proposed to use granite chips to ensure the glued connection between concrete and
timber layers. The proposed production technology of the rigid connection between timber and
concrete layers is called the stone chips method. The stone chips method involves glueing
granite chips to the timber layer with epoxy glue, and after the glue has dried, a fresh fine-
grained concrete layer is placed. Thus, the risks of creating significant defects in the rigid
timber-concrete connection are significantly reduced, since the influence of individual stone
chips, which may form a low-quality glued connection with the timber layer, on the total area
of the connection is small. The area of a possible single defect is a small percentage of the total
connection surface area and is equal to the face area of a single chip. The proposed technology

Applying a thin Gluing of m‘_
layer of glue granite chips “

can be seen schematically in Fig. 3.1.

Preparation of
timber base

Placing of fresh

Timber-concrete concrete E;jrlﬂgdg I?;;Qre
composite (TCC /
S|
;V.f\_.a._\; S

Fig. 3.1. The scheme of proposed stone chips method for production of adhesive connection.

Due to the small size of chips, the stone chips method provides an opportunity for visual
control and mechanical inspection of timber-chips glued connection, for example, by a stiff
brush, before the fresh concrete placing. The bond between the stone chips and the concrete
layer is formed naturally. This process combines the chemical reaction between the cement
mass and the stone chips as a concrete aggregate and the mechanical anchoring of cement
hydration products with the surface of the stone chips [103], [104].

The laboratory test in three-point bending of timber-concrete composite specimens,
produced by the stone chips method, shows stiffer behaviour than designed (Fig. 3.2). The
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specimens span 1.8 meters. They were identical in size to previously tested specimens with
carbon fibre tape reinforcement. The variation coefficient for individual points of the load-
displacement curve for timber-concrete composite specimens with granite chips in the
connection does not exceed 10 %. It averages 7 %, indicating the homogeneity of the
experimental data. So, using calculation models with rigid timber-concrete connections for
designing timber-concrete composite structures produced by the stone chips method is safe.

30

25
20
Z
=15
3 — TCC, diy
= 10 —e— TCC, stone chips
+/-2s
5 - = =TCC, 3D model
’ — - =TCC, 3D damage model
0 —e— TCC, analitycal

0 5 10 15 20 25
Displacements, mm

Fig. 3.2. Load — maximum vertical displacement curves.

TCC — timber-concrete composite slab; dry/stone chips — experimentally obtained values for specimens
produced by the relevant method; +/—2 s — average values of the load-displacement curve with 2 standard
deviations for TCC specimens produced by stone chips method; 3D model/3D damage model — curve calculated
by FEM (Dlubal RFEM 5.24 software), ignoring concrete degradation/using an isotropic material model that
evaluates concrete damage during loading; analytical — values obtained by simplified analytical calculation.

The character of the timber-concrete composite specimens produced by the stone chips
method load-displacement curve changes at higher loads. The presence of granite chips explains
this phenomenon. The granite chips are a material characterized by much higher strength than
cement mass, which plays the role of concrete aggregate near the timber-concrete connection
and improves the concrete's strength near the connection.

Small-size timber-concrete composite specimens were produced with three types of granite
chip fractions — 2—5 mm, 5-8 mm, and 16-25 mm to test the influence of chip fraction on the
mechanical properties of concrete [98], [107]. Four specimens were tested in three-point
bending until collapse for each granite chips fraction (Fig. 3.3).

glued granite
A, Sakret BAM \LF [ chips layer

e —
A:): \!\ timrber &“1(2) e
3 board C24
5 50 | 300

Fig. 3.3. The small-size specimen: a) loading scheme and dimensions; b) loading process.
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The load-displacement curves obtained in the laboratory experiment for small-sized timber-
concrete composite specimens are shown in Fig. 3.4 a). A correlation coefficient 0 99.9 % was
obtained between the load-displacement curves for specimens with different fractions. All
specimens series are characterized by homogeneity of the obtained data within their series. The
variation coefficient for specimens with a granite chip fraction of 2—5 mm, 5-8 mm, and 16—
25 mm is below 4.5 %, 1.6 %, and 9.3 %, respectively.
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a) b)

Fig. 3.4. a) Load-displacement curves for small timber-concrete composite specimens with
different fractions of granite chips; b) the average ratio of the chip fraction to the concrete
layer height and the specimen stiffness increase at a load of 12 kN compared to the specimens
with a 2—5 mm chip fraction.

The load-bearing capacity of specimens with 16-25 mm chip fraction increases by more
than 30 % compared to the specimens with 2-5 mm and 5-8 mm chip fraction. Other
experimental studies [108], [109] also confirmed the improvement of mechanical properties at
higher aggregate fractions. The specimen behaviour up to about 8 kN load level is almost
identical for all specimens. For higher load levels, the behaviour of the specimens with larger
chip fractions is slightly stiffer. It can be explained by more significant chip proportion in the
concrete layer (Fig. 3.4 b)). Considering the low specimen stiffness increase by increasing the
chip fraction, it can be concluded that the size of the chip fraction does not have a decisive role
in behaviour of the timber-concrete composite slab produced by the stone chip method.

e

Fig. 3.5. Collapse of small-size timber-concrete composite specimens: a) produced by dry

method; b) produced by proposed stone chips method.

The concrete layer separation without interaction signs with the timber layer was observed
for small-size specimens produced by the dry method, similar to timber-concrete composite
specimens with a 1.8 meters span. The collapse of the small-size specimens produced by the
stone chips method can be observed along the timber and concrete layers (Fig. 3.5).
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The quality of the timber-concrete connection has a decisive role in the behaviour of the
timber-concrete composite element. A timber-concrete composite slab exists as long as there is
a connection between the material layers. Shear stresses are developed in the structures
subjected to flexure and have their maximum value at the cross-section neutral axis. Timber-
concrete composite is a layered material, usually with the plane of timber-to-concrete
connection close to the cross-section neutral axis. Generally, significant shear stresses are
formed in beams with small spans and thin-walled profiles, such as double-T. Despite this,
additional attention has been paid to checking the safety level of connections produced by the
proposed stone chips method from the shear strength point of view. For this purpose, within the
framework of the work, experiments have been carried out to determine the shear strength of
timber-concrete composite specimens produced by the stone chips and wet methods.

