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Abstract

ABSTRACT

Decarbonisation of the construction sector plays a significant role in achieving the Sustainable
Development Goals. Cement production ranks among the largest sources of anthropogenic
CO, emissions, accounting for approximately 7% of total global emissions. Reducing its use
represents one of the key decarbonisation strategies. Over the past decades, research has

focused on the development of binders with a lower carbon footprint.

Alkali-activated materials (AAMs) are binders synthesised from amorphous aluminosilicates
(most commonly industrial by-products such as slag and fly ash) and alkaline activators. They
are cement-free binders that represent a promising alternative to Portland cement because of
their lower CO, emissions. However, conventional chemical activators used in AAM systems
account for a significant share of both the environmental footprint and the overall cost of these
systems, due to their energy-intensive production. This thesis investigates the possibility of
valorising sunflower husk ash (SHA), a locally available potassium-rich agricultural waste, as

an alternative activator for slag-based AAMs.

The research was conducted in four experimental phases: material characterisation,
optimisation of alkali-activated concrete mix design with reduced conventional activator
content (sodium hydroxide and sodium silicate), development and optimisation of SHA-
activated binder, and evaluation of the influence of SHA on binder properties at the concrete
level. Material characterisation confirmed that SHA possesses suitable chemical and physical
properties for alkali activation, with the reaction between SHA and ground granulated blast
furnace slag (GGBFS) producing C-S-H and C-A-S-H gels characteristic of alkali-activated
slag systems. The optimisation of the binder through systematic assessment of water-to-binder
ratio, SHA content, mixing procedures and curing regimes established the parameters for
producing a waste-based binder using SHA as received, with minimal technological
requirements. The highest 28-day compressive strength of 55 MPa was attained with 25 wt%
GGBFS of SHA, cured at ambient temperature.

At the concrete level, the combination of SHA with sodium silicate (Ms=0.42) was used as an
activator, resulting in the compressive strength of 50 MPa, after 28 days. To assess the
influence of SHA on the concrete system, a set of physical, mechanical, and durability
properties was tested and compared to the developed reference concrete mix with reduced
chemical activator content (n(Na20=4%), Ms=0.42), attaining a 28-day compressive strength
of 46 MPa. Using only SHA as an activator was not viable because of significant workability
challenges. Two alkali-activated concrete mixes exhibited comparable mechanical properties.

Despite the higher compressive strength, the introduction of SHA resulted in a 12-17% lower




Abstract

modulus of elasticity. Replacing sodium hydroxide with SHA increased capillary pore content
without affecting total porosity, the critical pore diameter, or the threshold diameter. Introducing
SHA into the mix doubled drying shrinkage, driven by two concurrent mechanisms: greater
moisture loss from the coarser capillary pore network and lower elastic stiffness of the K*-
modified matrix. However, the same compliance that increased total shrinkage simultaneously
enabled stress relaxation, preventing surface cracking despite the substantially higher

deformation.

Durability properties were not compromised by the addition of SHA. For all examined durability
indicators - carbonation resistance, chloride migration, and water absorption - the dominant
role of chemically controlled mechanisms, specifically hydrotalcite-facilitated CO, uptake and
chloride binding, mitigated the negative impact of the coarser pore structure. These findings
demonstrate that pore structure refinement alone cannot be considered a reliable predictor of
durability in AAMs containing SHA.

The presented thesis provides the first comprehensive characterisation of the influence of SHA
- and potassium-rich biomass ash in general - when used as an alkali hydroxide activator, on
the physical, mechanical, and durability properties of alkali-activated binder at a concrete level,
together with the identification of mechanisms governing its performance. The results
demonstrate that SHA is a viable alkali hydroxide activator for the production of slag-based
alkali-activated mortars and concretes, contributing to the valorisation of locally available
agricultural waste. However, future research is needed to address the two main challenges -

workability and shrinkage.

Key words: alkali-activated materials, alternative binders, valorisation, alternative activator,
biomass ash, sunflower husk ash, one-part alkali-activation, sustainability, decarbonisation,

circular economy




lNpoay»xeHn n3Boa Ha CPriCKOM je3nKy

NMPOAOYXEHU N3BO4 HA CPINICKOM JE3UKY

[ekapboHusaumja rpafheBMHCKOr cekTopa Mma 3HadvajHy ynory y ocTBapuBakwy UuIbesa
ogpxusor passoja. Npoussogwa LemMeHTa cnaga Mefy HajsHayajHuje n3Bope aHTPOMOreHnx
emucuja CO,, ca ydyewhem og npnbnmxHo 7% y ykynHuM rnobanHum emmncunjama. Cmamere
teroBe ynotpebe crTora npeacTtaBrba jedHy OA4 KIbyYHUX cTpartervja gekapboHusauuje.
Mocnegrunx AeueHunja, UCTPaxmBaka Cy yCMepeHa Ka pa3Bojy Be3uBa C HUXKUM YrTbeHUYHUM

OTUCKOM.

AnkanHo-aktmBupaHu matepujanu (eHr. alkali-activated materials, AAM) cy BesunBa ©6e3
LleMeHTa Koja Ce CUHTETULLY peakuuMjoM aMmopdHUX anyMocunukaTa (Hajyewhe nHayCcTpujcKnx
Hycnpou3Boda, Kao WTO cy 3rypa W netehm neneo) ca ankanHMM aktusaTopuma.
KoHBEHUMOHANHN XeMujckn akTmBaTopu Koju ce kopucte y AAM cuctemuma - ankanHu
Xnapokeman u cunukatn - obesbehyjy HeonxodHy ankanHy cpeavHy 3a pacTBaparbe
npekypcopa, nonuvMmepusaunjy n dopmupare npogykata peakuunje aktusaumje. AAM cy
npeameT OMNCeXHUX UCTpaXuBawa TOKOM MocnefHwnux HEKONWKO AeleHuvja, 3axsarbyjyhu
3HaTHO HMXMM emuncujama CO, y nopeheny ca beTtoHMma Ha 6asm MNMoptnaHa uemeHTa. OBO
ce NPBEHCTBEHO NpUNucyje ogcycTBy LEMEHTHOT KNHKepa 1 ynotpebun oTnagHnx marepujana
N MHOYCTPUjCKUX HYCNpOM3BOAa Kao Mpekypcopa, YMme ce UCMyHaBajy 3axTeBu cTparervja
ogopxueor pasBoja. Obum cmamewa emucnja CO, y 3Ha4ajHOj Mepu 3aBUCKM Of BPCTE WU
AOCTynHOCTMN ynoTpebrbeHnx npekypcopa M aktmeatopa. McTpaxuBarwe yTuuaja ankanHo-
akTnBupaHux 6etoHa (eHrn. alkali-activated concrete, AAC) ca paznuuntm npekypcopuma Ha
XMBOTHY cpeauHy nokasarno je ga ce cmawewe emucuja CO, o 57%, 42% v 39% moxe
noctuhu Kog ankanHo- aktueMpaHux 6etoHa Ha 6a3n 3rype neteher nenena n MeTakaonuHa,

pecnekTUBHO.

YNpKoOC TOME LITO je 3HAaTHO HWKK of, 6eToHa Ha 6a3u NopTnaHa uemeHTa, roToBO LEernoKynaH
ekonowkn otucak AAM npunucyje ce Hen3BEeXHOM NPUCYCTBY CUHTETUYKMX XEMMUjCKMX
akTuBartopa. [pouec HMNXOBE NPOM3BOAHE j€ EHEPreTCKN NHTEH3MBAH M MOBNa4vM 3a cOboMm u
Opyre 13a3oBe Mo XUBOTHY CPeauHy, nonyT owTehelwa 030HCKOr oMoTa4vya M eKOTOKCUYHOCTH.
Wako ankanHun xugpokema no npasuny 4mHu ek 1-5%, a ankanHu cunukat 3-10% mace AAC,
aktmeaTopn umHe 13% po 33% ykynHor noteHumjana rnobanHor 3arpeBawa AAM, y
3aBUCHOCTM 0f cacTaBa MeluaBuHe. HbmxoBa BuMcoka LeHa, kao n 6e3begHocHM npobnemu
NPOUCTEKNN U3 PyKOBaHa BUCOKO KayCTUYHUM pacTBOPOM akTuBaTopa, 4OAAaTHO OrpaHuyaBajy
wupy npumeHy AAM y rpafeBMHCKOM CeKTopy. Y Hay4HOj nutepaTypu, OBW M3a30BU CY
pa3maTpaHu Kpo3 npojektoBakbe AAM MellaBrMHa ca CMakbeHUM cagpikajeM akTmpaTtopa Y3

ovyBakbe 3a00BorbaBajyhnx nepdopmaHcu, Kao U Kpo3 3aMeHy KOHBEHLMOHAMHUX XEMUjCKUX

Xi



lNpoay»xeHn n3Boa Ha CPriCKOM je3nKy

aKkTMBaTopa anTepHaTMBHMM W3BOpUMa ankanuja u cunuumjyma. Mehy WHOYCTpUjCKUM
HYCNpOM3BOAVMMA UCTPaKEHNM Kao 3aMeHa 3a CUNUKaTHe akTuBaTope Hanase ce cunvkaTHa
npawnHa W CTakneHu otnag, AOK Ce LpBeHW Myrb npeanaxe kao ussop ankanwuja. MNenenu
HacTanu caropeBakeM MorbonpuBpeaHe Guomace ce Takohe cmaTpajy nepcnekTUBHUM
anTepHaTUBHMM akTuBatopuma, 6Oyayhm pa cy OGoratm kanvjymom, KanuujymoMm u

CUNULIMjyMOM, Y 3aBMCHOCTU of, GUrbHe BpPCTe Of Koje NoTudy.

Ha rmo6anHom HMBOY, TepMOeHepreTcka nNocTpojewa Ha 6uomacy npomssoge 480 munuoHa
TOHa nenena roguwke, a npouemnyje ce aa 6u Gnomaca kao anTepHaTUBHU U3BOP eHepruje
morna ga 3ameHn 33-50% cBeTckmx eHepreTckux pesepsu o 2050. rogmHe. Y 3aBUCHOCTM 0Of
XeMUjCKOr cacTaBa, OBW nenenu Mory nmatu pasnuumte npuMeHe y pasHUM MHAOYCTPUjCKUM
rpaHama, Kao WTo cy ynotpeba y CBOjCTBY MWHepanHux AoAartaka (eHrn. supplementary
cementitious materials, SCM) y rpaneBuMHapcTBy nnu nobosbluake KBanuteTa 3emrbuita
ynotpebom y cBojcTBy fyOpmBa, 0OQHOCHO cpeAcTaBa 3a pekynTuBauuvjy U pemegujauumjy y
nosbonpuepean n pygapcrtey. MehyTtum, 3HayajHe KonuumHe OBMX Menena u ce N garbe
oanaxy Ha genoHujama, y3pokyjyhu 3aranere XnBoTHe cpeauHe. [NoTeHumjanHo npowumpere
HUXOBE NPUMEHEe Kao anTepHaTUBHOr aktmeatopa Yy TexHonoruju AAM mMoxe cMmanuTu
OOMNPUHETM OCTBapMBaky LWIbEBA UMPKYNapHe eKOHOMMWje 3acHOBaHe Ha KOHUenTy ,Hyna

oTnaga“, y3 uctoBpeMeHo yHanpehewe ogpxusoctn AAM.

Motpeba 3a nctpaxxnBamwem

MorbonpuBpenHe akTMBHOCTM LUMPOM CBETA roavibe nponssoge npnbnmkHo 140 mununjapam
TOHa ocTaTaka bnomace. 3HavajaH ygeo mehly oBUM ocTaumMma 4mMHM Guomaca CyHLUOKpeTa -
LUMPOKO pacnpocTparmeHe NHOYCTPUjcKe BUIbHE KynType Koja ce NpuMersyje y npexpambeHoj
N XEMMUjCKOj MHOYCTPUj1, Kao 1 y npom3Boahn buoansena. CeBeTcka NpoM3BOAHa CyHLIOKpeTa

y 2025. roamHn n3Hocuna je npubnumxHo 54,8 munuoHa ToHa.

CyHUOKpeT je AOMWHaHTHa 6urbHa KkynTypa mehy uHaycTpujckum 6urbem y Penybnuum
Cpbujun, npn yemy 45,2% ykynHuX NorbONpUBPEOHUX NOBPLUWHA NOA MHAYCTPUCKUM Burbem
yYnHe yceBu cyHuokpeta. Op Tora, 88,5% 3acejaHo Ha TepuTopuju AyTOoHOMHe [lokpajuHe

BojsoauHe.

CyHUOKpeTOBe JbycKke NpeacTaBrbajy HyCnpoOM3BOA npoueca npepage cemMeHa CyHLOKpeTa.
Hucka npupogHa BnaxHocT (9%) u noBoSfbHe TOMMNOTHe KapakTtepucTuke (y npoceky 18
MJ-kg™") umHe ux norogHMm n3BopoM eHepruje. MNMojeguHn Npomssohaum CyHUOKPETOBOr yiba
Ha TepuTtopuju AyToHoMHe NokpajuHe BojsoanHe y ogpeheHoj Mepu Ux Kopucte Kao ropmeo.
Ibycka cyHUOKpeTa ce Takofhe KOpUCTM Kao eHepreHT 3a CUCTEM [AarbUHCKOr rpejama rpaga
Cpemcke Mutposuue. Neneo cyHuokpeToBe Ibycke (eHrn. sunflower husk ash, SHA) HacTaje

Kao oTnapj npu caropeBaky CYHLOKpeToBe Sbycke. [Npema usBelwlTajuma ABejy KomnaHuja -

Xii
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npowuseofaya yrea Buktopmna Oun ns luga v tonnade TETO y Cpemckoj Mutposuum - y 0BUM
npouecuma roguke Hactaje 960 ToHa SHA. KapakTepuwie ra BUCOK cagpxaj kanujyma, a
Hajuyelwhe ce ognaxe Ha genoHunje 6e3 npakTn4He NpMMeHe. Mako je gokasaHo ga ce nojeguHu
nenenu nosrbonpuspedHe Guomace MOry ycnewHo kopuctntn kao SCM, ynotpeba SHA y
KOHBEHLMOHANHMM LEMEHTHMM KOMMO3MTUMa OrpaHuyeHa je ynpaso 300r BUCOKOr cagpxaja

ankanwja.

[okTopcka gucepTaumja nctpaxyje moryhHocT Banopu3aumje nokanHo AOCTYNHOr oTnaga,
SHA, kao antepHaTtumBHOr aktuatopa 3a AAM cucteme. Cmarere yaena vnum notnyHa
3aMeHa XeMWjCKMX akTmBaTopa MCToBpeMeHO 6u cmawunu emucuje CO, n matepujanHe
TPOLLKOBE, yHanpeaunu npuMeHy NpuHUuna UupKyrnapHe eKoHOMMje U OAPXMBOr pasBoja Y
rpafheBmHCKOM cekTopy M omoryhunm ga ce SHA ymecTo ognarawba - HajHWKer cTeneHa

Xujepapxuje ynpasrbara oTnagoMm - yCMepu Ka npeBeHLmju.

I'Ipep,meT, UnJb U Xnnortese NctpaxumBamwa

Mpeomet uctpaxusarwa cy AAM Ha 6a3un rpaHynucaHe 3rype Bucokux nehu (eHrn. ground

granulated blast furnace slag, GGBFS), aktnBmpaHe:

-  KOHBEHUMOHaJTHUM XeMI/IjCKVIM arikasiHmMm akTmBaTtopuma, HanVijM-XVIADOKCVI,D,OM n

HaTpWjyM-CUNMKaTOM,
- anTepHaTUBHUM akTueatopom SHA,
- koMbuHauujom SHA v HaTpujym-cunukara.