A timber-concrete composite structure collapses as a result of any of the component's
failure. Generally, the glued connection is designed with the condition that its strength is greater
than the strength of the elements to be glued. Therefore, the shear strength of the timber and
concrete layers is checked for shear stresses. The shear strength values of timber and plain
concrete are determined according to [111], [100] by Equations (3.1) and (3.2).

Foree = 0.2(Fmse)"" < 3.8 MPa, 3.1
where f, . is the characteristic value of timber shear strength, MPa, and f,,, is the
characteristic value of timber bending strength, MPa.

foe =ki-02fc, (3.2)
where f, ;. . is the characteristic value of concrete shear strength, MPa; k; = 0.15; and f the
characteristic value of concrete compressive strength, MPa.

Shear strength tests have been performed on 10 specimens to determine the effect of using
granite chips on timber-concrete composite connections shear strength and behaviour. The rigid
timber-concrete connection for 4 specimens is provided by the wet method, and for 6
specimens — by the proposed stone chips method. The dimensions and loading scheme of the
specimens are shown in Fig. 3.6.

45 60 45 i ‘
C20
s NN — ,
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timber boards . _;
1) only epoxy glue ~ 45x 95, C24 ,:- %
2) granite chips 16-25 mm b , 8
a) b)

Fig. 3.6. Specimens for shear test: a) top view; b) side view and loading scheme; c¢) specimen
placement in loading equipment.

75



Specimens are tested at least after 28 days in appropriate climatic conditions (20 °C
temperature and 65 % relative air humidity) when the concrete has completely hardened. A
Form+test hydraulic press is used for testing. Figures 3.7 a) and b) show the collapse of
specimens. For both specimen types, the failure mainly occurred through the concrete, with the
crack developing from the bottom, where higher shear stresses are generated, to the top, thus

splitting the specimen.
v 70

Z 30 ®

0 1 2 3 -+ 5 6
Specimen No.
m Without granite ¢ With granite — Calculated
chips chips

a) b) ¢)
Fig. 3.7. Collapse of specimens produced by: a) wet method; b) stone chips method;
¢) destructive loads of the specimens obtained in the shear test.

The destructive load values of specimens from the shear test are summarized in Fig. 3.7 c).
The obtained results for both types of specimens are characterized by relatively high dispersion.
But this dispersion is wider for specimens without granite chips in the glued connection. The
variation coefficient of the destructive loads determined in the shear tests for the specimens
produced by stone chips and wet methods are 28 % and 60 %. A variation coefficient above
about 30 % usually indicates problems in the experimental data and is not acceptable [112].
During the test, the displacements between the layers of the composite specimen were recorded.
At higher values of the applied load, the difference in displacements for specimens with and
without granite chips in the glued connection is within 10 %.

The results obtained experimentally within the framework of the research allow concluding
that the use of granite chips in the glued timber-to-concrete connection increases the bending
strength of the element and the shear strength. The use of stone chips reduces the dispersion of
results. At the same time, the chips do not significantly affect the overall stiffness of the
connection and leave a slight yielding of the connection, manifested by similar layer
displacements for both types of specimens. Thus, using the proposed stone chips method for
timber-concrete composite production, it is possible to obtain a safe timber-concrete composite
slab with a rigid timber-to-concrete connection.
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4. Rational parameters for timber-concrete composite slabs

The trend toward using modular buildings in constructing multi-storey timber buildings
leads to the need for large spans, which create more challenges in terms of long-term
deformations and vibrations. Due to their low bending stiffness, conventional timber floor
structures make it difficult to meet these requirements. In contrast, long-span floor structures
are a potential field of application for timber-concrete composite. It is important to propose a
methodology for determining the rational dimensions of timber-concrete composite
components and for choosing the strength of used materials, considering the perspectives of
such constructions. Applying such a methodology at the initial design stage can significantly
save time. Also, the determination of limits of more rational use of timber-concrete composite
slabs compared to analogous solutions of timber structures without a concrete layer is actual.

The two most widely used structural solutions for timber-concrete composite slabs are the
concrete layer with CLT slab (hereinafter — CLT-concrete slab) and the concrete layer with
timber beams [115]. The structural solution of the timber-concrete composite slab with timber
beams requires a thick reinforced concrete layer to ensure sufficient bending stiffness of the
slab. To abandon the use of steel reinforcement while maintaining a high bending stiffness of
the cross-section, the cross-section height of the timber beams to be used must be very high.
For this reason, the solution shown in Fig. 4.1 b) is not considered as applicable to a sustainable
timber-concrete composite structure without steel reinforcement. CLT-concrete slabs (Fig.
4.1 a)) allow for abandoning the use of steel reinforcement in the concrete layer. Still, this
solution is associated with high costs due to the high price of CLT and high material
consumption. To preserve the advantages of timber-concrete composite and reduce the above-
mentioned disadvantages, a timber-concrete composite slab solution based on a box-shaped
plywood panel with timber ribs (hereinafter — plywood-concrete slab) is offered. Thanks to the
lower layer of plywood (Fig. 4.1 c)), the bending stiffness of the cross-section is significantly
increased compared to the solution shown in 4.1 b) and the neutral axis of the cross-section is
shifted away from the concrete layer. Thus, the 18 mm thick plywood bottom layer can reduce
the cross-section height of timber beams by 1.5 times while maintaining the same bending
stiffness of the cross-section.

a) I—— b)i >< C)SZ

Fig. 4.1. Timber-concrete composite slab structural solutions: a) with CTL panel; b) with
timber beams; ¢) with a ribbed plywood panel.