LUnre  npegnoxeHor wucTpaxuBakwa je Banopusauuja JokanHo [AOCTynHoOr —otnagHor
maTepujana, SHA, HeroBom npuMmeHom Yy rpaheBUHCKOM CEeKTOopYy Kao anTepHaTuBHOr
aktmeatopa 3a AAM Ha 6a3n GGBFS ca cmaweHum ekonolwwkum otuckom. Banopusauuja he

Ce CnpoBeCTU Kpoa3:

- 3aMeHy KOHBEHLMOHASTHOr ankanHor xmapokcuaHor aktnsatopa y AAM mewwasuHama
ca SHA,

- yTtBphuBame ytnuaja SHA Ha npouec aktusaumje n ceojctea AAM Ha 6a3n GGBFS,

- ynopegHy aHanudy nepdopmaHcu AAC akTMBMpaHMX CMakEHUM cagpXxajem

KOHBEHUMOHarHor aktueatopa u AAC akTMBMpPaHUX anTepHaTUBHUM aKTUBATOPOM,

- npojekToBake AAM Ha 6a3m 3rype ca BE3MBOM 3aCHOBAHUM UCKIbYYMBO Ha OTMagHNM
MaTepujanma n/vnn Be3anBOM 3aCHOBaHMM Ha KOMOUHaUMju oTnagHor matepujana u

KOHBEHLUMOHaNHOr aktmBartopa.
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UcTpaxusare ce 3acHMBa Ha criegehum xunoTtesama:

- Xunotesa 1: SHA ce MOXe KOPUCTUTU Kao anTepHaTMBHU akTMBaTop 3a cuHTesy AAM

Ha 6a3su 3rype.

- Xunotesa 2: Ynotpeba UCKIby4MBO anTepHaTuBHor aktmeatopa y AAM Hehe 3HauajHO

yMawUTN MexaHuyka un TpajHocHa csojctBa AAM Ha 6asm 3rype.

- Xunotesa 3: Moryhe je npousBectn ankanHo AAC Ha 6asn 3rype UCKIby4MBO Of

oTnagHuX matepujana - arype n SHA.

EKCI'IepVIMeHTaﬂHO ncTpaxmBamwe

EkcneprvMeHTanHo ncTpaxuneame je opraHn3oBaHo y YeTupm case. MNporpam je CTpykTyprpaH
Tako Ada 3akrbyyuu aobujeHu y jedHOj ekcnepuMeHTanHoj dasn npeacTtaBibajy OCHOBY 3a

HapeaHy.

Unre npeBe dhase je kapakTepusauuja KOMNOHEHTHMX Matepujana - GGBFS u SHA.
KapakTepusauuja je cnpoBedeHa UCNUTUBAHKEM XEMUJCKOr M MUHeparoLlKor cacTasa,
dyYHKUMOHANHMX T[pyna, pacnogene BenuyuMHe 4ectuua, cneunduyHe noBpLUMHE W
cneundunyHe 3anpemunHcke mace. 3a SHA cy gogatHo ogpeheHn mopdonornja NoBpLUNHE,

obnuk YyecTtuua n pacTBOPJBLUBOCT Yy BOAW.

Unrs gpyre dase je ontummsaumja AAC ca cmameHUM cagpxajeM aktupatopa pagu
nobosbluarba BUXoBE 0APXKNBOCTU. NaHOM ekcnepuMeHTarnHor ncTpaxueamwa omoryhena je
cucTemMaTcka onTuMmu3auurja Kpo3 Bapupare cagpkaja ankanuja, cunvmkaTHor mogyna (eHari.
silicate modulus, Ms) n BogoBe3nBHOr ogHoca (eHrn. water-to binder-ratio, w/b) y aecetr AAC
MelaBuHa. 3a garbe ucnutreawe n3abpaHe Cy Tpy MellaBMHe Koje Cy nokasarne ontuMarHy
obpaguBocT mn 4Bpctohy npu nputucky. Ha opgabpaHvm MelwaBuMHama Cy MWCMUTUBaHU
NOPO3HOCT, AyOGuHa npogopa BoAde nog NPUTUCKOM, OTMOPHOCT Ha kapboHaTm3aumjy 1 npogop

xrnopuaa kako 6u 6una ogabpaHa kpajia pedepeHTHa MellaBuHa.

Linrs Tpehe ekcnepmmeHTanHe ¢ase je pa3soj 1 onTuMu3auunja obpagnBocTu n uBpctohe npu
npuTUCKY Be3uBa aktueupaHor SHA. Ha HMBOy mantepa BapupaHu cy cneaehu napameTpu:
w/b ogHoc (0,42; 0,45; 0,5), cagpxaj SHA (15, 25 n 35 mac.% GGBFS), pexum Here
(ambujeHTanHa TemnepaTypa n HeroBakwe Ha 65°C Tokom 5 aaHa) n Bpeme pactBaparta SHA
npe mewawa (04, 14, 6 4124 4). JogaTtHo, NpaheHo je nsnyxumeawe Kanvjyma n pH spegHocT
SHA cycneHsuje. YTuuaj cagpxaja SHA n pexnma Here Ha npoMeHe OyHKLMOHANHMX rpyna u

npogykaTa peakuuje UICNUTUBaH je Ha y3opuuma nacte kopuwherwem ®TUP n TIA aHanusa.

Lnre yeTBpTe ekcnepumeHTanHe dase 6mo je ncnutneame ytuuaja SHA Ha ceexa n ouspcna
dur3nyka, MexaHM4ka u TpajHOCHa CBOjCcTBa Ha HMBOY GeToHa. YnopehwusaHe cy Tpu AAC

MellaBuHe: pedepeHTHa MellaBMHa Ca KOHBEHUMOHANHUM XeMWJCKMM akTuaTopuma
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(n3abpaHa y casn 2), mewasnHa akTuBmpaHa SHA u HaTpujym CuUnMkaTtoM M MeLlaBuHa
aktusmpaHa camo SHA. OntumanaH cagpxaj SHA ogpeheH je Ha ocHoBY pesynTaTta 13 gase
3. Ucnntneama cy obGyxBaTurna CBOjCTBa Y CBEXEM CTaky (Bpeme Be3dnBaha ogroapajyhux
nactu, Temnepartypa, KOH3UCTeHLUMja, cagpaj Basgyxa, 3anpemMuHcka maca), dusndka
CBOjCTBa Y OYBPC/IOM CTawy (3anpemMumHcKka maca, MOPO3HOCT, (ha3Hn cacTas, KanumnapHo
ynvjawe BOAe, CKynibake), MexaHu4ka CBojcTBa (4BpcToha npu npuTuUcKy, uBpctoha npu
caBujarby, MOAyN €enacTUYHOCTM) M TpajHOCHa cBojcTBa (Mpogop BoAe MOA MPUTUCKOM,

OTMOPHOCT Ha kapGoHaTM3aLujy, OTNOPHOCT Ha NPOAOP Xropuaa).

PGSyHTaTVI N 3aKIiby4uun UCtTpaxmBamwa

Pesyntatn kapaktepusaumje matepujana (®asa 1) aHanuampaHm cy nNo perneBaHTHUM
duandkum 1 xemujckum ceojctaBuma GGBFS n SHA. masHu okcngn naeHtudukoBaHn y
GGBFS cy SiO,, CaO n MgO, wrto je knacudukyje kao HeyTpanHo-6asHy 3rypy. SHA
npesacxogHo cagpxm K,O, Ca0, SO; n MgO, npu yemy je kanujym y SHA yrnasHoM npucytaH
y 0bnuKy apkaHuTa. AHanu3a cnvka gobujeHmnx ckeHupajyhom enekTpoHCKOM MUKPOCKOMNNjOM
nokasana je ga yectuue SHA HUCy nopo3He 1 ga umajy HenpasunaHe obnuke ca xpanasum
nospwmnHama. 3a pasnuky og SHA, koju uma KpynHuje YecTuue v Wnpy pacnogeny sennymHa
yectmua, GGBFS je 3HayajHO GuHMjM MaTepumjan ca YyjegHadeHWUjoM rpaHynaumnjom.
PacteBopremBoct SHA y Boam noBehaBa ce ca noBehaweM BpeMeHa W TemnepaType
pacTBapawa. Kapakrtepusaumja maTepujana notepaumna je ga SHA uma 3agoBorbaeajyha
xemujcka 1 manydka CBOjCTBA 3a ynotpeby Kao anTepHaTMBHW XMAPOKCUAHW aKTuBatop Yy

AAM, 6e3 npeTxogHe obpage.

Y ®asun 2, pesyntat Ccy aHanuamMpaHu Kpo3 yTuLUaj BapupaHuxX napameTtapa Ha CBOjcTBa
6etoHa (MewasnHe R1-R10). YoueHo je ga obpaamsoct AAC 6eToHa 3aBucu of MefhycobHo
3aBuCcHUX yTuuaja w/b ogHoca, cagpxaja ankanuja n Ms, npu yemy je Mc ngeHTMdunKoBaH Kao
Haj3HavajHuja nojeanHavHa npoMeHrbuea. lpy Beoma manom cagpxajy akrmearopa, w/b nma
yMepeH yTuuaj Ha cnerawe. Cagpxaj ankanuja nsHag npnbnmxHo 4 mac.% vma sehu ytuuaj
Ha cnerawe og w/b, anu camo 3a Ms = 1,0. YUspcTtoha npu nputncky y AAC GeToHy yrnaBHOM
3aBucu og cagpxaja Na,O u cunukatHor mogyna, npy yemy w/b Mma cekyHOoapHy, anm
KOH3WCTEHTHY Yrory Kaga je cactaB akTuBaTtopa KoHcTaHTaH. Mcnog Mc = 1,0, cagpxaj Na,O
je OoMuHaHTaH napameTtap 3a uBpctohy, gok kog Ms = 1,0 cumnukatHm mogyn noctaje
npecydaH. Ha ocHoBYy oBUX pesynTtaTa, 3a Jarbe UcnutmBawe n3abpaHe cy Tpu MellaBUHE:
OBe ca HUCKMM cagpykajem aktuBaTopa (R2, R5) u jegHa ca ymepeHum cagpikajem aktmatopa
(R7). NcnntmBaka NOPO3HOCTU M TPAjHOCTM MoKasana Cy Aa CMakeH cagp)kaj akTMBaTopa
omoryhaea He camo 3agoBorbaBajyha mexaHuyka, Beh n TpajHocHa ceojctBa AAC. 3akrbyyeHo

je oa cy onTumanaH cagpxaj ankanuja n Ms 3a oBaj cuctem 4 mac.% GGBFS u 0,42,
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pecnekTueHo. MelwasuHa ca oMM napametpuma (R5) nsabpaHa je kao pecdepeHtHn AAC 3a
dasy 4.

PesynTtaTtu ®Pase 3 aHanuanpaHu cy y KOHTEKCTY yTuLaja BapupaHux napameTapa Ha CBojcTBa
Tpu nacte (P15, P25 n P35) n Tpn mantepcke mewasuHe (M15, M25 n M35). lNosehawe w/b
ogHoca poseno je no nosehawa crnerawa ManTepcknx MelwaswuHa. 3agoBosbaBajyha
obpaguBocT 3a ynotpeby kBapuHoOr necka nocturHyTa je npu w/b og 0,45, gok je yBohewe
apobreeHor gonomutHor arperata 3axtesano w/b og 0,5. YoyeHo je aa sBehu cagpxaj SHA
cmamyje obpaamBoCT, WTO je y cknagy ca mopdonornjom dyectnua SHA. Mefytum, Behu
cagpxaju SHA yTuuann cy Ha dopmuparwe Behe KonuvumHe rernoBa Kanuujym-cunmkaT-
xupgparta (eHrn. calcium silicate hydrate, C-S-H) n kanunjym-anymo-cunukara-xugparta (eHrn.
calcium aluminosilicate hydrate, C-A-S-H), wWTo je yodeHO aHanM3oM y3opaka nacTtu.
Heroeate Ha 65°C yTuuano je Ha 6pxun pa3Boj paHe 4YBpcTohe nNpu NPUTUCKY (NOCTUTHYTO je
89-98% y ogHocy Ha uBpcTOhy HaKoH 28 AaHa), anu je pesynTupano HUXoM YyBpcTtohom npwu
NPUTUCKY HakoH 28 pdaHa y nopefewy ca HeroBawkeM Ha ambujeHTanHoj TemnepaTypw.
Motanawe SHAy Boay npe Melawa noborbLiano je pactBapame KannjyMoBuKX joHa U 4OBENo
0o noesehama uBpctohe npu nputnucky oo 14,7%, y 3aBUCHOCTM Of Tpajaksa notanama, anu je
HeraTMBHO yTuuUano Ha obpagMBoCcT MelwaBuHa. Hajseha uBpcTtoha npu NpUTUCKY HakoH 28
naHa og 55 MPa nocturHyTa je mewwaBuHom ca 25% SHA (M25), 6e3 npetxogHe obpage SHA
W pacTBapara y Boau rnpe Mellaka, HeroBaHoOM Ha ambujeHTanHoj TemnepaTtypu.

N36op napametapa MmelwaBWHe 3a HapedHa WCNUTMBaka 3aCHOBaH je Ha MOCTUrHYTUM
ONTUMarnHMM CBOJCTBMMA U MUHUMAIHUM TEXHUYKMM 3axTeBuMma 3a NOoTeHuMjariHy npumeHy
(pexnm Here n pactBapake SHA). OBakaB cuctemaTtudaH npuctyn omoryhuo je edukacHy
eBanyaunjy OpojHMX yTuuajHUX MapameTapa W CBOjcTaBa, LUTO je Ha Kpajy O4OBeno Ao
naeHTMdukaumje onTuManHe manTtepcke MelwasuHe akTuBmpaHe SHA n geduvHucara
cactaBa mMewasuHe 3a AAC Ha 6a3n SHA 3a nocnegwy a3y uctpaxusara. Nopeq Tora,
Bapujaumja nocTynka mMellarwa NpeacTaBiba HOBWU acnekT UCTpaXuBarba KOju paHuje Huje

ob6paheH y AOCTynHOj NuTepaTypu.

PesyntaTtu ®a3e 4 aHanusvpaHu cy KoMnapaTMBHO ca acnekta Tuna aktmsatopa. Ha ocHoBy
3akrbydaka n3 dase 3, npojektoaHe cy ABe AAC mewasuHe koje cagpxe SHA: jegHa
akTneBupaHa uckrbyumso SHA (SHA25) u gpyra aktusnpaHa kombuHauujom SHA n cunmkaTHor
aktuBatopa (SHA-S), y cknagy ca cactaBom pedepeHTHe MewwasuHe. OBe MellaBuHe
ynopeheHe cy ca pedepeHTHOM 13 Paze 2 (R). AHanusa je cnposedeHa Kpo3 cBeobyxBaTHa
ncnnTuBara CBOjCTaBa y CBEXEM CTakby U MexXaHUYKMX, PU3NYKNX 1 TpajHOCHUX CBOjcTaBa
GeToHa, npaheHa oueHOM MPOMEHa y MUKPOCTPYKTYPU, NPpOoAyKTUMa peakuuje akTuBauuje u

MOPO3HOCTN, n3asBaHuUM gogaTtkom SHA.
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Pesyntatn cy nokasann ga SHA 3HadajHO cmaryje 0OpagmBOCT Kaga ce KOMOMHyje ca
apobreeHnm arperatoMm. MewasuHa SHA25 (aktmeBupaHa ca 25% SHA y ogHocy Ha macy
GGBFS) je umana cnabo nnacTuyHy KOH3UCTEHLMjY, LUTO je JOBENO 40 HeadeKBaTHe yrpaae,
na cy HeHa CBOjCTBa Aarbe UCNUTMBaHa camMo Yy nornegy YBpctohe npu nputucky. 3ameHa
HaTpujym-xmapokcmaa ca SHA Huje yTruana Ha mexaHuyka cBojcTBa mewasuHe SHA-S, npu
4yemy je uBpcTtoha npu NPUTUCKY HaKoH 28 gaHa HeroBawa AgocTturna npmbnuxkHo 50 MPa , y
nopehewy ca 46 MPa kog pedepeHTHe R mewaeumHe. HakoH 90 gaHa HeroBawa, 06e
MeLlaBuHe NOoCTuUrne cy UCTy uBpcTohy npu nputucky og 57 MPa. YUspcTtoha npu casujamby
npatuna je cnuyaH TpeHa HakoH 56 gaHa.