As part of the research, a methodology (Fig. 4.2) has been developed and, based on it,
computer software for determining the rational cross-section parameters of timber-concrete
composite slabs and the required strength class of the materials to be used for two types of
structural solutions — with CLT and ribbed plywood panel. It is intended that both solutions use
a fibre concrete layer and ensure a rigid connection between the fibre concrete layer and the
wood-base panel, which is realized by the proposed stone chips method.
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Due to different materials with different properties, especially in weight and price, material
consumption cannot objectively characterize the rationality of timber-concrete composite
structures. For the mutual comparison of structural solutions, a criterion of rationality has been
introduced — the cost factor ¢, which links different types of materials in different variable
proportions. It is based on the cost of the relevant cross-section material in the Latvian market
in 2021/2022, at the turn of the year, for one square meter timber-concrete composite slab. The
developed computer software provides an opportunity to define the prices of the used materials
according to the current situation in the building materials market.

Start of the algorithm

v

Defining input parameters Pregeneration of possible Determination of cross-
> cross-sections sectional effective stiffness

+ slab span L

+ floor width B (for vibrations)
+ category of use [A1,A2,B]

+ value of distributed load gk
+ quality class for vibrations

+ short term
+ long term with shrinkage
+ for vibration check

The check of the ) ( The check of the ultimate ) 6 - forceq
serviceability limit state limit state
-+ maximum instantaneous and + normal stresses in concrete + in the short term from fundamental
final displacements + normal stresses in timber / plywood loads combination (Fu)
+ vibration checks + shear stresses in rib connection + long-term from quasi-permanent
) L J load combination and short-term
¢ umposed load

A cross-sectional
parameter that satisfies all —>
checks output

Ranking of results according
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Fig. 4.2. Algorithm for determination of rational parameters of timber-concrete composite
slab cross-section.

The cost factor for one square meter of a timber-concrete composite slab is calculated
according to Formulas (4.1) and (4.2), respectively, with CLT and plywood panels:

C=hCLT'PCLT+hc'Pc_

; 4.1
Pc,czo 'Bl ( )
(hpw " P + hpa " Pog + he " B) *b =L+ hy " by - Pe - (L Nyong + b~ Nrans)
c= . (4.2)
b'L'Pc,czo'B1

where h; — the height of the element or layer, m; P; — the price of the relevant material, EUR/m?;
b and L — slab width and span, m; 7;4,4 and 74,4y — the amount of longitudinal and transverse
ribs; indexes pu, pd — top and bottom plywood layers; indexes CL7, t, ¢ — a layer of cross-
laminated timber, timber and concrete; P, ¢, — the price of C20 strength class concrete, used
as the base price, EUR/m’; and B; — 1-meter wide bandwidth, m.

The price of one cubic meter of CLT, timber and C20 strength class concrete with 0.5 %
synthetic fibres has been assumed to be 900 EUR, 600 EUR, and 104 EUR to determine the
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cost factors. The accepted prices for other concrete strength classes and plywood sheets of

different thicknesses are summarized in Tables 4.1 and 4.2.

Table 4.1

Prices of Concrete with Synthetic Fibres Depending on Strength Class

Strength class C25 C30 C35 C40 C45
Price, EUR/m? 106 108 109 110 111
Table 4.2
Plywood Prices Depending on Thickness
Thickness, mm 6.5 9 12 15 18 21 24 30 35 40 45 50
Price, EUR/m? 1238 1019 911 895 876 895 895 895 895 995 995 995 995

The proposed methodology envisages the pre-generation of all possible cross-sections of
timber-concrete composite slabs following the defined input parameters, materials and
technological limits. Timber-concrete composite slab simply supported and spanning in one
direction with a width-length ratio of 1:5 is investigated. The adopted cross-section variables
include 6 concrete and 4 timber strength classes; 13 standard plywood thicknesses; 3 different
CLT layer thicknesses for CLT panels with a total layer quantity of 3, 5 or 7 layers; and 6 widths
and 11 heights for timber beams according to EN336 assortment (Fig. 4.3)
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Fig. 4.3. Assumed cross-sectional variables for timber-concrete composite slabs.
B — slab width; L — slab length; hc — concrete layer thickness; hl1 and h12 — thickness of CLT layers; hpu and
hpd — thickness of the upper and lower plywood layer; bt and ht — width and height of the timber rib.

The design of timber-concrete composite slabs is carried out by adapting the
recommendations from the upcoming rules for timber-concrete composite structures and
vibration. Both regulations — “Eurocode 5: Design of Timber Structures — Structural Design of
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Timber-concrete Composite Structures — Common Rules and Rules for Buildings” and
“Vibrations” are currently under development within the framework of CEN TC250/N2330 and
CEN TC250/SC5 WG3 Subgroup 4. The timber-concrete composite slab is designed in two
time moments. The first is # = 0 years, or the initial state of the structure, when concrete
shrinkage and material creep have not yet developed. The second time point, # = oo years, or the
end of the structure's service life, evaluates materials creep and concrete shrinkage. Material
creep is evaluated with the effective values of material elasticity modules and concrete
shrinkage — with fictitious load from inelastic deformation. The verified criteria for timber-
concrete composite slabs at two time moments with the respective load combinations and the
elastic modules to be used are summarized in Fig. 4.4.
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Fig. 4.4. Timber-concrete composite slab checks with corresponding load combinations.
ULS and SLS are ultimate and serviceability limit states; ¢ — time point; w — deflection; & — normal stresses; 7 —
shear stresses; E — elastic modulus; G — dead load; Q — live load; y» — share of the permanent live load at the total
live load; F, — fundamental load combination; pys — fictitious load evaluated shrinkage; indexes: PV — permissible
value; conc — concrete; tim — timber; pwc — upper plywood layer; pwt — lower plywood layer; conn — the connection
between the rib and upper plywood layer; k — characteristic values; d — design values; fin — effective values;
woodbase — wood-based materials.

Plywood-concrete slab checks include calculations of normal stresses in the concrete layer,
the plywood layers subjected to compressive and tensile stresses and the longitudinal timber
ribs, and the calculation of shear stresses in the rib-to-top plywood layer connection. Checks
are made for two types of timber-concrete composite slab effective cross-sections — double-T
and C-type cross-sections (see Fig. 4.5 a)). The bending stiffnesses equivalent to a 1 m wide
slab strip are used for vibration and deflection calculations.