YBohewe K* joHa kpo3 SHA goBeno je oo cmawena ypeheHocTu rena, ycneg pasnuke y
BEMNUYMHMN U TYCTUHU HaenekTpucakwa namehy K* n Na*. To je pesyntupano 12% u 17% Huxum
MOZYIOM enacTUYHOCTU HaKoH 28 n 56 gaHa, pecnekTneBHO, Y nopehewy ca R MeluaBuUHOM.
MewasunHa SHA-S Takohe je nokasana 25,6% Behu cagpxaj kanmnapHux nopa y ogHocy Ha
R y3opke HakoH 28 naHa HeroBaksa, 4OK CY KyMyrnaTMBHA NOPO3HOCT, KPUTUYHU NPEYHUK nopa
N rPaHUYHM NPEeYHMK nopa omnm ncTu.

MoHaware ob6e MelwaBwHe y norneny ynvjawa Bode OACTynano je of CcraHgapgHor
OunnHeapHOr Mogerna nponucaHor 3a 6eToH Ha 6a3u NopTnaHg uemMeHTa, WTOo je 04EKMBAHO
3a AAC 3acHoBaH Ha 3rypu. bpauHa ynujawa 3a mewaBuHy ca SHA 6una je gea nyTta Beha
Hero 3a pedepeHTHY MeELLAaBUHY, MaKO je koHa4Ha ancoprnuuvja Boge 6una cnvyHa. Yeohewe
SHA y wMewaBunHy yOBOCTpPy4usio je ckynibakwe 36or Beher rybmutka Boge u Behe
nedopmMabnnHocTn matpuue, WTO je NMoTBPHEHO HWXMM MOAyINOM ernactnyHoctu. Beha
aedopmabunHocT je, MefyTum, nmana Nno3MTuBaH yTuuaj Ha CMakeH€e NojaBe NPCrvHa ycnea
cylwiema.

Ynpkoc Behem cagpxajy kanunapHux nopa v ynujawy Boge, SHA Huje Hapymo TpajHOCT.
OTnopHOCT Ha kapboHaTM3auujy TOKOM CBMX [aHa W3MOXeHOCTU 6una je CyLTUHCKK
ngeHtTnyHa 3a obe mewasuHe. MgO y SHA ponpuHeo je dopmupany Behe KonuuuHe
xugpoTanuura koju genyje kao ancopbeHT CO,. lNoBehawe ykyrnHe NOpPO3HOCTM MeLLaBuHE
SHA-S HakoH kapboHaTun3aumje 6uno je mare Hero y pedpepeHTHOj MewwasuHm (2,9% y ogHocy
Ha 4,9% 3a R), kao n noBehawe KPUTMYHOr M rpaHU4YHOr npedHuka nopa. To ykasyje ga
A04aTHU  XuapoTanuuT OenuMuYHO YybnaxkaBa MUKPOCTPYKTypHa owTehewa un3asBaHa
Jekanuudukaumjom C-A-S-H, Wwito goBoaM 40 Marwe U3paXeHor yKpynHiaBaka Mpexe nopa.
TepmorpaBumMeTpujcka aHanusa notespauna je osaj mexaHusam: SHA-S nokasyje n Behu
NoYeTHN cagpxaj xuapotanuuta wn Behe nosehawe rybutka Mace noBe3aHor ca
XnaopoTanumMToM HakoH kapboHaTusauuje.

MewasunHa SHA-S je umana Behu npogop xnopuaa HakoH 28 gaHa Here, y cknagy ca Behum
cagpxajem kanunapHux nopa. MefyTtum, HakoH 56 gaHa Here Hagmawuna je pedepeHTHy

MeLwaBuHy, noctmxyhn 20% HWxM KoeduumjeHT Murpauuje ynpkoc 3HaTHO Behem cagpajy
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KanunapHux nopa. PasgBajakse yTuuaja CTpyKType nopa n TpaHcnopTa xnopuaa ykasyje aa je
XEeMU|CKO Be3MBake AOMUWHAHTAH MexaHu3aMm Koju ynpasriba OTNOpHOWNY Ha xnopuie y
cuctemy SHA-S. Behu cagpxaj xugpotanuuta omoryhmo je Behy cnocoGHOCT BesvBak-a
Xriopyaa Kpo3 aHjoHCKY 3aMeHy y crojeBumMa xugpoTtanuuta. Cmamene KoeduumjeHTa
murpaumje 3a 52% wunamehy 28 n 56 paHa y ogHocy Ha 10% koa pedepeHTHe MeluaBuHe

ykasyje ga SHA nocnewyje hopmupame xmapoTtanumta 1 HakoH 28 gaHa Heropama.
Ha ocHoBy pe3synTarta ekcrnepyMMeHTanHor UCTpaxuBama, u3BegeHu cy cnegehu sakmby4dum:
1. CeojcTea maTepujana SHA

SHA nocepyje 3agoBorbaBajyha xemujcka n omanyka CBOjCTBa 3a MPMMEHY Kao aKkTuBaTop y

AAM, 6e3 notpebe 3a npeTxogHoOM obpagom.
2. Ontumunsaumja pedepeHTHUX AAC mellaBmHa

OnTtumanaH cagpxaj ankanuja u cunukatHn moayn Ms 3a pedepeHTHy AAC melsaBuHy ca
HUCKUM cagpxajem aktusatopa usHoce 4 mac.% GGBFS u 0,42, pecnektneHo. OBuM ce
06e36ehyjy oapxmee AAC MelLaB/vHE ca CMakbeHUM CagpXajeM XeMUjCKUX akTusaTopa, 6e3

HapyLwaBaha 06pagmBocTu, YBpcTohe Npym NPUTUCKY M TPAjHOCTW.
3. Pa3Boj n ontummnsaumja Besmea aktusmpaHor SHA

Peakumja namehy SHA n GGBFS posogn go cdopmupawa C-S-H n C-A-S-H renosa

KapakTepucTn4yHMX 3a ankariHo-aktmempaHe CuctemMe 3aCHoBaHe Ha 3rypu.

SHA cmaryje 06pagrBOCT ManTePCKUX MeLaBuUHA ycreq HenpaBuHOr obrnvka n xpanaee
noBpwMHE 4Yectmua. Ha OCHOBY ekcnepumeHTanHux pesyntaTta npenopyveHun cy cnepehwu

napamMmeTpu MelLaBuHeE:

* OntumanaH w/b ogHoc og 0,45 npu cagpxajy SHA oag 25 mac.% GGBFS, uume ce

NoCTWXe paBHOTEXa naMehy o6pagmMBoCTM U YBpCTOhe Npu NPUTUCKY.

+ 3a manTtepe ca gpobrbeHum arperatom dpakumje 0-4 mm, obpagmnsocT n yBpcToha npu
npuTUCKY onTuMmnsoBaHe cy nosehawem w/b Ha 0,5 n gogaBawem HaTpujym-cunukaTa

paau noctmnsamwa Ms = 0,42.

SHA ce MOXe KOpUCTUTKN camocTarnHo Kao aktusatop 3a AAM-e 3acHOBaHe Ha 3rypu, Ha HUBOY

manTepa. HajsaxHuju 3akrby4qum obyxeaTajy:

* Heroeawe Ha 65°C nocnellyje pa3Boj paHe 4YBpcTohe, Npyn Yemy ce y NpBMM JaHuMMa
poctmke 89-98% uspctohe npu nNpuUTUCKY HakoH 28 pgaHa. MehyTtum, nosuweHa
TemnepaTtypa HeroBakwa cMatwbyje UBpCTOoNy HakoH 28 faHa y 0gHOCY Ha HeroBakse Ha

ambujeHTanHoj Temneparypu.

XViii



lNpoay»xeHn n3Boa Ha CPriCKOM je3nKy

4.

MpetxogHo pactBapawe SHA y Boaum nosehaBa ocnobahawe K* joHa v goBoan oo
nosehana uBpctohe npu nputncky 0o 14,7%, y 3aBUCHOCTU O Tpajara pacTBapama,
anM MUCTOBpeMEeHO cMmarwyje obpaguBocT ycnen ybpsaHe peakuuje akTuBaumje y

no4yeTHOM nepuoay.

CeojctBa 6eToHa akTuBmpaHor ca SHA

O6pagusocT - SHA ce He MoXe KOPUCTUTU Kao jedunHU akTuBaTop Ha HMBOY GeToHa, ycrnen

3Ha4vajHOr cMamera 0bpagmeocTu. [logaBare HaTpujyM-cunukata pagum noctmsamwa Ms =

0,42 noborblasa cnerake 1 omoryhaesa ageksaTHO yrpahusame 1 36ujane 6eToHa.

MexaHu4ka cBojcTBa - 3ameHa NaOH ca SHA He yTunye Ha cMameha MEXaHUYKNX CBOjCTaBa.

MewaswnHa ca 25 mac.% GGBFS SHA n Ms = 0,42 gocturna je 4BpcTony npu NpuUTUCKY
on 50 MPa HakoH 28 paHa (pedepeHTHa mewasuHa: 46 MPa). Mana pasnuka moxe

ouTK nocneguua dunep edpekTa HepacTBOPEHOr nenena.

HakoH 90 gaHa, obe melwaBuHe cy gocTurne Ucty uBpctohy npu nputucky og 57 MPa,

npu Yemy YBpcToha npu 3aTesamy Nokasyje crivdaH TpeHa HakoH 56 gaHa.

HopaBawe K* joHa nytem pactBapawa SHA pgoBoan OO Cmawewa Mogyna
enacTu4yHoCcTM HakoH 28 u 56 pgaHa, wTo ce objawrasa crnabujyum Besama y

mehycnojeBuma C-A-S-H rena ycneg npucyctea K* joHa.

dusmyka csojctBa - 3ameHa NaOH ca SHA He yTude 3Ha4ajHO Ha YKYMHY MOPO3HOCT U

KanunnapHo ynmjal-be Boae, anun 3Ha‘-lajHO noeehaga CKynibaHe.

KymynatuBHa oTBOpeHa MOPO3HOCT je buna mncrta 3a obe mewasunHe 6eToHa. 3ameHa
NaOH ca SHA gosena je oo nosehama yaena kanunapHux nopa, 6e3 ytuuaja Ha yKynHy

OTBOPEHY NMOPO3HOCT, KPUTUYHM U TPAHNYHW NPEYHMK Mopa.

KanvnapHo ynujawe Boge kog obe melwasBuHe oAcTyna of cTaHgapaHor GunuHeapHor
mMogerna nponucaHor 3a PC 6eToH, WwTo je yobuyajeHo 3a ankanHo-akTMBUpaHe cucteme
3acHoBaHe Ha 3rypu. [logaBawe SHA nosehaBa no4yeTHy G6p3unHy ynujamwa ycneq sehe
KanunapHe nopo3HocTu. KoHayHa BpedHOCT ynujarba BOAE je camo He3HaTHO Beha koA

MewaenHe ca SHA, wTo noTephyje CrMYHy YKynHy NOPO3HOCT ABE MELUaBUNHE.

Ckynrbare ycnep cywemna kog AAC ce yaeocTpyyyje yBohewem SHA. YcroBrbeHo je
BehMm rybuTkoOM Brare mu3 Mpexe KpyrnHUjuX KanunapHux nopa u Behom
AecdopmabunHowhy matpuue mMogudukoBaHe K* joHuma. Mehytum, Hwxu mogyn
enacTMYHOCTK, Koju JgonpuHocu BeheM ckynrbawy, uctoBpemeHo omoryhasa Behy
penakcauujy HanoHa ycrieql Teyemwa, Ynme ce crpeyasa rnojasa NoBpPLUMHCKMX NPCnHa

ycneq cyuewa, YNpKoc 3HaTHO BehuM yKynHUM gedopmaumjama.
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lNpoay»xeHn n3Boa Ha CPriCKOM je3nKy

TpajHocHa cBojcTBa - 3ameHa NaOH ca SHA He yTude HeraTMBHO Ha TPajHOCT.
. [pogop Boge nog NpUTUCKOM je B1o ncTm 3a obe mellaBumHE.

* bpanHa kapboHaTusaumje kog oba GeToHa je mMpmbnmkHa 3a CBakO Bpeme Tpajarba
nanoxeHoctn. MewasnHa ca SHA nokasyje camo 6Onaro nosehawe 6p3nHe
kapboHaTusauumje. Ynpkoc rpybrboj CTPyKTypyu nopa u ouvekmBaHo Behoj AyOuHu
kapboHaTnsauuje, nosehaH cagpkaj xugportanuuTa, kao nocrneguua gogatHor MgO u3

SHA, genyje kao ancopbeHT CO, n ybnaxasa gekanuudukaumnjy C-A-S-H rena.

* Wako mewaBuHa ca SHA uma Behn npogop xnopuga HakoH 28 oaHa Here, 0Baj TPeHA
ce Mewa HakoH 56 faHa HeroBawba, Kaga nNpogop noctaje MawW y ofgHOCY Ha
pedepeHTHY MelwaBuHy. Cmarwerne aybuHe npogopa xnopuga npu gogasawy SHA
npunucyje ce Behem kanaumuTeTy Be3MBarwa xfopuga ycnen nosehaHor cagpaja

XvgpoTtanuura.

3ameHa NaOH ca SHA posBoan [0 npoMeHa U3NYKMX KN XEMUJCKUX KapakTepucTuKa
npogykaTa peakuuje aktmsauuje. Y OKBMPY MCMUTMBAHMX TPAjHOCHWUX CBOjCTaBa, pesynrtatu
yKasyjy 4a XEMUjCKN MeXaHN3MN UMajy OOMUHAHTaH yTuuaj y ogHOCY Ha ouanyke, Kao LTOo Cy

NMPOMEHe Yy CTPYKTypu nopa.

MpeanoxeHu NpasLUM JarbUX UCTpaxmBama YKIbydyjy ogpefhuBare cagpxaja kanujyma koju
y4yecCTBYyje y peakumju akTueaumje, uCnutmsarwe NoTEHUMNjanHNor KOHTUHYyanHoOr pacteapama
Kanvjyma y cuctemy, yTuuaj Ha Tevyewe K penakcauujy HanoHa y 6eToHy, noborbliare

0bpagmBOCTN U CMaHEHE CKynJ/baka beToHa.

OBa gucepTtauuja npeacrasrba NpBy cBeobyxBaTHY KapakTepusauujy ytuuaja SHA - u nenena
Bruomace yonwTte - ynoTpebrbeHor Kao XMApOKCUAHWU aKkTUBaToOp Ha bu3nyka, MexaHu4vka u
TpajHOCHa CBOjCTBa, ankanHo-aKTMBMPAHOr Be3anBa Ha HMBOY GeToHa, y3 uaeHTudukauujy
MexaHu3ama Koju yrnpasrbajy heroBmuMm noHawawem. Pesyntratn notephyjy Aa ce SHA moxe
ynoTpebuTin Kao ogp>KnB XMAPOKCUMAHN akTMBATOP 3a Npov3BOAHY ManTtepa u 6eToHa Ha 6a3u

3rype, y3 AOMPVHOC Banopusaumju nokanHo AOCTYMHOr NoSbONpUBpeaHOr oTnaza.

KrbyuHe peum: ankanHo-akTMBUpaHuW MaTtepujanu, anTepHaTMBHa BeauBa, Barnopusauuja,
anTepHaTMBHU akTMBaTop, nerneo Ouomace, neneo CyHLOKPEeTOoBe Jbycke, jeaHodasHa

ankasnHa akTuBauuja, 0Oap>XUBOCT, AekapboHu3auuja, UMpKynapHa eKoHoMuja
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1. INTRODUCTION

The effort to address the issues of climate change and sustainable development marked
decarbonisation of the construction industry as one of the primary strategies for achieving the
global goal of net-zero carbon dioxide emissions by 2050 [1,2]. Changes in the cement industry
are necessary to achieve this goal, as cement production of 4.2 billion tonnes annually is
responsible for approximately 7% of anthropogenic CO, emissions [3]. Cement is primarily
used to produce concrete, the most widely used construction material worldwide, whose
reliability has been demonstrated over more than 150 years of application and research. Given
its proven performance, durability, cost-effectiveness, and broad applicability, no alternative
material is expected to replace concrete in the near future. Additionally, cement production is
highly resource and energy-intensive, with energy supply costs accounting for 50-60% of total
production expenses [4]. This makes concrete unable to meet contemporary requirements for
efficient, sustainable construction and circular economy practices. Considering that the cement
production rates are comparable to global food production, and that demand increases with
rapid urbanisation [5], several pathways toward sustainable concrete have been proposed

[1,3], including the development of alternative binders [6].