The longitudinal ribs step s is determined based on calculations of the load-bearing capacity
and deflection of the upper plywood layer in the transverse direction of the slab according to
the calculation schemes shown in Fig. 4.5 b) and ¢) and the calculation of the deflection of the
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concrete and the upper plywood layer with full composite action between the layers according
to the scheme in Fig. 4.5 d). Considering the importance of the upper layer of plywood between
the timber ribs, a more conservative calculation scheme is adopted for this sub-element, i.e. a
simply supported beam. The interaction of the concrete layer with the upper layer of plywood
protects the latter from loss of stability. Cross ribs are used only to divide the panel into smaller
volumes of free air. Their quantity is assumed to be equal to the number of longitudinal ribs.
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Fig. 4.5. Plywood-concrete slab a) C-type and double-T type cross-sections; b)—d) design
schemes,
where: H — slab height; hc — concrete layer height; hpu and hpl — top and bottom plywood layer height; ht — timber
rib height; bt — timber rib width; s — rib step; bef,T — double-T cross-section effective width, b,z = min( 0.1 -
L+ b,,; s); bef,C - C-type cross-section effective width,
S+by,

berc = min(0.05- L + by;—
load Fa,d and self-weight from concrete ge,d and plywood layers gpu,d; c) the deflection of the upper plywood

); b) the load-bearing capacity of the upper plywood layer per 80 kg assembly

layer from the self-weight of concrete gc,k and plywood layers gpu.k; d) the deflection of the concrete and top
plywood layers from the self-weight of both layers and the useful uniformly distributed load gk.

The permissible value of instantaneous deflections is assumed to be 1/300 of the slab span,
final deflections — 1/150. Testing of serviceability limit state includes not only deflection check
but also vibration checks. The limit values of all vibration criteria according to the floor
performance level, as well as the determination of the floor performance level according to the
building use category and the required quality level, are summarized respectively in Tables 4.3
and 4.4.

Table 4.3

Floor Performance Level According to Building Use Category and Quality Class

Category of use Quality level

High Base Economic
Multi-storey residential, A1l I, 11, TIT v A%
Single house, A2 L IL 100, IV \% VI
Office areas, B I, 1T I v
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Table 4.4

Limit Values for Vibration Criteria According to the Floor Performance Level

Criteria Floor performance level

I 11 111 v A% VI VII
Stiffness: wixn [mm] < [w] 0.25 0.5 0.8 1.2 1.6 No
Acceleration and velocity: R < [R] 4 8 12 16 24 32

The vibration design procedure for TCC floors with spans /, width b, and self-mass per
square meter m, effective bending stiffnesses for a 1 m wide strip (E7); and (EI)r, respectively,
in the longitudinal and transverse directions of the floor, is shown in Fig. 4.6.
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Fig. 4.6. The algorithm of the vibration checks according to the forthcoming design rules
“Vibrations”, where [ ] — the limit value according to Table 4.4.

The methodology for determining the rational parameters of timber-concrete composite
slabs proposed in the research requires a large number of analytical calculations. Therefore,
computer software has been developed on its basis using programming language Hypertext
Preprocessor or PHP 8.1, which runs on the Apache server. A MySQL database has been used,
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which stores the pre-generated software results to optimize the further use and processing of
the obtained data. The choice of the PHP programming language is based on the perspective of
developing the program as an online tool that can be used simultaneously by an indefinite
number of users from different locations and devices. According to the input and variable data,
a set of all possible cross-sections of the timber-concrete composite slab is pre-generated. The
effective geometric parameters necessary for further instantaneous, long-term and vibration
control tests are determined. Figure 4.7 shows part of the computer program code to be
developed based on the proposed algorithm for determining rational parameters of timber-
concrete composite slabs with a ribbed plywood panel.
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Fig. 4.7. Computer software code part with the definition of input and variable parameters.

Plywood-concrete slabs, due to the larger number of cross-sectional elements and their wide
assortment of possible sizes, compared to CLT-concrete slabs, have a huge number of possible
combinations of cross-sections, exceeding 100 000. Therefore, creating the obtained results
database is essential to process the calculation results of plywood-concrete slabs. All pre-
generated cross-sections are passed through the ultimate and serviceability limit state check.
Cross-sections that fail at least one of the checks are discarded. Cross-sections that satisfy all
checks are ranked according to the rationality criterion.

The most cost-effective cross-sections and the corresponding total cross-section heights
have been determined to set the limits of the more rational use of TCC slabs compared to the
analogous solutions of timber floors without a concrete layer. The rational parameters have
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been determined using the developed software for spans from 3 to 10 meters with a step of 0.5
m at different categories of use and vibration quality classes. For the B category of use, the
slabs are designed for 3 kN/m? distributed imposed load, for A — for 2 kN/m?. For results cross-
comparison, the total floor width used in the vibration checks is assumed to be 5 meters.

The decisive check is on vibrations for CLT slabs, while for CLT-concrete slabs — ultimate
deflections. Therefore, rational parameter values have been determined for CLT slabs at three
possible vibration quality classes, but for CLT-concrete slabs only at a higher quality class. In
Fig. 4.8, you can see the symbols used in the graphs of Fig. 4.9.

{ « CLT,1
\ : «CLT2
N - ;
\ -CLT,3 | .
= TCC,1 >"\. .

Fig. 4.8. Used symbols for CLT and CLT-concrete (TCC) slabs: 1, 2, and 3 - vibration quality

classes, respectively — high, base, and economic.
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Fig. 4.9. CLT and CLT-concrete (TCC) slab cost factor: slab span and slab height; span
curves for the building category of use: a) A2; b) Al; c) B.

1, 2, and 3 — vibration quality classes, respectively, — high, base, and economic; A2, Al and B — single house,

multi-storey residential, office areas.

For CLT-concrete slabs, the thickness of the concrete layer varies from 20 mm to 85 mm.
Such a concrete layer can significantly improve the dynamic response of the structure.
Summarizing the results obtained in the calculations, the use of CLT-concrete slabs, compared
to simple CLT slabs, is absolutely justified for the floors of multi-storey residential buildings
and office buildings at any selected vibration quality class. Such a solution can reduce the
proposed rationality criterion — the cost factor in categories Al and B by 22 % and 23 % on
average. And it also almost does not increase the total height of the slab compared to simple
CLT slabs that correspond to the economic (third) vibration quality class. In the case of single
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houses, CLT-concrete slabs can reduce the value of the cost factor by an average of 19 %
compared to the most economical CLT slab solution. Still, simultaneously with the cost factor
reduction, the slab's total height increases slightly by an average of 6 %.

The percentage changes of CLT and CLT-concrete slabs cost factor ¢ and total height H
values compared to CLT slab parameters corresponding to 3 or economic vibration quality class
are summarized in Fig. 4.10. The benefit of using CLT-concrete in floor solutions increases
with higher requirements for vibration quality class, larger spans and more busy areas. At the
highest vibration quality class in office-type buildings, the structural solution of CLT-concrete
can reduce the cost factor by up to 44 % and the slab height by up to 25 %.
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Fig. 4.10. Changes in cost factor ¢ and total height A values of CLT and CLT-concrete (TCC)

slabs compared with CLT,3 slab characteristics. 1,2 and 3 — vibration quality classes, respectively —
high, base, and economic; A2, Al and B — single house, multi-storey residential, office areas.

For ribbed plywood panels, the decisive checks are on vibrations. For plywood-concrete
slabs with the most rational cross-section parameters, the thickness of the concrete layer is
20 mm to 35 mm, keeping the vibration check decisive. Both slab types have been compared at
higher vibration quality class for Al and B category buildings. The economic feasibility and
competitiveness of plywood-concrete slabs are evident in Fig. 4.11. For larger spans, plywood-
concrete slabs can reduce the cost factor and slab height by up to 42 % and 33 %.
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Fig. 4.11. Ribbed plywood panel (PW) and plywood-concrete slab (PWCC) in the office areas
(B) and multi-storey residential buildings (A1): a) cost-factor-slab span curves; b) slab height-
span curves.
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Regarding costs, the most rational cross-sections for CLT-concrete slabs in different use
categories have been compared with the cross-sections of plywood-concrete composite slabs in
two ways. One case regarding cost corresponds to the most rational cross-section of plywood-
concrete composite with a height corresponding to this cross-section. The second case —
provides a comparison with the cross-section of a plywood-concrete composite panel, with the
minimum possible height and the corresponding lowest cost factor. Figure 4.12 a) and b)
summarizes the obtained data for use category A, corresponding to residential buildings.
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Fig. 4.12. CLT-concrete (TCC) and plywood-concrete (PWCC) slabs in use category Al
buildings curves of a) cost factor-slab span; b) slab height-span; c) self-weight of slab-slab
span.
min H — the lowest possible height with a relevant cost factor; min ¢ — the lowest possible cross-sectional cost

factor; A — multi-storey residential buildings.

As it can be seen, the proposed TCC slab solution with ribbed plywood panel significantly
reduces the cost factor. Compared to the CLT-concrete slab, the cost factor of the plywood-
concrete slab with the most cost-effective cross-section for use category A is 50 % to 73 %
lower. At the same time, the plywood-concrete slab height increases by 7 % to 41 %, with an
average value of 25 % compared to the height of the CLT-concrete slab.

Due to the design features of the plywood-concrete slab, thicker concrete layers require a
thicker top plywood layer and/or additional ribs to reduce the step between the ribs. Both cases
are associated with additional costs. Each extra longitudinal rib, especially for large slabs spans,
significantly increases the materials cost per slab of 1 m?. Therefore, the most rational cross-
sections of plywood-concrete slabs from the point of view of the cost factor are with a thin
concrete layer, usually around 20-30 mm thick. Using such a thin layer of concrete ensures a
low level of self-weight load of the slab, regardless of the slab span (Fig. 4.12 c)). If at a 3-
meter span the plywood-concrete slab self-weight is approximately 20 % lower than that of
CLT-concrete slabs, then this difference reaches up to 71 % at larger spans.

Choosing a plywood-concrete composite slab with the smallest possible cross-sectional
height that meets the ultimate and serviceability limit states requirements makes it possible to
reduce the cross-sectional height difference between the plywood-concrete and CLT-concrete
slab up to 14 %. At several spans, it is possible to obtain the height of the plywood-concrete
slab lower than of the CLT-concrete slab while maintaining a significant reduction in the cost
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factor, which ranges from 21 % to 54 %. For spans from 6.5 meters to 8 meters, plywood-
concrete slabs and CLT-concrete slabs have almost the same cross-section height, but the cost
factor for plywood-concrete slabs is on average 49 % lower than for CLT-concrete slabs.

Office building floors are similar to residential building floors (Fig. 4.13). Compared to the
CLT-concrete slab, the plywood-concrete slab with the most cost-effective cross-section for the
use category B has a cost factor of 57 % to 69 % lower, panel height increases by 13 % to 43 %,
with an average value 0f 29 %. Dead weight is between 15 % and 67 % lower, with an average
value of 45 %.
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Fig. 4.13. CLT-concrete (TCC) and plywood-concrete (PWCC) slabs in use category B

buildings curves of a) cost factor-slab span; b) slab height-span. min H - the lowest possible height
with a relevant cost factor; min ¢ — the lowest possible cross-sectional cost factor; B — office areas.

By choosing a plywood-concrete composite slab with the smallest cross-section height that
meets the requirements of the ultimate and serviceability limit states, it is possible to reduce the
height difference between the plywood-concrete slab and the CLT-concrete slab to 18 %. For
slab spans from 3 meters to 8.5 meters, the height of both slab types is almost the same — the
differences do not exceed 6 %. Within these span limits, the cost factor for plywood-concrete
slabs is 18 % to 50 % lower than for CLT-concrete slabs.