1.1 Alkali-activated materials - definition, history, contemporary

application, and challenges

Alkali-activated materials (AAMs) are cement-free binders synthesised from amorphous
aluminosilicate-rich precursors and alkaline activators in liquid or solid form. The most common
precursors are coal fly ash (FA), blast furnace slag (BFS), and calcined clays or metakaolin
(MK). Alkaline activators are usually solutions of potassium or sodium hydroxides and silicates,
while carbonates and sulphates can also be used, depending on the type of precursor [7]. The
activation reaction is initiated and catalysed by activators through the dissolution of Si and Al
from the precursors by raising the pH, enabling their polymerisation and the formation of

reaction products [8].

AAMs have been extensively researched over the last few decades due to their significantly
lower CO, emissions compared to PC concrete production. This is mainly attributed to the
absence of cement clinker and the use of waste and industrial by-products as precursors, thus
complying with sustainable development strategies [9]. The extent of CO; emissions reduction
strongly depends on the type and availability of used precursors and activators [10]. A study
on the environmental impact of alkali-activated concretes with different precursors [11] showed
that CO, emissions reductions of 57%, 42%, and 39% can be achieved with BFS-, FA-, and

MK-based alkali-activated concretes, respectively, compared to PC concrete.
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AAMs can also be designed to have mechanical and durability properties comparable to or
superior to those of PC concrete. The literature reports excellent mechanical properties, higher
resistance to elevated temperatures than PC concrete, and higher resistance to chloride attack
as well as chemical resistivity [12,13]. Their potentially good long-term durability is further
evidenced by structures built in the former Soviet Union, China, and Northern Europe during
the 1950s to 1980s, North America and Netherlands in 1990s, as well as structures constructed
in Australia in more recent times [9]. Therefore, interest in AAMs is being renewed, although
alkali-activation has been extensively researched and applied on a large scale at varying

degrees since the 1950s [6].

Despite their advantages, AAMs also exhibit several performance limitations, including low
workability retention, fast setting, inconsistent consistency, and high total shrinkage. Freeze-
thaw resistance seems to be an important challenge, and the published research is not always
consistent on the AAMs' performance [14,15,16]. Given the wide range of possible precursors
and activators, the properties of AAMs can vary considerably, making it difficult to generalize

about their properties [17].

It should be noted that the terminology in the field of alkali-activation can be complicated, since

there were a lot of different names in research applied for the group of binders synthesized by

this chemical process. Some of them are “mineral polymers,” “inorganic polymers”, “inorganic

polymer glasses”, “alkali-bonded ceramics”, “alkali ash material”, “soil cements”, “soil silicates”,
“F-concrete”, “hydroceramics”, “zeocemen”, etc [17]. The recent consensus in the research
community proposed that “AAM” should serve as the broad umbrella term for all binders
produced by reacting aluminosilicate precursors with alkaline solutions, while “geopolymer”
should refer specifically to the low-calcium subgroup activated by hydroxide or silicate
solutions [17,18]. Comparison of AAMs and other PC based binders in respect to Ca, Al and

alkali content is shown in Figure 1.

Calcium
aluminate-
based
cements

Ca content

Calcium
sulfoaluminate-
based cements

PC-based
cements

Alkali-activated
materials

Geopolymers

Al content

Figure 1. Classification of AAMs compared to different cements based on Ca, Al content and alkali

content (darker shading indicates higher alkali content). Adapted from [17]
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The first documented investigation of slag activation dates to Kuhl (1930), who studied the
setting behaviour of slag mixed with potassium hydroxide solution. Shortly after, Chassevent
(1937) quantified the reactivity of slag when activated with both potassium hydroxide and
sodium hydroxide solutions [14,17]. The first systematic study of cement-free binders based
on alkali-activation of blast furnace slag was carried out by Purdon (1940), who demonstrated
that caustic alkalis - including sodium hydroxide and alkalis generated in situ from a base and
an alkaline salt - could effectively activate slag to produce cementitious materials [14]. Building
on this work, Purdon later developed the commercial product "Purdociment”", which was
applied during the 1950s in the construction of several residential, public, and industrial

buildings in Belgium [19].

In 1957, Glukhovsky introduced the concept of "soil binders" - based on the alkali-activation of
low-calcium or calcium-free aluminosilicate materials - laying the foundation for what would
later be termed geopolymer chemistry [17]. From the 1960s onward, significant industrial-scale
production of alkali-activated slag was established in the former Soviet Union and
subsequently in China [14,17]. A further milestone in the field was the development by
Davidovits of binders produced from a burnt mixture of kaolinite, limestone, and dolomite
activated by alkalis. Davidovits termed these materials "geopolymers" on account of their
polymeric molecular structure, and filed several trademarks for related products, including
Pyrament, Geopolycem, and Geopolymite [14,17]. A broader chronological overview of
significant research contributions to alkali-activated concrete in the 2000s is presented in Amer
et al. [4].

Even though there is a significant number of AAM structures, the studies examining their long-
term behaviour remain relatively scarce. However, existing field investigations of structures
built decades earlier generally revealed good protection of embedded steel reinforcement from
corrosion and high strength retention [17]. Some of the examples of the AAMs application in
the past decades are presented in the Figure 2 - Figure 5. The viability of the AAMs
contemporary application can be seen through some of the recent projects: 763 m? alkali-
activated concrete as part of the London power tunnels project [20], heavy-duty pavements at
Toowoomba Wellcamp Airport in 2014 and the foundations for the Chatham railway station in
2021, cycle bridge in Wageningen (2020) and a 17-meter deep concrete barrette at the Grand

Port Maritime du Havre in France [21].
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v.l

Figure 2. High-rise building made from alkali Figure 3. Residential building - precast blocks
carbonate-activated slag, Lipetsk, Russia [17] made from alkali hydroxide-activated slag,

Mariupol, Ukraine [17]

Figure 4. Na2SOs-activated Portland-BF S-steel slag Figure 5. The “Parking 58", Brussels,

cement concrete beams in a workshop, Ukraine [17] Belgium — parts of the first six floors are

built from Purdociment [17]

Beyond building construction, AAMs have been applied across a range of specialised fields.

These include refractory concrete for high-temperature applications, concrete designed for
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chemically aggressive environments, oil well cementing, the stabilisation and solidification of

hazardous and radioactive waste materials, and rapid structural repair works [14].

Because of differences in reaction mechanisms and products, standards and regulations for
PC concrete cannot be directly adopted for AAMs, which is one of the reasons for the hindered
large-scale, unified application. For further commercialisation, it is necessary to develop a set
of performance-based standards and regulations for the quality of diverse component
materials and supply chains, production technology, and the validation of different AAMs’
properties [7,22]. This can be achieved with comprehensive experience in these matters, which
is why there is a great need for further research in this field. To date, the most significant
achievements in AAM standardisation have been made in Australia, particularly in structural
design. Australia adopted a technical specification developed specifically for AAMs, which is
applied in conjunction with existing standards for concrete structures and supplementary
cementitious materials (SCMs) [23]. Within the American standardisation framework, ASTM
International has published two dedicated standards for “alkali-activated cementitious
materials”. ASTM C1928/C1928M-23 prescribes a standard test method for the compressive
strength of AAM mortars [24]. A full material performance specification covering AAMs for both
general and special applications, with no restrictions imposed on binder composition or
constituent materials, is given in the standard ASTM C1948/C1948M-24 [25]. Furthermore, the
performance-based British code of practice BSI Flex 350 v2.0 describes a method by which
concrete produced with a lower-carbon, non-standardized binder can be assessed for use in

structures [26].

Even though it is significantly lower than that of PC concrete, almost the entire ecological
footprint of AAMs is assigned to the inevitable presence of synthetic chemical activators [17].
Their production process is energy-intensive and poses other environmental challenges, such
as ozone layer depletion and ecotoxicity [11]. Although alkali hydroxide typically constitutes
only 1-5% and alkali silicate 3-10% by mass of AA concrete [22], activators are collectively
responsible for between 13% and 33% of the total global warming potential of AAMs,
depending on the mix design [11]. Their high cost and safety issues due to handling the highly
caustic activator solution additionally limit the widespread application of AAMs in the
construction sector [27,28]. While standardisation is primarily a policy issue, the other
challenges have been addressed in the scientific literature by designing AAM mixes with
reduced activator content, while maintaining satisfactory performance, and by replacing
conventional chemical activators with alternative alkali and silicon sources [29]. Industrial by-
products investigated as replacements for silicate activators include silica fume (SF) and glass
waste (GW) [30,31], while red mud is proposed as an alkali source [30]. Biomass ashes are

also considered promising alternative activators, as they are rich in potassium, calcium, and
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amorphous silica, depending on the plant species from which they originate [32]. These waste
materials are generated during the combustion of biomass, including woody, herbaceous, and

agricultural biomass [32].

In addition to replacing chemical activators in AAMs, using biomass ashes can also mitigate
other environmental problems, such as ash landfilling. Worldwide, biomass-fired power plants
produce 480 million tonnes of ash per year [33], and it is estimated that biomass as an
alternative energy source could replace 33-50% of the global energy deposit by 2050 [34].
Depending on their chemical composition, the biomass ashes can have different applications
across industries, such as SCMs (construction) or soil quality improvement as fertilisers,
reclamation and remediation agents (agriculture and mining) [34]. However, a significant
amount of biomass ashes is still landfilled, causing environmental problems [35]. Potential
upscaling as an alternative activator in AAM technology could be a promising pathway to
achieving “zero waste” circular economy goals while enhancing the sustainability of AAMs
[29,36,37].

1.2 Motivation for the research

Globally, approximately 140 billion tonnes of biomass residues are generated each year
through agricultural activities [38]. Among these residues, sunflower biomass constitutes a
significant fraction, as sunflower is a widely cultivated industrial crop used in the food and
chemical industries and for biodiesel production. The total world production of sunflower in
2025 was 54.8 million tons [39]. The average annual production and harvested area from 2016

to 2025 worldwide are presented in Figure 6.

Sunflowers are a dominant crop among industrial plants in the Republic of Serbia, accounting
for 45.2% of the total agricultural area under their cultivation. In 2022, sunflowers were planted
on 251,155 ha of agricultural land, of which 88.5% is planted in the Region of the Autonomous
Province of Vojvodina. From 2013 to 2022, the area of agricultural land planted with sunflowers
increased annually by 3.3% on average [40]. During the sunflower seed processing, a
significant amount of sunflower husk is generated [41]. Their low natural moisture (9%) and
good thermal properties (average 18 MJ-kg-1) make them suitable as a biomass energy source
[42].

Some sunflower oil producers in the Autonomous Province of Vojvodina, Serbia, have been
using sunflower husks as a fuel, to a certain extent. Sunflower husks are also used as an
energy source for the city of Sremska Mitrovica's heating supply. Significant quantities of
waste, i.e., sunflower husk ash (SHA), are generated due to these processes. According to the

reports from two companies, oil producer Victoria Oil in Sid and heat and electrical plant TETO
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in Sremska Mitrovica, 960 t/y of SHA is generated in these processes and disposed of in
landfills. Other potential sources for collecting the sunflower husk ash in the Vojvodina Region

are industrial complexes for processing sunflower are:

Oil industry ,Dijamant®, Zrenjanin,

Oil and plant fat factory ,Vital®, Vrbas,

Oil industry ,Sunce®, Sombor and

Plant oils and fats production company ,Banat®, Nova Crnja.
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Figure 6. Average annual production of sunflower seed (million tons) from 2016 to 2025 [39]

SHA is rich in potassium and therefore has potential for application in AAMs as an alternative
alkali source. Local availability of SHA makes it suitable for use as a component material of
AAMs.

Valorising agricultural waste through construction materials production has been established
as an effective waste management strategy aligned with circular economy principles [43].
Extensive research in Serbia has confirmed that most agricultural ashes are viable as SCMs
[44,45], though SHA has proven inefficient for this purpose due to its low silica and high alkali
content [46,47].

However, this same high alkali content makes SHA a promising alternative activator for AAMs.
The use of alternative activators has been shown to reduce CO, emissions by 60-99% [48]. A
study on alkali-activated slag (AAS) grouting slurries activated with sunflower stalk ash instead
of industrial KOH reported a 83.5% reduction in CO» emissions [49]. Nevertheless, this field of
research requires further development. There is a significant gap in the literature regarding
reaction degree, setting time, shrinkage and durability properties of AAMs synthesised with
alternative activators [50,51], with a notable scarcity on waste-derived hydroxide activators

such as SHA on a concrete level.
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The proposed research, therefore, investigates locally available SHA as an alternative alkali
activator for cement-free AAMs, with the dual aim of reducing the carbon footprint of the binder
system and promoting the valorisation of agricultural by-products in line with circular economy
principles. It is important to emphasise that not all mix designs of AAMs can provide a lower
CO, footprint and that the local (non)availability of the component materials can be the decisive
factor in the justification of their potential application. The availability of SHA in the region is an
advantage for introducing it as an alternative alkali activator in AAM technology. Since AAMs
in general can have very different properties, the new synthesised material must be tested for

a set of fresh-state and hardened-state mechanical and durability properties.

Reduction or replacement of the chemical activators would simultaneously reduce CO,
emissions and material costs, advance circular economy principles in the construction sector,
and elevate SHA management from disposal - the lowest level of the waste hierarchy - towards
prevention. Considering the national cement production of 2.73 million tonnes [52], this
approach creates the potential to partially substitute conventional binders with local materials,

while simultaneously reducing SHA landfilling.

1.3 Subject, aim and methodology of the research

The subjects of the proposed research are AAMs based on ground granulated blast furnace
slag (GGBFS) activated with:

- conventional chemical alkali activators, sodium hydroxide and sodium silicate,
- an alternative activator SHA,
- SHA and sodium silicate.

The aim of the proposed research is to valorise the locally available waste material, SHA, by
applying it in the construction sector as an alternative, bio-based activator for GGBFS-based

AAMs with a reduced ecological footprint. The valorisation will be conducted through:

replacing conventional alkali hydroxide activator in AAM mixes with SHA,

- determination of the SHA influence on the activation process and properties of slag-
based AAM,

- comparative analysis of the performance of AACs activated with reduced content of

conventional activator and AACs activated with alternative activator,

- design of slag-based AAMs with a binder based only on waste materials and/or with a

binder based on a combination of waste material and conventional activator.
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- The valorisation of SHA as an activator in AAM systems and its influence on fresh- and
hardened-state properties will be conducted based on the results of the original

experimental research. Using SHA in AAMs can address the environmental issues by:
- reduction of the ecological footprint of AAMs,
- increasing the sustainability of AAMs,
- reduction of production costs of AAMs,
- improvement of waste management by preventing the landfill of SHA,

- development of the cement-free alkali-activated mortar/concrete based only on waste

materials.

1.4 Hypothesis

The following hypothesis will be tested:

H1: The sunflower husk ash can be used as an alternative activator for synthesising slag-

based alkali-activated materials

H2: Utilisation of only the alternative activator in AAMs will not significantly reduce the

mechanical and durability properties of slag-based alkali-activated materials.

H3: It is possible to produce slag-based alkali-activated concrete derived only from waste

materials - slag and sunflower husk ash.

1.5 Brief description of the research programme

The research conducted within the framework of the doctoral dissertation was carried out in

the following stages:

| Description and defining the subject and problem of the research

Il Literature review

Il Validation of hypothesis through the following activities:

1. Systematisation and analysis of data collected in the literature review.

2. Experimental research of the fresh-state and hardened-state properties of SHA-

activated and conventionally activated GGBFS-based alkali-activated mortars.

3. Analysis of the collected data and experimental results to find an optimal mix design
for concretes with reduced activator content and for attaining the slag-based alkali-activated

concrete activated with SHA as alkaline source.

IV Results, discussion, and conclusions

10
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V Final remarks, contribution, and future perspectives

The first chapter of the doctoral thesis defines the subject, aim, motivation, and hypothesis of

the research.

The second chapter provides a literature review of the critical parameters relevant for
designing AAM mixtures, as well as their key properties. It also provides a review of studies on
alternative activators for AAMs, with particular emphasis on ABA as a replacement for alkaline

hydroxides.
The third chapter outlines the experimental programme.

Chapter four presents the results of each experimental phase, followed by analysis, discussion
and conclusions for every stage, which subsequently serve as input parameters for the next
phase of the study.

Chapter five provides final remarks, scientific contribution of the doctoral thesis and future

research perspectives.

1
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2. LITERATURE REVIEW

This chapter provides an overview of relevant research on the chemistry, reaction
mechanisms, and component materials of AAMs, as well as a summary of the key parameters
influencing the mix design of alkali-activated concretes. Furthermore, it provides a review of
the mechanical and durability properties of AAMs. This is followed by a review of studies
examining alternative activators, with particular emphasis on replacing alkaline hydroxides with

agricultural biomass ashes (ABA).

2.1 Chemistry and reaction products of alkali-activated materials

The structural development of AAMs is set off by an activation reaction, where alkalis induce
the dissolution of the amorphous aluminosilicates from the precursors, which is then followed
by the rearrangement, condensation, and resolidification processes, i.e., formation of reaction

products [17,48,53], as presented in Figure 7.

Dissolution of solid Silicate activating
aluminosilicate source solution

S &

Rearrangement and exchange
among dissolved species

|

Gel nucleation
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e -
~ ~

Pl ~
C-A-S-H gel N-A-S-H gel
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Solidification
and hardening

|

Ongoing gel evolution with
progression towards crystallization

Figure 7. Phases of the activation process. Adapted from [8]

The AAMs, as previously mentioned, can be distinguished into two different categories based
on the final phase assemblage: low-calcium (Ca) and high-Ca systems. Low-Ca systems are
based on the activation of a precursor, such as fly ash or MK, in which the main reaction
product is a three-dimensional alkali-aluminosilicate hydrate (N,K-A-S-H) type gel [17,14].
Aluminium and silicon atoms with tetrahedral coordination to oxygen are bonded to form a

highly cross-linked structure, an aluminosilicate ‘framework’, with alkali metal cations [54].
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High-Ca systems are based on the activation of a precursor with high Ca content, such as

slag. The main reaction product is calcium-aluminosilicate hydrate (C-A-S-H) type gel [17,14].

Furthermore, hybrid systems combining precursors with both high and low-Ca content are also
being developed [17,14,8]. The threshold value for this classification based on the Ca content
can be adopted as 10 wt% [21].

5 AFm,
§ hydrotalcite ~ ¢_A-s-H
[o)]
=
g
O
Zeolites
N-A-S-H
Si/Al

Figure 8. Primary (grey) and secondary (orange) reaction products formed in AAMs, depending on the

Ca content of the precursor and Si/Al ratio. Adapted from [54]

In the slag-activated systems, the aluminium-substituted C-A-S-H type gel has a disordered
tobermorite-like type structure. This is accompanied by the formation of secondary reaction
products such as Alumina-Ferric oxide-monosulfate (AFm) type phases (mainly identified in
alkali hydroxides-activated binders), Si-containing AFm phase stratlingite in silicate-activated
binders, hydrotalcite (identified in activated slag with relatively high contents of MgO) and
zeolites (formed in activated slag binders with high Al.Oz and low MgO content) [17,55,56]. A
simplified representation of the main and secondary reaction products that form in slag

systems is presented in Figure 8.

The structure and composition of the C-A-S-H type product forming upon activation of slag is
strongly dependent on the nature of the activator used. The C-A-S-H product formed in alkali
hydroxide-activated slag presents a higher Ca/Si ratio and a more ordered structure than the
C-A-S-H type gel formed in silicate-activated slag binders [17]. In the systems activated with
NaOH, chemically bound Ca?*ions can be replaced with alkalis from the activator, forming C-
(N)-A-S-H gel [17].

2.2 Technology and component materials

The technology for producing AAMs differs from the PC concrete technology. AAMs can be
produced from different raw materials as precursors and different alkali activators by grinding,
blending, or directly mixing in concrete. They can be applied as ready-mix concrete or precast

concrete; hence, it is hard to prescribe these materials in the same compositional and
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procedural way as for PC concrete. RILEM Technical Committee for Alkali-Activated materials
is conducting comprehensive research in developing recommendations for future
performance-based standards, which are the key to unlocking the wider industry application of
AAMs [17].

There are two procedures for producing AAMs, depending on how the component materials

are mixed:
- one-part alkali-activation and
- two-part alkali-activation.

The difference is whether the alkali activator is added in solid form or as a solution. The
precursor and solid activator can be dry mixed, followed by the addition of water and
aggregate. Alternatively, the alkali activator can be prepared as a concentrated water solution,
added to dry mixed precursor and aggregates, along with additional water, to obtain
satisfactory workability. The first approach, in which a solid activator is premixed with the
precursor, is called one-part alkali activation. The second approach, where the activator
solution is added to mix is two-part alkali-activation. Although most of the research is focused
on the two-part alkali activation due to the better mechanical properties of the obtained
concrete, one-part alkali activation is gaining increased attention [17]. Schematic
representations of two alkali-activation processes are shown in Figure 9. A two-part activation
process could be associated with practical, health and safety issues because, for example, the
dissolution of alkali hydroxides is an exothermic reaction and concentrated alkali solutions
obtained in two-part activation are highly caustic [27]. Furthermore, the activator solutions must
be prepared at least 24 hours before mixing, due to their high temperature resulting from the

exothermic reaction.

Two-part activation

ARSI RPN

NaOH, Na,SiO; Water Liquid activator Precursor material Hardened AAM

One-part activation

' ' O @
Precursor material Solid activator Water Hardened AAM

Figure 9. One-part and two-part alkali-activation. Adapted from [57]
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2.2.1 Precursors

Raw materials that can be used as precursors for AAMs production include slag, fly ash,
metakaolin and fly ash. Silica fume, rice husk ash, red mud, ferrochrome ash, mine tailings,
natural pozzolans, have also been researched as a partial substitution for standard precursors.
The selection of precursors is generally influenced by their chemical composition, water
demand, availability, cost, and the specific type of AAM application [31]. BFS is one of the
most widely used precursors in AAMs [58,59,49] mostly due to its high CaO and SiO- content.
Slag is a non-metallic by-product generated during the production of pig iron in a blast furnace,
where temperatures typically reach approximately 1500 ‘C to 1600 °C [60]. Slag forms when
iron ore, coke (as a fuel and reducing agent), and limestone or dolomite (as fluxing agents)
react in the furnace. The primary function of the flux is to lower the viscosity of the impurities -
largely silicates and aluminates from the ore and coke ash - to separate them from the molten
iron. Due to its lower density, the molten slag floats on the surface of the liquid iron and is

periodically tapped off for processing [60,61].

The reactivity of the slag depends on the cooling rate applied during its solidification. When
molten slag is cooled slowly in the atmosphere, it forms air-cooled blast furnace slag,
composed of stable mineral phases with low reactivity. To produce SCM or reactive precursor
for alkali activation, the molten slag must undergo rapid quenching to prevent the formation of
a crystalline lattice. This process is known as granulation, which involves the sudden cooling
of molten slag from over 1400 °C to below its glass transition temperature using water, air, or

mechanical means [60].

GGBFS consists primarily of silicates, aluminosilicates, and calcium-alumina-silicates. The
dominant oxides in chemical composition are calcium oxide (CaO), silicon oxide (SiO2),
aluminium oxide (Al.O3), and magnesium oxide (MgQ). They are present in the form of a
vitrified glass phase, which often exceeds 95% of the slag’s total volume in high-quality

precursors [14].

Fly ash is the fine-grained residue captured from the flue gases of coal-fired power plants. It is

primarily composed of spherical, glassy particles containing silica, alumina, iron, and calcium.

The reactivity of fly ash in AAMs is generally lower than that of slag, leading to slower setting
times and lower early-age strength. The spherical morphology of fly ash particles improves the

workability and flow of fresh concrete [62].

MK is produced by the calcination of kaolinite clay, a process known as dehydroxylation, at
temperatures typically between 550 °C and 800 °C. This thermal treatment expels hydroxyl

ions, transforming the crystalline clay into an amorphous aluminosilicate [62].
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While fly ash and MK-based systems usually require curing at elevated temperatures to

enhance their dissolution, alkali-activated systems with slag do not require this type of curing.

GGBFS and fly ash already have a use-value through application in blended cements, but the
usual clinker substitution is up to 50% for slag and 25% for fly ash, while higher substitutions
are used for specific types of concretes, with specific mix design and performance [63], a more

appropriate application of GGBFS, for example, could be in AAMs [9].

2.2.2 Chemical activators

The most widely used activators in AAMs technology are sodium-based, due to their availability
and lower price, compared to potassium activators [14,64]. It is reported that the most reliable
sodium activators for GGBFS are sodium hydroxide (NaOH) and sodium silicate (Na2O-nSiO3)
[14,64]. NaOH is available commercially in the form of pellets and flakes (Figure 10 and Figure

11). In the AAM technology, it is usually used as 50% water solution.

Figure 10. Sodium hydroxide pellets Figure 11. Sodium hydroxide flakes

Sodium silicate, or sodium water glass, is used in AAM technology as a commercially available
solution. It is derived from silica and carbonate salts. In the commercial solutions, the mass
ratios of SiO, to Na>O range from 1.6 to 3.85. Given the variety of this ratio, the properties of
sodium silicates can also be different [14,64]. Although the alkalis induce the slag activation
degree, silica content is also essential for producing the AAMs with good engineering
properties, which is why the combination of alkalis and silicates is the most common activator.
An increase in silica content leads to the formation of a dense binder matrix and higher
polymerisation of gels, thus enhancing the mechanical properties of the binder [64]. This is
explained in literature by the slower slag hydration due to the addition of silica, which in turn
results in a more uniform distribution of hydration products [56,65,66]. The fast initial reaction

of the NaOH-activated slag results in a denser gel with less chemically bound water, leading
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to increased coarse porosity at later ages. Volume of hydration products and bound water

content were found to be higher in sodium silicate-activated GGBFS samples [56].

In comparison to the sodium silicate activated system, the NaOH activated system exhibits
faster decrease of coarse porosity and reaction kinetics during the first days of hydration, a
more crystalline type of calcium-silicate hydrate C-S-H, higher coarse porosity for similar
hydration degree, lower volume of hydration products and amount of bound water and lower

compressive strength for similar hydration degree [56].

The use of potassium activators is limited mostly to laboratory-scale experiments [14,67],
although Davidovits explains in his patent [68] that potassium silicate is highly satisfactory in
obtaining alkali-activated binder: it does not develop efflorescence and displays higher
solubility and compatibility with other additives than sodium silicate. According to his work,
mixtures of potassium and sodium silicates can also be used. As suggested in [14,69], the
properties of sodium and potassium-activated systems can be very similar, but the potassium-
activated systems are generally referred to as more thermally stable than sodium-activated
systems [70]. The combination of potassium hydroxide and sodium silicate instead of sodium
hydroxide and sodium silicate was found beneficial for 28 days of compressive strength [71],
but there is a scarcity in research on the mixed alkali use. Furthermore, sodium hydroxide and
silicates activating blended slag/fly ash systems induced the development of early strengths,
while the 28-day strength of samples activated with potassium activators was higher [72].
However, due to high material demand, high cost of potassium activators is a limiting factor for

application in the activation of AAMs produced for the construction sector [70].

Alkali activators are the primary contributors to the environmental footprint of AAMs. A
comparison across various studies reveals that sodium silicate generally has a higher carbon
dioxide emission factor than NaOH, though reported values vary based on the data source:
one review reporting on global databases cites a range of 1.222 kgCO2/kg to 1.514 kgCO2/kg
compared to NaOH, ranging from 0.504 kgCO./kg to 1.893 kgCO2/kg [11,73]. Conversely,
NaOH can be more energy-intensive to produce, with reported embodied energy ranging from
3.5 MJ/kg [73] to 9.5 MJ/kg [74], compared to 5.371 MJ/kg for sodium silicate [73,74].
Furthermore, the dissolution of NaOH and other alkali hydroxides in water is a highly
exothermic reaction; the solution is caustic, and therefore, the safety of the person handling

the dissolution process could be compromised [4].

2.3 Mix design parameters

The most important parameters characterizing AAM mixes are water-to binder-ratio (w/b), the
total alkali content in the activator/s and the amount of SiO- in the activator, expressed as
modulus, or silica modulus (Ms), i.e., the SiO, and M2O content ratio (Ms = n(Si-O)/n(MOz)),
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where M is alkaline metal depending on the type of activator, as well as precursor content
[75,76,77]. Other important parameters are the type of activator, the chemical and physical

properties of slag and the amount of paste in concrete [75,76].

The w/b ratio, or water-to-solids ratio (w/s), as often referred to in the literature, is the ratio of
total water to total solids (precursor and solid activator components) in AAMs. In two-part alkali
activation, the total water is the sum of water in alkali hydroxide solution, alkali silicate, and
additional water needed to achieve the desired w/b ratio. Total binder is calculated as the sum
of slag content, solids in alkaline hydroxide solution and solids in alkaline silicate solution
[75,77,78]. It influences workability and compressive strength of AAMs by the same
mechanisms as in PC concrete [14,79]. Nevertheless, it is difficult to establish a single
parameter directly affecting the compressive strength, as multiple factors interact to influence
its value and development in time, and it depends on alkali content and Ms as well [75,21]. To
attain the desired Ms of the AAM mixture, the combination of alkaline hydroxides and silicates
is often used [17,14,72]. The modulus of alkali silicates is restricted to the interval 1.6 to 3.85
due to their instability out of this range [14]. However, to attain the desired properties of basic
alkali-activated slag (AAS), the Ms should usually be in the range 0.6-1.5 [75]. Therefore, the
alkalis are added to the mix in the hydroxide form. An example of mix design of sodium

hydroxide and sodium silicate activated slag-based concrete is presented in the Table 1.

Table 1. An example of a mix design for slag-based alkali-activated concrete

Slag NaOH*  Na-silicate* Na;O - Water m,
s
[kg/m?] [kg/m?] [kg/m?] [wt% slag] [kg/m®] [kg/m?]

0.42 375.0 11.6 17.0 41 0.72 1393 1762.0

*solid

Due to the potential alkali leaching, it is generally not recommended for AAMs to be cured in
water as PC concrete, although this depends on the precursor used (e.g., fly ash-based AAMs
are more prone to alkali leaching than slag-based AAMs). To prevent the excessive moisture
loss, they are usually cured sealed in polymeric films instead [78]. Furthermore, AAMs based
on slag gain high strength cured at ambient temperature whilst requiring relatively low activator
dosage, unlike fly ash-based AAMs, which usually require high alkali dosage (6-10% Na>O or
K20) and elevated curing temperatures (40-100 °C) to achieve suitable mechanical properties
[80].
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2.4 Properties of alkali-activated materials

2.4.1 Workability and setting time

One of the challenges of the AAM's technology, based on slag precursors, is reduced
workability and fast setting time. It is a complicated issue that depends on different factors.
Unlike in the PC concrete systems, workability is not only dependent on the w/b ratio. The
Na20 content and Ms significantly affect the workability of the AAM mix [14,75,81]. Increased
liquid consistency (i.e. higher slump) can be achieved by increasing the alkali content, but its
effectiveness depends on w/b ratio and Ms as well [75,76,80]. The literature reports that for
w/b<0.5, the %Na>O content to attain S3 slump class as defined in EN 12350-2 [82] is 7.5%.
For w/b>0.5, the same slump class can be attained with 4% of Na>O [75]. An example of the
influence of Ms and alkali content on the slump of slag-based AAM with w/b=0.43 is presented
in Figure 12. Higher Ms will also result in a higher slump of AAC mix [75,77]. This is more
dominant for a higher w/b ratio, i.e. 0.55, while for a lower w/b ratio, Na,O content has more
impact, according to [75]. In [75] it is also stated that for attaining S3 slump class, for w/b=0.47,
Ms has to be at least 1.0. For higher w/b=0.55, S3 slump class can be attained for Ms=0.45.
Some research reported that an excessive increase in Ms (1.5 or higher) can result in a

decrease in slump due to increased viscosity of the entire AAC mix [81,83].
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Figure 12. Slump values of slag-based AAM, depending on the Ms and alkali content (n%) [77]

Slag-based AAMs are prone to fast setting [17,80]. The influence of Ms and alkali content on

the initial and final setting times of AAC are presented in Figure 13 and Figure 14.
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depending on the Ms and alkali content (n%) [77]  AAM, depending on the Ms and alkali content
(n%) [77]

Since the setting is controlled by reaction kinetics, the setting time can be adjusted. However,
high activator concentrations are often necessary to achieve the desired strength, which can
lead to a short setting time, sometimes only 10 minutes long [81]. An increase in alkali content
reduces setting time by enhancing the rate and total amount of heat released, thereby
increasing the degree of hydration [77]. Increased silica in sodium silicate-activated slag

cement mixtures can increase setting time and induce the development of high strengths.