The additional advantage of plywood-concrete slabs is their more predictable behaviour due
to the smaller proportion of timber material compared to CLT-concrete slabs. The experiments
carried out within the research showed a smaller distribution of the destructive load for four
plywood-concrete specimens compared to 4 CLT-concrete specimens. A 11 % variance of
results was found for the plywood-concrete specimens, which is a very good indicator. At the
same time, this factor was equal to 28 % for the CLT-concrete specimens, which is close to the
unacceptable limit.

Based on the analysis, the proposed plywood-concrete slab structural solution can be
beneficial for residential and office buildings. The plywood-concrete solution significantly
reduces the floor cost compared to CLT-concrete slabs, even if the height of the slab is of vital
importance. A considerably lower self-weight characterizes the proposed solution for larger
spans due to a thin concrete layer, which affects the required dimensions of all other vertical
structures. Thus, the proposed plywood-concrete slab structural solution forms a sustainable
and competitive timber-concrete composite slab solution.
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5. Safety solutions for timber-concrete composite structures

Two aspects are examined from the point of view of the timber-concrete composite slabs
safety. The first aspect is the possibility of non-destructive quality control of the adhesive rigid
timber-concrete connection for checking the quality of manufactured elements and during their
operation because the connection quality plays a decisive role in the timber-concrete composite
slab operation. The second aspect is related to the moment of collapse of structural operations.
The collapse of plain concrete without additional reinforcement is characterized as brittle,
which creates danger. Therefore, in the research it is proposed to use concrete with dispersed
reinforcement from synthetic fibres.

One of the limitations of using glued connections in practice is related to the need for
connection quality control. There is also a lack of research on non-destructive methods for
quality control of rigid connections in timber-concrete composite structures, considering the
small amount of research on timber-concrete composites with glued connections. During the
literature analysis, no information was found on the possibilities of testing the quality of the
rigid timber-concrete connection. So, two well-known methods — operational modal analysis
and ultrasonic testing — were approved within the scope of the research to verify the possibilities
of applying these methods in determining defects in the rigid glued connection between
concrete and timber layers.

Sixteen small-sized timber-concrete composite specimens with a length of 60 cm have been
made by the proposed stone chips method as part of the research to approve rigid connection
quality control. Eight specimens have embedded 40 % of the connection surface area large
defect. Another eight specimens — have no defects. Some of the stages of producing specimens
can be seen in Fig. 5.1.

Fig. 5.1. Specimen producing stages: a) 16 specimens after the glue has dried; b) wrapping
40 % of the specimen end in a PE film to ensure the defect; c¢) specimens placed in the molds.

For modal analysis, six accelerometers have been used, with which the structure's response
in the form of acceleration to white noise has been measured. The sensors were placed along
the centre line of the specimen, according to the scheme shown in Fig. 5.2. Two types of sensors
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from manufacturer Dytran Instruments, Inc. were available for the experiment — three sensors
with low sensitivity around 100 mV/EU — model 3312A2T, and three — with high sensitivity
around 1000 mV/EU — model 3100D24, which were placed in positions 3, 4, and 5. All sensors
are connected to a multi-channel high precision dynamic signal analyzer — DT9857E
manufactured by Data Translation, which receives sensor signals and sends measurement data
to a computer. After configuring the QuickDAQ program used for data logging, data collection
has been performed for each specimen, which involves:

1) placing the specimen on the supports and fixing the sensors;

2) excitation of white noise by random in time and space touches on the specimen
surface;

3) parallel to step 2 — record the response signal of the specimen,;

4) repeat the measurements three more times.
1 2 4
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Fig. 5.2. Sensor arrangement scheme and test progress of TCC specimens.

A more accurate tool is used for further processing and analysis of the data obtained during
the experiment — the ARTeMIS Modal program. The ARTeMIS program incorporates several
methods for identifying dynamic parameters which are based on the frequency and time
domains. The frequency domain decomposition technique (FDD) ensures the visibility of the
process and a user-friendly environment. Based on the time domain, the stochastic subspace
identification technique (SSI) is characterized by the high accuracy of results [90].

For all 16 specimens, the first three fundamental frequencies were determined and evaluated
with the respective damping coefficients and mode complexity according to 2 different
methods — CFDD and SSI-PC. Figure 5.3 shows the spectral densities of one defect-free
specimen obtained by the CFFD method using the automatic modal evaluation function and the
stabilization diagram obtained by the SSI-PC method.
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Fig. 5.3. a) Spectral densities graph obtained by CFDD method; b) stabilization diagram

obtained by SSI-PC method.

By validating the modes obtained by both identification methods, mutual confirmation of
the results and quality control of the modal results are performed. For the given specimen (Fig.
5.3), the MAC values of the three modes are above 0.95. The modal assurance criterion, or
MAUQC, is a statistical measure used to compare the mode shapes. This criterion is sensitive to
large differences and relatively insensitive to minor differences in mode shapes. The closer the
value of this criterion is to 1, the greater the coincidence of mode shapes.

Figure 5.4 a) summarizes the average values of the frequencies of the first three modes
according to the CFDD method. In half of the cases, the frequency of the first mode was not
determined by the SSI-PC method, marking the corresponding frequency value as the noise
frequency.
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Fig. 5.4. For specimens with and without defects in the connection, the average values of the
first three modes a) frequencies (100 % — without defects, 60 % — with a 40 % large defect); b)
intercomparison of mode shapes.
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The degree of reliability of the frequency values of the second and third modes was high.
The noticeable difference between the specimens with and without defects is the frequency of
the second mode. For specimens with a defect, it is higher than about 32 %. In addition, a
significant change in the 3rd mode shape with MAC = 0.55 (Fig. 5.4 b)) has been found for
specimens with a defect in the timber-concrete connection.

Changes can also be observed in the signal power spectrum. If the 3rd mode frequency,
around 600 Hz for specimens without a defect, is dominant, then a low-level excitation can be
observed at the 3rd mode frequency for specimens with the defect. An increase in the value of
the 2nd mode frequency and the corresponding signal strength (at about 340 Hz) is observed
for the specimens with defects (Fig. 5.5). Synthetic fibres PP Strux 90/40 were added to the
concrete composition in an amount of 0.5 %, to some specimens. It was found that the fibres
did not significantly affect the specimens' response to white noise during the experiment.
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Fig. 5.5. Signal power spectrum (spectral densities) from all sensors.