Water-reducing admixtures, which are usually applied to PC concrete, have proven ineffective.
The high pH in AAMs can cause structural degradation of superplasticisers and surface charge
repulsion. It can also compromise their solubility and induce agglomeration due to high ionic
strength from high alkali concentration. Due to these reasons, is not recommended to use them
in AAM mixes, while admixtures specifically designed for AAMs are still under development.
The general recommendation is that they should be tailored to a specific precursor and even
activators [84]. Some researchers reported improvements in the rheology of slag-based AAMs

when air-entraining admixtures were added to the mix [81].

2.4.2 Compressive strength

Alkali content (n) is calculated as the sum of Na2O in sodium hydroxide and sodium silicate
solution. The alkali content increases compressive strength, due to the higher degree of slag
activation and the formation of more C-A-S-H gel. However, excessive alkali content can lead
to efflorescence and brittleness. This content limit depends on slag type, activator and curing
conditions [76]. Although there are studies reporting both lower and higher n applied in the
AAMs, taking into account the above-stated, economic factors and the fact that for stable

activation, the recommended NazO content is 2-8%, the optimal interval of alkali content is 3-
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5% [75] or 3-5.5% [76]. This will also affect the optimal w/b ratio required to attain the desired
compressive strength. Li et al. [80] developed a model to determine the w/b ratio and alkali
content for targeted compressive strengths (Figure 15). According to this research,
compressive strength up to 40 MPa can be reached for 4% of Na>O and w/b ratio in the range
of 0.35-0.50. Higher compressive strengths demand higher alkali content (5%) and w/b ratio
between 0.35 and 0.45. Raising alkali content up to 6% and 7% can result in compressive
strengths of 60-80 MPa or higher, depending on the w/b ratio (0.35-0.50).
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Figure 15. Optimal w/b ratio and alkali content (N/B) for targeted compressive strength [80]

The modulus of the mix is calculated as the SiO2/NazO ratio, where SiO; is the total silica
content in the activator and NaO is the total alkali content, as stated previously. An increase
in Ms increases compressive strength due to the formation of more silica gel [76]. The Ms
range that provides applicable AA concrete is 0.6-1.5, depending on the type of slag [75,77].
For basic slags, the Ms will provide the highest compressive strengths in the 1.0-1.5 range,
while for neutral and acidic slags, the ranges are 0.9-1.3 and 0.75-1.25, respectively [75].
Higher Ms will result in lower early age compressive strengths, with later high propagation, and

longer curing period needed [75].

Increasing Ms above 1.5 for Na2O% below 5% could result in a decrease in compressive
strength, due to the system's low alkalinity, which limits the degree of reactivity [75]. When
Na2O content is constant, the effect of alkali activation is constant - an increase in Ms (Si>0)
will increase compressive strength. If the solids in sodium silicates are constant, higher Ms will
decrease Na>O content, and the degree of alkali activation might be too low. When alkali
activation is insufficient for slag hydration, it is better to use lower Ms; otherwise, higher Ms will
result in higher compressive strength [76]. It should be noted that increasing Ms and n beyond
a certain value will have no effect on increasing compressive strength [77]. These values
depend on the slag type, the activator, and the curing conditions [76]. In the experimental study
by Ben HaHa et al [56], NaOH-activated GGBFS-based pastes showed high 1-day
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compressive strength. The sodium silicate-activated pastes had no measurable compressive
strength after 1 day, but the compressive strength after 7 days is higher than for the NaOH-
activated slags. The sodium silicate-activated samples gained 70-80% of compressive
strength between 7 and 28 days. Their 180-day compressive strength increased more than
double, compared to 7-day strength. The NaOH-activated samples do not exhibit a significant

increase in compressive strength during ageing.

2.4.3 Shrinkage

High levels of shrinkage in slag-based AAMs can result from internal moisture loss due to
hydration (autogenous shrinkage) or as a result of evaporation (drying shrinkage). It depends
on the component materials’ properties, i.e., slag and activators, their dosage, water-to-slag
ratio, and degree of hydration [81]. Furthermore, curing temperature and conditions, and

relative humidity, affect drying shrinkage as well [14].

Slag-based AAMs are generally more susceptible to shrinkage than the PC concretes - it has
been found that it can be 1.5 to 2.5 times higher [77]. Shrinkage in slag-based AAMs manifests
differently than in hydrated Portland cement (Figure 16), due to the differences in hydration
products [81]. The generally higher shrinkage, compared to PC, is explained by pore size
refinement, causing higher capillary pressures and lower elastic modulus in AAMs than in PC
systems [85]. The high viscoelastic deformation results in high drying shrinkage [86].

Furthermore, AAMs are more prone to moisture loss than PC concrete [87].

However, there are also reports on AAM mixes with lower drying shrinkage than PC, depending
on the w/b ratio and aggregate grading. Furthermore, inadequate curing conditions will almost
certainly result in high drying shrinkage. Prolonged sealed curing of AAMs has been found

beneficial in terms of reducing the shrinkage [78].
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Figure 16. Drying shrinkage of AAMs compared to PC concrete [88]
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The type and dosage of the activator have a significant influence: several studies show that
increasing the activator content and silica modulus results in higher shrinkage [17]. It is also
reported that alkali silicates tend to induce higher drying shrinkage than alkali hydroxide
activators. Increased content of both types of activators will promote shrinkage, but the alkali
concentration will have the most effect on shrinkage in early stages, while silicates will have
more impact on the final amount of shrinkage [14]. Several parameters affect shrinkage,
workability, and compressive strength, but they do not affect these properties equally.
Additionally, these parameters also depend on slag content, curing, etc. A study by Taghvayi
et al. [77] shows that alkali concentrations up to 5.5% and a sodium silicate modulus less than
0.85 were optimal to prevent rapid setting, loss of compressive strength, and high drying
shrinkage in slag-based AAC [77].

2.4.4 Elastic modulus

The elastic modulus of AA concrete reported in existing studies varies between 10-40 GPa
[89,90]. However, due to the numerous possibilities for synthesising AAMs, the results vary

depending on the component materials.

The elastic modulus of AAS concrete activated with sodium silicate at 28 days is most
commonly reported between 20 and 30 GPa. Robayo-Salazar et al. [91] measured 30.51 GPa
for 100% slag concrete with sodium silicate activation. Adesanya et al. [92] reported 25 GPa
for a 50/50 copper slag/GGBS one-part AAS with sodium metasilicate at 75 MPa compressive
strength. This range is 10-30% lower than PC concrete at comparable compressive strength,
a finding that is well established. Prinsse et al. [4] documented that AAC elastic moduli are up
to 30% lower than conventional concrete. The lower modulus reflects the fundamentally
different gel structure: C-A-S-H in AAS has a lower Ca/Si ratio, higher Al incorporation, and

different nano structural organisation than C-S-H in PC [93].

Existing models that accurately predict the relationship between compressive strength and
elastic modulus in PC are often not applicable to AAC. In addition to the type and content of
coarse aggregate, microstructure, composition, and degree of hydration also play a significant
role in the elastic modulus of AAC. Like the compressive strength development, an increase in

alkali and silica content promotes an increase in elastic modulus [90].

2.4.5 Porosity and water permeability

Porosity and transport characteristics are essential for the durability of concrete, since they

affect the ingress of water and chlorides as well as the carbonation process [17].
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Although porosity can vary depending on the used precursors and activators, AAMs in general
have a lower content of capillary pores (0.01-10 um) than PC concrete. Since the capillary
pores have a main role in water transport, it can be expected that the AAMs will have lower
water permeability [17]. The increase in w/b ratio governs the capillarity in the same way as in
PC systems, but it also dilutes the activators [14]. The use of a higher Ms or a lower water
content in alkali-activated BFS systems reduces the rate of water uptake, and sorptivity

decreases with increasing curing time under moist conditions [17].

Despite the finer pore structure, experimentally measured sorptivity of alkali-activated slag
(AAS) concrete is often higher than that of PC concrete at comparable strength levels [94,95].
This apparent contradiction has been attributed to drying-induced surface microcracking, to
which AAS systems are particularly susceptible [95,96]. Ismail et al. [97] observed that high
water absorption of AAMs (especially slag-based systems) did not result in high chloride
permeability, as can be expected, suggesting that the high water uptake is primarily a surface
phenomenon related to microcracking rather than an indication of a highly permeable bulk
matrix. Standard sorptivity test methods developed for PC concrete may therefore

overestimate the permeability of AA slag systems [96].

2.4.6 Carbonation resistance

During service life, concrete structures are inevitably exposed to the carbonation process along
with other environmental factors. The CO; in the atmosphere reacts with the hydration products
and leads to the decalcification of the calcium-rich hydration products, the decrease of the
alkalinity of the pore solution, and the acceleration of the corrosion of the steel reinforcement
[17].

AAMs have been reported to be more susceptible to carbonation than PC concrete [98], due

to fundamental differences in the chemistry of hydration products.

The pore solution in PC concrete has a high pH (12.5-13.5), mostly due to portlandite, or
calcium hydroxide (Ca(OH).2). When atmospheric CO, diffuses through the pore network and
dissolves in the pore solution, it forms carbonic acid (H,CO3), which dissociates to produce
bicarbonate (HCO3~) and carbonate (COs?7) ions. The carbonation of PC concrete develops
mainly through carbonation of portlandite, forming calcite (CaCO3s). Only after portlandite is
substantially carbonated does the decalcification of C-S-H begin. The formation of CaCO; can
partially fill pores in the carbonated zone, and the porosity of the carbonated region decreases.
[99].
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The chemistry of AAM changes the carbonation mechanism. Portlandite is not formed in AAMs,
and therefore, CO: first lowers the pH of the pore solution and then reacts with C-S-H and C-
A-S-H, causing their direct decalcification [100]. In high Ca systems, C-A-S-H structure
becomes more cross-linked due to decalcification [101]. Calcium is removed from the silicate
chains and the residual gel becomes a highly polymerised, disordered aluminosilicate that
provides much less binding capacity. This gel decomposition can cause significant strength
loss and increased porosity [102]. Hydrotalcite-like phases (Mg-Al layered double hydroxides),
which form as secondary products in AAS when the slag has a high MgO content, play an
important mitigating role [65,103]. Previous studies have shown that higher magnesium
content in slag reduces the susceptibility of AAS to carbonation and improves resistance to C-
(A)-S-H decalcification by absorbing CO, and partially compensating for the absence of
portlandite. The calcium carbonate polymorph formed during carbonation of AAS is mainly the
vaterite [101], while high CO> concentration induces the formation of aragonite [104]. Under
natural carbonation conditions, however, calcite may become the stable end product over

longer time frames [105].

The susceptibility of AAMs to carbonation is especially pronounced under accelerated
carbonation conditions with high CO, concentration at controlled relative humidity [65,106].
However, their high pore solution pH after natural carbonation may be promising with respect
to reinforcement corrosion [12]. Accelerated test protocols designed for PC, without
questioning whether the tests replicate the chemistry and mechanisms observed in AAMs in

service [107].

The AAMS’ resistance to carbonation depends mainly on the properties of hydration products,
pore structure, and pore solution chemistry, which are determined by the chemistry of the
precursor and the dosage and type of activator [65,98,108]. Conflicting results have been
reported regarding which type of activator best promotes carbonation resistance [66]. Despite
the increasing scientific and commercial interest in AAMs for decades, there are still open

questions regarding the mix design of AAMs to achieve satisfactory carbonation resistance.

It is reported that higher alkali content (%Na>0) and higher Ms of the mix (i.e., SiO2/Na,0)
improve the carbonation resistance [65,109,110]. A higher alkali content may result in a higher
activation degree of the slag, while a higher Ms results in a denser matrix and lower
permeability due to slower slag hydration, which in turn results in a more uniform distribution
of hydration products [65,56,66]. It is believed that the volumetric expansion of hydrotalcite
during hydration decreases matrix porosity of AAMs and CO. diffusion [111]. It has been
reported that slag activation with higher alkali dosage results in the formation of more

hydrotalcite-like phases, which can absorb more CO, [65,103,112]. However, when the alkali
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dosage is too high (e.g., 10%), not all alkalis contribute to the activation reaction and may

increase the carbonation depth due to carbonation-induced cracking [112].

2.4.7 Resistance to chloride penetration

The penetration of chloride ions is detrimental to the passive oxide film that protects embedded
steel in concrete from corrosion, by keeping high pH (>12.5). When free chloride ions
accumulate at the steel-concrete interface and reach a critical threshold concentration, they
locally break down the passive film, initiating pitting corrosion [113]. Once corrosion is initiated,
the iron dissolution products occupy a volume 2-4 times greater than the original steel,
generating expansive internal stresses. This leads to cracking and spalling of the concrete
cover, which further accelerates the degradation process by creating additional pathways for
aggressive agents [114]. This deterioration mechanism is critical for coastal structures and

regions where de-icing salts are used.

The main chloride transport mechanisms are diffusion, capillary absorption and, for submerged
structures, permeation [115,116]. The diffusion occurs due to a chloride concentration gradient
between the external environment and the internal pore solution. Capillary absorption becomes
the predominant transport process when unsaturated concrete is exposed to a chloride-
bearing solution. In this case, capillary pore suction draws the chloride-rich water into the pore
network. In practice, chloride transport rarely occurs through a single mechanism in isolation.
In most exposure conditions, diffusion and capillary suction act simultaneously, producing a

coupled transport mode.

AAMs have significantly higher resistance to chloride penetration compared to PC concrete,
due to the finer pore structure, higher tortuosity and chloride binding capacity [14,117]. The C-
(N-)A-S-H gel produced in AA slag systems, combined with secondary phases such as
hydrotalcite, creates a more refined pore network with a greater proportion of gel pores and
fewer interconnected capillary pores [97]. The critical pore entry radius and threshold pore
radius are identified by Runci et al. [117] as important and reliable microstructural indicators of

chloride diffusion.

In PC systems, chloride binding relies primarily on Friedel's salt formation, which does not form
in AAMs. Instead, chlorides in AAM systems are bound by physical adsorption on the gel
surface and chemically by hydrotalcite [117], through the interlayer anion exchange [118]. The
pore solution chemistry is also an important parameter. It reduces penetration of chlorides by
creating denser hydration products, but it can also increase penetration by limiting the

material's chemical ability to bind chloride ions [117].

27



Chapter 2 Literature review

The most important parameters for chloride ingress are the type of precursor (calcium content),
the alkali content, silica modulus, and the curing conditions [119]. High-calcium systems, such
as BFS, form dense C-A-S-H gels that provide a superior physical barrier compared to the
more porous N-A-S-H gels found in low-calcium systems [97]. The MgO content of the slag is
particularly important because it controls the formation of hydrotalcite. Studies have shown
that slags with MgO content above approximately 5% produce significant quantities of
hydrotalcite, while lower MgO content combined with higher Al,O; content (above

approximately 16%) tends to favour the formation of zeolites instead [120,101].

Increasing the alkali content in the mix accelerates the activation reaction and formation of
more hydration products, including hydrotalcite. Higher values lead to reduced total porosity
and smaller average pore sizes, which improve the physical barrier against chloride ingress
[117,119] and increased chloride binding capacity [75]. However, increasing alkali content

could have an adverse effect, since OH- can reduce the chloride binding capacity [117].