Thus, the differences found in the modal analysis between the specimen series allow stating
that damage in the rigid connection between the concrete and timber layers affects the responses
and dynamic parameters of the TCC specimens. Therefore, under certain conditions, it is
possible to effectively use operational modal analysis for assessing the quality of the timber-to-
concrete connection and the presence of defects in TCC structures. The considered method
allows non-destructive quality testing on a global scale, which can be especially relevant in
high-volume production with large-sized structures when local inspection methods for defects
would be time-consuming. By creating one reference structure that local failure inspection
methods can test, the results of its modal analysis can be used as a reference for the other
structures. Application of this method to monitoring during operation is difficult due to the type
of use of the considered structure. TCC slabs are intended for use in floors, from which it
follows that they will be regularly exposed to short-term and quasi-permanent loads,
influencing and changing the design scheme compared to the initially built structure's reference
state. It is necessary to ensure the same structure conditions to compare the structure's current
modal parameters with the initial ones.

It is possible to use local non-destructive testing methods, which do not depend on the
design scheme, to control the quality of the TCC rigid connection during structure operation.
In the literature, there are studies on applying ultrasonic testing to separately concrete and
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timber structures; still, it was not possible to find studies using ultrasound on timber-concrete
composite structures. Since timber and concrete are different structural materials, laboratory
testing of TCC specimens with a defect in the rigid connection has been carried out to clarify
the expected results from local structural testing with ultrasound. A series of measurements
have been performed on four small-sized specimens with embedded defects. Six measurements
have been made for each specimen. The measurement locations can be seen in Fig. 5.6 a).
Measurements are made on the specimen part without defects (1-1 and 2-2) and with defects
(5-5 and 6-6), as well as on the border (4-4) and near the boundaries (3-3) between the parts
with and without defects.
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Fig. 5.6. a) Placement of measurement points along the specimen length and the creation
of a specimen defect during its production; b) process of ultrasound testing.

The measurements were made with the experimental ultrasound apparatus and software
developed at Riga Technical University (Fig. 5.6 b)) [129]. A single pulse characterized by a
single period is sent. Still, due to the property of the ultrasound wave reflecting off the
specimen's edges, the recorded signal consists of many periods that gradually decay. The
successful application of ultrasonic testing for adhesive connection quality control is based on
the acoustic impedance difference in different materials. Acoustic impedance Z characterizes
the level of resistance of the material to the oscillations of ultrasonic waves. It can be calculated
according to Formula (5.1).

Z=c-p, (5.1)
where c is the sound speed, m/s, and p is material density, kg/m3.

The higher the material density, the higher is the acoustic impedance value. When an
ultrasound wave passes through one material and collides with the boundary of another
material, part of the wave's energy is reflected, and part passes into the second material. How
much energy will be reflected is affected by the acoustic resistance, or impedance, of the two
materials. The reflection coefficient R as a percentage of the total wave energy can be calculated
by Formula (5.2) for any two materials.

2
R= (?TZ) -100 %, (5.2)
where Z;,Z, is the acoustic impedance of the first and the second material.
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When a wave passes through concrete or timber and encounters the air, almost 100 % of the
wave energy is reflected. This principle is the basis for ultrasonic detection of defects involving
air gaps. The reflected energy at the concrete-timber boundary is up to 64 %. Around 36 % of
the wave energy is transferred to the second material. A visual representation of this process
can be seen in Fig. 5.7 a). The data of six measurements for one of the specimens, as a time
dependence of the relative amplitude of the measured signal, are summarized in Fig. 5.7 b).
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Fig. 5.7. a) Ultrasonic wave reflection and transition from concrete material to timber;
b) measurement records from ultrasonic testing at different specimen locations (1-6 according
to Fig. 5.6 a)).

Through a specimen part without a defect, far from the boundary where the defect starts,
the ultrasonic signal passing through the specimen is strong and characterized by a large
amplitude. Approaching the boundary with a defect, the maximum amplitude of the measured
signal gradually decreases. On the other hand, in a place where a defect is pronounced, and
there is no nearby place without a defect — the ultrasound signal does not pass through the
connection of the two materials. The signal amplitude value does not reach 10 % of the
maximum amplitude value at the signal transmission location without a defect. This amplitude
value is mainly composed of the signal that spreads over the entire specimen and reflects from
its edges and strays because the length of the specimen is not infinite. For larger specimen sizes,
this amplitude percentage will be even lower. Thus, it is possible to successfully use ultrasonic
testing for local quality control of a timber-concrete composite rigid connection made by the
proposed chip method, despite a sufficiently high reflection coefficient of ultrasonic wave
energy between concrete and timber.

During various laboratory experiments, there was contact with a dangerous, brittle type of
collapse of the concrete layer by separating concrete pieces from the specimens. Experimental
tests have been performed on TCC specimens with dispersed synthetic reinforcement in the
concrete layer to make the collapse of TCC structures more plastic and safer for the surrounding
environment. To verify whether the addition of fibres positively affected the collapse of TCC
elements, laboratory testing of timber-concrete composite specimens with industrially produced
CLT panels was performed. Two TCC specimens were made by the proposed stone chips
method with and without dispersed reinforcement in the concrete layer.

The range of 40 to 100 is generally referred to as the recommended fibre length-to-diameter
ratio [138]. On the other hand, adding synthetic polymer fibres from 0.4 % to 0.8 % can

93



strengthen the concrete matrix and achieve more effective crack control [139]. Therefore, for
timber-concrete composite specimens with synthetic dispersed reinforcement, polypropylene
macro fibres PP Strux 90/40 are added to the concrete composition in the amount of 0.5 % of
the concrete volume.

The timber-concrete composite specimens with a span of 1.2 m have been tested in three-
point bending until the collapse. The hydraulic loading equipment CONTROLS (Cat. C55G2)
was used. Experimental load-displacement values are automatically fixed by connecting digital

sensors to a computer (Fig. 5.8 a)). Fibres do not significantly impact the bearing capacity of
the specimens (Fig. 5.8 b)).
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Fig. 5.8. a) The process of loading TCC specimens in three-point bending; b) values of
destructive loads for CLT-concrete specimens with and without fibres (1 and 2 — specimens

without fibres; 3 and 4 — specimens with fibres).

The effect of using fibres in the collapse scenes of TCC specimens was obvious. TCC
specimens with dispersed reinforcement are characterized by microcracks smaller than the
thickness of a human hair (Fig. 5.9). When a crack appears, the concrete continues to work
because the fibres can continue to transfer tensile stresses.

a) : %3

Fig. 5.9. Full failure scene, nature and development of cracks for TCC specimens: a) without
fibres; b) with fibres.

Specimens with fibres were characterized by less brittle collapse, and they did not
significantly change their appearance. The concrete layer cracks, but the slab generally does
not lose its integrity, unlike specimens without fibres, which have the characteristic separation
of concrete pieces from the timber slab. Thus, fibre concrete in TCC structures allows for
maintaining the overall safety and integrity of the structure.
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CONCLUSIONS

The goal and tasks set in the Thesis have been achieved. A sustainable and safe solution for

an innovative timber-concrete composite structure characterized by the most effective synergy

of composite materials and the rational use of materials has been developed.

As a result of the Doctoral research, the following main conclusions have been obtained:

1.

A new production method of a rigid adhesive connection between timber and concrete
layers has been developed, which ensures the full composite action of timber and
concrete materials. The proposed stone chips method allows visual and mechanical
control of the connection during the manufacture of the timber-to-concrete connection,
is associated with a low risk of glue layer displacement, and ensures the natural bond
formation between the concrete mass and the stone chips.

The obtained results prove a higher level of safety of the connection made by the stone
chip methods compared to the timber-concrete connection made by the wet method.
According to the proposed method, timber-concrete composite specimens in shear tests
have shown a higher crushing load average value with a lower results variance.

A positive effect on the concrete mechanical properties near the connection from the
granite chips used in the stone chips method, which fulfils the concrete aggregate role,
has been proven. It has been determined that the crushing loads of timber-concrete
composite specimens show an increase of up to 30 % at larger chip fractions (1625 mm)
compared to specimens with 2—5 mm and 5-8 mm fractions. It has been experimentally
proven that the fraction's size hardly affects the load-displacement curve's behaviour.
Thus, it has been concluded that the granite chips fraction does not play a significant role
in the behaviour of the timber-concrete composite, as the serviceability limit state is
usually decisive for these structures.

The methodology and software for quick determination of rational parameters of timber-
concrete composite slabs with full composite action have been developed. Timber-
concrete composite slabs have been recognized as an economically justified structural
solution for use in both residential and office buildings compared to similar structural
solutions without a concrete layer for all vibration quality classes. At a higher vibration
quality class, CLT-concrete and plywood-concrete slabs have up to 44 % and 42 % lower
cost factor values and 25 % and 33 % lower cross-section heights compared to analogous
solutions without a concrete layer.

It has been determined that for use categories A and B, plywood-concrete slabs have an
average of 66 % and 65 % lower cost factors, resulting in an average of 25 % and 29 %
higher slab heights compared to CLT-concrete slabs. In the limits where the plywood-
concrete solution can provide a similar CLT-concrete slab height, the cost factor
reduction ranges from 18 % to 51 %.

Lower dispersion of the destructive load of the slabs at a lower proportion of timber
material has been experimentally proven. The coefficient of variation for plywood-
concrete slabs was 11 %, while for CLT-concrete specimens — 28 %.
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7.

10.

In the laboratory experiments, it has been observed that timber-concrete composite
structures produced by the dry method behave drastically different from the design-
expected behaviour due to defects in the timber-to-concrete connection. According to
the developed method of assessing the impact of defects, it was proven that defects that
make up large continuous areas in the amount of 30 %, 40 %, and 50 % of the entire
timber-concrete connection surface area are dangerous and result in respectively, 24 %,
72 %, and 137 % for higher deflections than for 100 % quality connection. In terms of
area, small defects (with a length of up to 10 % of the specimen length), even with a
large total amount (up to 75 % of the entire connection surface area), do not significantly
affect the energy absorption of the timber-concrete composite structure. In addition,
according to laboratory tests, large-sized defects in the timber-to-concrete connection
affect the structure's response to dynamic loads by changing the dynamic parameters of
the structure, such as mode shapes and natural frequency values.

The operational modal analysis was approved and recognized as effective for the global
assessment of timber-concrete composite structures for defects in the connection
between composite layers. Significant differences in the dynamic parameters of the
timber-concrete composite specimens with and without a defect in the connection have
been found in the experiments. A substantial change in the 3rd mode shape (the statistical
measure used to compare the mode shapes — MAC = 0.55) due to the connection defect
has been determined during experiments for the test specimens.

The solution for the problem of timber-concrete composite connection quality control
has been offered. The ultrasonic testing has been approved and recognized as effective
for local testing of timber-concrete connections made by the stone chips method. Despite
the almost 10-fold difference in acoustic impedances of concrete material and timber in
the radial direction, 36 % of the energy from the ultrasonic wave passing from one
material to the other is sufficient to analyze the quality of the timber-concrete connection
successfully. If the maximum amplitude of the measured signal at a high-quality
adhesive connection is assumed to be 100 %, then this value gradually decreases to 30—
60 % in the vicinity of the defect. In the case of a large and continuous defect, the
measured signal corresponds to noise, and its maximum amplitude is below 10 %.

The positive effect on the safety of the timber-concrete composite structure from adding
polypropylene fibres with an aspect ratio of 90 in the amount of 0.5 % to the concrete
composition was experimentally proven. During the laboratory testing were determined:
a reduction in the brittleness of the concrete layer without traditional steel reinforcement;
stress distribution, which in the case of crack development resulted in small cracks with
a small opening; as well as preservation of the integrity of the concrete layer with the
timber layer, in case of a complete collapse of the timber-concrete composite structure.
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