2.5 Potential of biomass ash in alkali-activated materials technology

Biomass ash is defined as the solid byproduct remaining after the thermochemical
transformation of biological materials through processes such as combustion, gasification, or
pyrolysis [32,36,34]. These residues are complex inorganic-organic mixtures characterised by
high chemical heterogeneity. The phase-mineral composition typically includes a dominant
inorganic fraction composed of amorphous and crystalline minerals, a subordinate organic
fraction containing char and organic minerals, and fluid matter comprising gas-liquid inclusions
and moisture. Over 229 distinct mineral species have been identified in biomass ashes,

including silicates, oxides, hydroxides, sulphates, and carbonates [32].

Chemically, biomass ash is dominated by SiO,, CaO, KO and phosphorus pentoxide (P20s).
While rich in essential plant nutrients like magnesium and sulphur, these ashes also frequently
concentrate hazardous trace elements, including lead, cadmium, chromium, and mercury.
Physically, these materials are distinguished between bottom ash, which remains in the

furnace, and fly ash, the lighter fraction captured from flue gases [32,34].

Agricultural biomass ashes (ABA) are specifically derived from the combustion of agricultural
byproducts [48,121,50,122]. A defining characteristic of agricultural ashes is their high content
of water-soluble components, which averages approximately 14.3%, significantly exceeding
the 5.8% mean yield found in wood-derived ashes. This soluble fraction is highly enriched in

mobile nutrients such as chlorine, sulphur, nitrogen, phosphorus, and potassium [123].

Existing studies demonstrate that, besides industrial by-products such as SF and GW, biomass

ashes can serve both as partial precursor replacements and as partial or full substitutes for
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alkaline activators, due to their high content of silicon, potassium, and calcium, depending on

the type of crop [32].

2.6 Biomass ashes as precursors

The possibility of using wheat straw ash (WSA), rice husk ash (RHA), sugarcane bagasse ash
(SCBA), sugarcane straw ash (SCSA), and palm oil fuel ash (POFA) as a precursor due to
their higher silicon content was tested. Mixes were activated using conventional sodium
hydroxide and silicate activators. Replacement of BFS with SCBA by replacing 15% and 25%
resulted in a minor increase in 7-day compressive strength compared to samples with 100%
BFS and a decrease in 28-day compressive strength. Replacement of BFS with a maximum
of 25% of SCSA resulted in higher compressive strengths than reference mixes. BFS and FA
replacement with up to 35% of RHA also increased compressive strength, as well as 30% BFS
replacement with POFA. Mixes with higher levels of replacement resulted in a strength

decrease [124].

Alkali-activated concrete samples with 25% K, 25% FA, and 50% WSA as precursor
outperformed the Portland cement-based system in terms of 7-day compressive strength after
ambient curing (51.3 MPa vs. 32.4 MPa) [125].

In a study by Yurt and Bekar [126], hazelnut-shell biomass ash was used as a 5, 10 and 15%
replacement for BFS in a sodium hydroxide and sodium silicate-activated concrete. Tested
properties were curing regime (60 °C for the first 18h, followed by curing in air, water at 25 and
water 60 °C), compressive strength after 3, 7 and 28 days and abrasion. The increase in ash
content generally reduced the compressive strength up to 10%, depending on the curing
regime. The highest strength after 28 days was observed for the samples cured in water at 60
°C. Hazelnut-shell ash did not affect the sorptivity of the reference AAC. However, the abrasion

resistance was lower.

FA (pulverised fuel fly ash) and wood ash with high calcium content (61% CaO) and moderate
potassium content (12% K20) were used, in different ratios, to synthesise alkali-activated
pastes [127]. The compressive strength after 7 days was 12 MPa and 16 MPa after 28 days.
The significantly lower strength compared to other referenced research is due to the lower
potassium content, as suggested by the authors. Considering the high CaO content, wood ash

would possibly be more effective as a replacement for the precursor.

The application of biomass ashes as precursors has been investigated as a partial or complete
replacement of MK (25-100%) for the production of geopolymer bricks [128]. The ashes
originated from the combustion of mixed olive pruning, forest residues, and energy crops. The

study showed that replacing 50% of the MK increased the compressive strength of the
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geopolymer, due to the formation of the mixed (N, C)-A-S—H gel. It was also concluded that
the biomass ash contributes to the binder as an activator due to the presence of soluble
alkaline salts. In his PhD thesis, Prochon evaluated the properties of alkali-activated coal fly
ash, biomass ash, and co-combusted coal and biomass fly ashes cured at ambient
temperature [129]. It was concluded that the biomass ash cannot be used as a precursor to

produce stable AAM. However, it was shown to be an activator.

2.7 Agricultural biomass ashes as alternative activators

Replacing the conventional activators with alternative alkali and silica sources has been
investigated in several past years [48,121,50]. Activation of precursors with complete or partial
replacement of conventional activators has proven viable for RHA [130,122], SCSA, or olive
stone biomass ash (OBA) [121]. Literature review showed that the other biomass ashes
(cotton, maize, almond, olive stone ashes) have been investigated as precursors or activators
for AAMs, because of the high calcium or potassium content [131,132,58,121,133]. Their use

as SCMs is not possible because they do not exhibit pozzolanic activity [134].

2.7.1 Alternative silica sources

Bernal et al. [130] tested the RHA potential to act as a silica source in the activation of BFS
pastes. Rice husks were burnt in the laboratory at 600°C and ground to the desired particle
size distribution. The obtained RHA had 68% of amorphous silica. RHA-activated pastes
showed higher 7-day (>40 MPa) and 28-day (> 100 MPa) compressive strengths than
reference samples (75 MPa) activated with commercial sodium silicate. Authors also
investigated thermal stability, where RHA activated retained measurable compressive strength

after exposure to 800°C, while the reference mix did not.

The use of RHA as a replacement for water glass was proven viable for BFS, FA and FA-BFS
pastes [135]. BFS and blended systems were cured at 95% of relative humidity and ambient
temperature, while FA pastes were cured at 80 °C, for 24 hours. Although the reference mix
with conventional sodium silicate had compressive strength of 75 MPa after 7 days, RHA-
activated systems showed promising results at the same age, reaching approximately 41 MPa
for BFS-activated pastes, 49 MPa for FA, and 39 MPa for the blended system.

RHA and SCSA were investigated as activators for BFS mortars by Moraes et al. [136]. Two
activator solutions were prepared by dissolving RHA and SCSA in NaOH. After curing at 65 °C
for 3 days and at 20 °C for 28 days, the RHA-activated samples achieved compressive
strengths of 49.7 MPa and 59.7 MPa, respectively, while the SCSA-activated samples reached

45.0 MPa and 54.9 MPa, respectively. However, neither of the alternative activators
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outperformed the reference samples, which achieved 62.9 MPa and 78.8 MPa under the same

curing conditions.

Furthermore, FA was activated with RHA and SCSA to produce alkali-activated pastes in the
work of Gomonsirisuk and Thavorniti [137]. After curing at ambient temperature for 7 days,
samples synthesised with RHA exhibited the highest compressive strength of approximately
23 MPa, whereas those synthesised with SCBA achieved a maximum strength of

approximately 16 MPa.

MK-based alkali-activated pastes were successfully synthesised with RHA as silica source
[138,139,140]. After 20 hours of curing at 72 °C and ambient curing up to 28 days, the
achieved compressive strength is reported to be approximately 40MPa [140]. For samples
cured only at ambient conditions, 28-day compressive strengths were reported as 36.29 MPa
[139] and 29.9 MPa, which increased to 32.8 MPa after 56 days of curing [138]. Similar results
were reported for the activation of MK with SCBA [141].

Blended MK-BFS pastes activated with RHA were analysed by Bernal et al. [122]. Authors
varied the BFS content and the silicon-to-alumina ratio, resulting in 7-day compressive
strengths ranging from 12 MPa to almost 60 MPa. The conducted curing regime was as
follows: ambient conditions (25-30°C) for 24 h, then thermal curing at 60°C and >90% relative
humidity for 24 h. The samples were then stored at ambient temperature and 90% relative

humidity until testing.

FA-BFS blended mortars were also activated with RHA in the work of Tong et al. [142]. RHA-
activated samples reached almost 60 MPa after 28 days of ambient curing, which is the same

as the reference mix.

2.7.2 Alternative alkali sources

Several research groups have reported the one-part alkali-activation with OBA. De Moraes
Pinheiro et al. [26] investigated OBA as an alkaline activator for BFS mortars. The first set of
mortar samples was made with the replacement of BFS by OBA from 15 to 35 wt% BFS. The
second set was made with the addition of OBA from 5% to 25% wt BFS. Samples were cured
in a thermal bath at 65 °C, for 7 days. The highest 7-day compressive strength was obtained
for samples with the addition of 25% of OBA (38.38 MPa).

Similar results were obtained in another study by this research group [58]. Mortar samples
were cured at 65°C and 100% relative humidity until the day of testing. The results showed

that OBA activated mix had higher 3 and 7-day compressive strength than KOH activated mix
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(OBA: 29.9 MPa at 7 days and 45% strength gain with respect to 3-day strength; KOH: 16.9
MPa, 33% of strength gain).

The feasibility of OBA fly ash (OBFA) and OBA bottom ash (OBBA) application as activators
for BFS was also evaluated by Alonso et al. [134]. Paste samples made with 70 wt % BFS and
30 wt % of OBFA or OBBA cured at 45 °C or 85 °C, had 28-day compressive strength of 33
MPa to 18 MPa. The OBFA activator induced the development of higher strength than the
OBBA activator. In pastes prepared with 30 % wt. OBFA, strength values were comparable to

those developed by BFS pastes activated with a commercial KOH.

To activate BFS and produce mortars made only from waste materials, Font et al. [143] used
OBA as alkali and RHA as a silica source. The biomass ashes were dissolved in water 24
hours prior to mixing. Authors investigated the influence of curing regime and use of OBA as
addition (15, 20 and 25%) or replacement (20%) by mass of BFS. The highest 7-day
compressive strength was attained for 25% addition of OBA and curing at 65 °C, which
accelerated the early strength development, resulting in up to 58.1 MPa for the addition of 25%
of OBA. Curing at elevated temperature. Mixes with both replacement and addition of 20% of
OBA, 7-day compressive strength was 52.1 MPa for elevated temperature curing, 35.0 MPa
for ambient temperature, and 100% RH curing. These mixes, cured at ambient temperature,
were also tested for 3, 28, 60, and 90 days, reaching 7.8, 46.2, 61.5, and 67.4 MPa,

respectively.

Almond shell biomass ash has also been studied as a replacement and addition to BFS (from
15% to 35% and 5% to 25% in respect to BFS mass, respectively) [131]. Mortar samples were
cured for 7 days at 65°C, and the obtained compressive strength values were in the range 25-
45 MPa. These compressive strengths were higher than those obtained by activation with 4M
and 8M KOH solutions.

The same research group investigated the potential use of nutshell ashes, mango seed-bark
ashes, and hazelnut biomass ashes (HBA) as an alkaline activator for BFS [133]. Alkali-
activated pastes exhibited 26 MPa compressive strength after 28 days. The first 7 days,

samples were cured at 65 °C, after which the samples were kept at 20 °C until the testing.

Hazelnut was also shown to be an efficient BFS activator in the study by Omur et al. [144]. The
experimental testing of pastes cured at 22 °C and 50% RH showed that the compressive
strength reached 26.8 MPa at 28 days, which was equivalent to that of reference mixtures
activated with 2.0 M NaOH and 2.2 M KOH.

SSAwas used as an alternative activator for BFS to form grout slurries, reaching approximately
24 MPa [145]. BFA and black RHA-based grouts were successfully activated with SSA and
SHAreaching 24.31 MPa, 22 MPa, respectively, after 28 days of curing at ambient temperature
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and 95% RH (both exceeding the reference KOH-activated grout) [49]. In this study, WSA was

also tested as an alternative alkali activator, but did not exhibit good performance (9 MPa).

Peys et al. [132] investigated the possibility of using maize cob and maize stalk ashes to
activate MK. The pastes were prepared by two-part and one-part activation. However, the MK
binder produced with ash solutions as activators exhibited instability in water and low
strengths. The application of maize ashes as an activator in powder form for producing one-
part pastes was successful. Tested compressive strengths at 7 days were in the interval
between 27 MPa and 40 MPa, depending on the ash-to-MK ratio (0.9-1.2) and curing regime
(open: 48h at 60°C and 80°C; wrapped: 48h at 80°C; pre-cured 24h at 20°C and then opened
for 48h at 80°C).

Despite the Peys et al. conclusion that ash solutions are not suitable for producing AAMs, the
work conducted to extract potassium hydroxide from biomass ash for biodiesel production
suggests that optimal extraction conditions may vary [146]. Therefore, it could be of interest
for the development of AAMs activated with biomass ash to evaluate the different ash
dissolution conditions and then compare the effectiveness of one-part and two-part activation
technologies. Key parameters for the potassium extraction in water that should be investigated
are the ash-to-water ratio, the extraction duration and the temperature at which the extraction
is conducted [134,146]. Furthermore, in a study on activating BFS with olive stone biomass
ash (alkali source) and rice husk ash (silica source), it was confirmed that AAMs can be
produced from water solutions of these ashes. The compressive strength at 28 days and 90
days was 46 MPa and 67 MPa, respectively, under a curing regime with elevated temperature
[143].

There are several advantages of one-part over two-part alkali-activation with biomass ashes.
Avoiding the dissolution of ashes in water makes the processing easier by removing one step
in activator preparation. Furthermore, potential health and safety issues due to working with
highly caustic alkaline solutions are avoided. Finally, because the dissolution of ashes and
polymerisation reactions occur simultaneously, the dissolved ions are consumed immediately,
and it can be expected that this will increase the rates of both dissolution and polymerisation
to achieve system equilibrium. However, the influence of the undissolved fraction may
influence the mechanical properties [132]. To the author's knowledge, this has not been
addressed yet in the literature for this specific case, although it is discussed as a filler effect of

undissolved ash in [58].

According to the literature review, ABA was identified as the most effective activator for BFS
compared to other precursors (fly ash and MK). The performance of these AAMs has been

tested on paste and mortar samples.
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The AAMs were usually mixed by one-part alkali-activation [58,69,131], i.e., without previous
dissolution of ABA in water [28]. However, some authors reported using dissolved ABA for the
preparation of AAMs with [147] and without [144] filtering the suspension. To the best of the
author's knowledge, there are no studies on the optimal dissolution time of the ABA activator
prior to mixing and its influence on the AAMs properties. Some studies reported drying and/or
milling as ash pretreatments [58,69,131,144,148], while there is no research on untreated ABA
in AAMs.

The chemical composition of the examined ashes revealed high contents of K,0, e.g., 61.78%
in CHA [149], 32.16% in OBA [58], 31.81% [133] and 19.88% [144] in HBA, 36.67% in SSA
[145] and 21.37% in SHA [148]. Furthermore, some of the ABA analyses showed the moderate
to high CaO content (12-18% in SHA and SSA [148], 27.77% in OBA [58,69]). In the published
research, the ash content was usually determined as an addition (5-30%) [147,69,144] and as
a partial replacement (15-35%) by mass of precursor [147,69,134]. Alternatively, ABA was
added to reassemble different molarities of activator solutions [58]. A range of liquid-to-solid
(I/s) ratios was used for paste formulations (0.32-0.45) [134,144]. In mortar formulations, w/b
ratio was 0.40 [69,150].

The curing regimes varied across studies, with curing temperatures in the first 24 hours ranging
from 20°C to 85°C (typically 65°C for most studies) and durations between 4 to 48 hours
[568,69], followed by post-curing (after demoulding) at either ambient (18-23°C, 55-100% RH)
[68,134,144,149] or elevated (65°C) conditions for 7 days [69,133,131]. Therefore, the
reported compressive strengths are various, from 22.1 MPa at 28 days of ambient curing [144]

to 45.2 MPa after 7 days of curing at 65°C [131]. The ABA-activated AAMs exhibited

comparable or superior performance to the reference mixes, which were activated with
commercial KOH or NaOH [58,134,150,131,149]. For example, OBA-activated BFS paste
samples resulted in compressive strength of 29 MPa after 7 days of curing and outperformed
the reference mixes activated with the 4M water solution of commercial KOH (16.9MPa) [58].

Summarised findings on the use of ABA in AAMs technology are presented in Figure 17.
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Figure 17. ABA in the AAM technology - summarised findings of the literature review

2.7.2.1 Sunflower husk ash as alkali source

The published research on sunflower-originated biomass ashes includes sunflower stalk ash
(SSA), sunflower hull or husk ash (SHA), also denoted as sunflower shell fly ash (SSFA)
[148,145,49,151,152]. Several papers are focused on the development of grouting slurries by
activating BFS [148,145,49]. Grouting mixes with SSA and SHA were cured at 20°C and
95%RH, reaching higher 28-day compressive strength than reference mixes as well (24.88
MPa - SSA, 21.27MPa - SHA, 9.58 MPa - KOH and 11.59 MPa - NaOH) [148]. SSA was also
successfully used for the activation of the BFS and black rice hull ash grouts [49]. The obtained
results met the requirements of grouting engineering [49], with SSA-activated samples
demonstrating significantly higher compressive strength compared to the samples activated
with conventional activators (KOH, NaOH). The same group of authors tested changes in
setting time and workability of the slurries [49,148], as well as microstructure by X-ray

diffraction (XRD) [49,148,145] and pore structure by mercury intrusion porosimetry [145]. The
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analysis of heavy metal leaching from slurries after 28 days of curing indicated that formed
hydration products can promote the immobilisation of heavy metals with the formed C-(A)-S-H
gel [49].

SSFA was also used to produce paste samples by activating ladle slag in the research of
Nikolov et al. [152]. The results showed that the compressive strength of 30 MPa can be
achieved by adding 10% of SSFA, by mass of ladle slag, while higher contents resulted in a

decrease in compressive strength.

2.8 Conclusions and definition of research gap

Based on the literature review, it can be concluded that the properties of AAMs activated with
ABA have predominantly been investigated on pastes or mortars. Previous studies have
examined reaction kinetics, microstructural development, setting time, fresh-state behaviour,
mechanical performance, and durability-related properties such as porosity and water
absorption. Additionally, five scientific publications analysing SHA as an activator were
identified. Although different curing regimes have been explored, these investigations were
mostly limited to early ages, typically up to 7 days, unless ambient curing was applied. No
studies were found on concrete mixtures of this type, nor any assessment of the durability
properties of alkali-activated systems incorporating SHA. The following experimental

programme was designed to address the existing research gap.
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3. EXPERIMENTAL RESEARCH

The experimental research was designed to achieve the objectives of the doctoral thesis and
address the defined research gap. An experimental programme was established, comprising
the selection, procurement, preparation, and characterisation of the component materials; the
determination of mix designs for pastes, mortars, and concretes; the selection of mortar and
concrete properties used to assess the feasibility of applying alkali-activated composites with
a reduced activator content and with SHA as a replacement for hydroxide activators; and the

definition of the shape, dimensions, and number of samples for testing.

Experimental testing was predominantly conducted in the Laboratory of Materials and
Laboratory for Advanced Testing of Materials, Faculty of Civil Engineering, University of Zagreb
(Phase 1 and Phase 2), Croatia, and the Laboratory for Testing of Construction Materials,
Department of Civil Engineering (Phase 1, 3 and 4), Faculty of Technical Sciences, University
of Novi Sad, Serbia. FTIR analysis was conducted in the Laboratory for Materials in Cultural
Heritage, Faculty of Technology Novi Sad, University of Novi Sad, Serbia (Phase 4). Chloride
migration tests were performed in the Laboratory for Concrete, The Centre for Materials, IMS
Institute, Belgrade, Serbia. Resistance to accelerated carbonation of concrete was tested in

the Laboratory for Materials, Faculty of Civil Engineering, University of Belgrade (Phase 4).
Raw materials were obtained as donations or provided by the Laboratory at the Faculty of Civil
Engineering, University of Zagreb and the Laboratory at the Faculty of Technical Sciences,
University of Novi Sad.

3.1 Experimental programme

The experimental programme was divided into four phases:

Phase 1: Material characterisation (GGBFS and SHA),

Phase 2: Design of the reference concrete mix with reduced activator content,

Phase 3: Development and optimisation of sunflower-husk ash-activated binder,

Phase 4: Comparative analysis of the performance of concrete activated with conventional and

alternative alkaline activators.
The results and conclusions from each phase were used as input for the next one.

The first phase of the experimental research was the characterisation of component materials

GGBFS and SHA, in terms of their physicochemical and physical properties.
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The second phase of experimental research focused on designing reference alkali-activated
concrete (AAC) mixes with a lower ecological footprint, using GGBFS and conventional

chemical activators — sodium hydroxide and sodium silicate.

Ten AAC mixes with lower to moderate activator content were prepared, and the influence of
critical parameters on slump and compressive strength was analysed. The varied critical

parameters were:
e w/bratio (0.42, 0.44, 0.45, 0.47),
e alkali content (2.5 - 5.0),
e silica modulus (0.15 - 1.14).

Three optimal reference mixes were selected based on satisfactory workability and achieved
compressive strength classes of C25/30, C30/37, and C40/50. To assess the influence of lower
activator content of AAC, selected mixes were additionally tested for durability properties
(water penetration under pressure, resistance to chloride penetration, and carbonation
resistance). Finally, the reference mix for the comparative analysis with SHA-activated

concrete was selected (mix R5).

The third phase aimed to assess the feasibility of using SHA as an alternative alkali hydroxide
activator for GGBFS and obtain the mix design for concrete activated with SHA and sodium
silicate. The first set of mortar mixes was designed to optimise SHA content, curing conditions,

and mixing technology. The following parameters were varied:
e w/b ratio (0.42, 0.45, 0.5),
e SHA content (15, 25, 35 wt% GGBFS),
e Curing regime (ambient curing and curing at 65°C),

¢ Mixing technology (one-part alkali activation - no immersion of SHA in water, two-part

alkali-activation with immersion durations of Oh, 1h, 6h and 24h).

Optimal w/b ratios were selected for further research based on workability and compressive
strength. Mortar mixes with selected w/b ratios were then further tested to evaluate the
influence of SHA content and curing regimes on consistency and compressive strength at 7
and 28 days of curing, as well as on phase assemblage and reaction products in the paste
samples. Finally, the optimal mix based on SHA content and curing regime was selected and

tested across different mixing procedures to optimise the mixing process.

Trial mortar mixes containing SHA or SHA and sodium silicate and crushed limestone

aggregate (0-4 mm) were designed. The mixes were prepared to test the Phase 4 mix design
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for workability and compressive strength. This was achieved by the determination of Ms to
reassemble the reference concrete mix and by varying the w/b ratio (0.45, 0.47, 0.5) to account
for the potential changes in workability due to the use of aggregate with a high content of small

particles.

The flowchart of the experimental Phase 3 is given in Figure 18.
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Figure 18. Flowchart of experimental Phase 3

The fourth phase investigated the effect of replacing sodium hydroxide with SHA in concrete
activated with alkaline hydroxide or hydroxide and silicate on the following mechanical and

durability properties:
e setting time on pastes with a mix design corresponding to concretes,
e compressive strength after 2, 7, 28, 56 and 90 days of curing,
o tensile strength after 28 and 56 days of curing,
e modulus of elasticity after 28 and 56 days of curing,
e water permeability under pressure after 28 days of curing,
e capillary sorption after 28 days of curing,
e porosity,
e shrinkage,
e carbonation resistance,

e resistance to chloride penetration.
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3.2 Materials

3.2.1 Phase 1 - Characterisation of component materials

The component materials tested in Phase 1 included:
e Precursor: GGBFS, supplied by:
- Lafarge, Serbia (Phase 3 and 4);
e SHA, supplied by VictoriaOil, Sid, Serbia.

GGBFS provided by Ecocem, Benelux, for application in Phase 2 is commercial slag, provided
ready for use and extensively characterised in the literature [117,119]. GGBFS used in Phases
3 and 4 was received untreated and therefore air-dried, and milled in a laboratory mill to obtain
the specific surface area of approximately 500 m?/kg (Figure 19). SHA was used as received

(Figure 19), without any pretreatment.

Figure 19. GGBFS after milling and SHA as received

3.2.2 Phase 2 - Optimisation of the reference concrete mix with reduced
activator content
The following component materials were used:
e GGBFS, Ecocem, Benelux, Netherlands;
e Sodium hydroxide pellets, p.a., Gram-mol, Croatia;
e Sodium silicate, GEOSIL 34417, produced by Woellner, Germany;

¢ Crushed limestone (dolomite) aggregate, Holcim, quarry Ocura, Croatia.
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The sodium hydroxide pellets were of analytical grade, used as a water solution at a ratio of
50-50%. The commercially available sodium silicate solution Geosil 34417 had a molar ratio
of 1.7 and the following chemical composition: Nax0=16.7%, Si0,=27.5%, H.0=55.8%. The
real densities of the component material are presented in Table 2. The grading and water

absorption of the aggregate fractions are given in Appendix 1.

Table 2. Real densities of component materials used in Phase 2

Material Real density [kg/m3]
GGBFS 2830.0
Sodium hydroxide pellets 2130.0
Geosil 34417 1550.0
Limestone aggregate 2650.0

3.2.3 Phase 3 - Development and optimisation of sunflower husk ash-activated

binder

The materials used in this phase are:

- SHA, provided by VictoriaOil, Sid, Serbia,

- GGBFS, provided by Lafarge, Serbia,

- Sodium silicate, GEOSIL 34417, produced by Woellner, Germany

- Quartz sand

- Crushed limestone aggregate, fraction 0/4, lva Agrar, quarry Ostres, Serbia.
Characterisation of GGBFS and SHA is provided within the results of Phase 1.

Table 3. Real densities of component materials used in Phase 3

Material Real density [kg/m3]
Geosil 34417 1550.0
Quartz aggregate 2650.0
Limestone aggregate 2700.0
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3.2.4 Phase 4 - Comparative analysis of the performance of concrete activated

with conventional and alternative alkaline activators

The following materials were used to produce AACs:

- GGBFS, Lafarge, Serbia;

- SHA, VictoriaOil, Sid, Serbia;

- Sodium hydroxide pellets, p.a., Betahem, Serbia;

- Sodium silicate, GEOSIL 34417, produced by Woellner, Germany;

- Crushed limestone (dolomite) aggregate, Iva Agrar, quarry Ostres, Serbia.
Properties of GGBFS and SHA are provided within the results of Phase 1, while the properties
of sodium silicate are the same as in Phase 2. Real densities of sodium hydroxide and

aggregate are presented in Table 4. The grading and water absorption of the aggregate

fractions are given in Appendix 1.

Table 4. Real densities of component materials used in Phase 4

Material Y [kg/m3]
Sodium hydroxide pellets 2130.0
Limestone aggregate 2700.0

3.3 Mix design

3.3.1 Phase 1 - Characterisation of component materials

The characterisation was conducted on powder samples of GGBFS and SHA.

3.3.2 Phase 2 - Optimisation of the reference concrete mix with reduced

activator content

The mix proportion was calculated based on the absolute volume of 1m? of the AAC mix, with
a constant slag content of 375 kg/m? for each mix and different w/b ratios. The total amount of
water was calculated as the sum of water from activators and extra fresh water added. The
total amount of binder in the w/b ratio represents the sum of GGBFS and solid compounds of

activators.
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Ten mix designs are presented in Table 5. The mixes are denoted as R (reference), numbered
1-10. The alkali content was calculated as the sum of Na,O in NaOH and sodium silicate,
expressed as weight per cent (wt%) of GGBFS. The Ms was calculated as the molar ratio of
Na2O from NaOH and sodium silicate and SiO; in sodium silicates. Solid components in the
activators were calculated as the sum of NaOH pellets and the sodium silicate’s solid

component.

Four of the ten mix designs were developed based on the RILEM Round Robin test mix SN3
[24], with modified w/b ratios (R1 and R2) or with modified w/b ratios along with Na,O content
and Ms (R3 and R4). In other mixes, these parameters were chosen as potential thresholds
for slump and compressive strength, based on the literature [23]. R5, R6, and R7 mixes with
w/b=0.42 were designed to test the impact of varying Ms from 0.42 to 1.03, coupled with Na20
content below and above 4%. Furthermore, mixes R8, R9 and R10 had constant w/b=0.45,
Ms=1.03 and Ms=1.14, along with different Na>O contents — from 3.5%- 5%- to investigate the
effect of >4% with Ms=1 and higher w/b=0.45. The aggregate grading curve was defined
according to the EMPA curve, with a fine-to-coarse aggregate ratio of 1:1.5 for each mix and a
maximum aggregate size of 16 mm. The water correction was conducted based on the

aggregate's humidity and absorption.

Mixes R1-R6 are considered to have lower activator content, while mixes R7-R8 have
moderate activator content and were designed as references to assess the influence of critical

parameters for Ms=1.
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3.3.3 Phase 3 - Development and optimisation of sunflower husk ash-activated

binder

Mortar mixes were designed with constant GGBFS content, while SHA content was varied: 15,
25 and 35 wt% GGBFS. All mixes had a w/b ratio of 0.45, and the binder was calculated as
the sum of the precursor and the soluble fraction of the SHA, assuming that the entire
potassium oxide content was dissolved and contributed to the alkali activation. The mass of
the soluble SHA content was previously determined by dissolving SHA in water. The
aggregate-to-binder ratio was 3, with the undissolved fraction of SHA included in the total
aggregate mass. The mass proportions of the individual fractions were adopted in accordance

with those used for a standard cement mortar.

Paste mixes were prepared with the same material ratios as mortar mixes, with the omission

of the aggregates.

A detailed mix design for w-b=0.45 is provided in Table 6. The mixtures were labelled based
on their composition. The paste mixtures were designated as P15, P25, and P35 - the letter
“P” denotes pastes, while the numbers 15, 25, and 35 represent the added SHA content wt%
GGBFS. Similarly, the letter “M” denotes mortar mixtures, following the same numerical

convention, resulting in designations such as M15, M25, and M35.

Table 6. Mix design of pastes and mortars for Phase 3 of the experimental research

GGBFS SHA SHA’ SHA” Water Quartzsandfraction (mm)

i (9) (9) @ (9 (9 0.008-  0.16-0.5 0.5-  1.0-
0.16 (9) (9) 1.0(g9) 2.0(g)

Pastes

P15 400 60 27 33 192 - - - -
P25 400 100 45 55 200 - - - -
P35 400 140 63 77 208 - - - -
Mortars

M15 400 60 27 33 192 277 139 416 416
M25 400 100 45 55 200 285 142 427 427
M35 400 140 63 77 208 292 146 438 438

SHA’ - SHA dissolved in water; SHA” - mass of SHA undissolved in water
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3.3.4 Phase 4 - Comparative analysis of the performance of concrete activated

with conventional and alternative alkaline activators

The AAC mix chosen as the reference mix for this phase in Phase 2, based on the
performance, was denoted as R (reference) mix. AAC mix with the substitution of NaOH with
SHA was denoted as SHA-S. The mix containing only SHA as an activator was labelled SHA25,
where 25 denotes the SHA content, by mass of GGBFS.

The mix design of the mix R was calculated as for the mixes in Phase 2.

Mix SHA-S was designed to reassemble the mix R, i.e., it had the same amount of GGBFS
(375 kg/m?3), w/b ratio, and targeted alkali content and silica modulus. Alkali content was
calculated as the sum of dissolved K>O from SHA and Na;O sodium silicate, expressed as
wt% GGBFS, assuming that the dissolved portion of SHA is K2O. The Ms was calculated as
the molar ratio of K2O in SHA and Na>O from sodium silicate to SiO- in sodium silicate. The
total amount of water was calculated as the sum of water from activators and extra fresh water
added. Solid components in the activators for the binder calculation were calculated as the
sum of dissolved K>O from SHA and solids from sodium silicate. The undissolved fraction of
the SHA was included in the fine aggregate fraction (0-4 mm). Based on the results of the
SHA dissolution in water conducted in Phase 1 and the restraint on the fine particle content in
concrete, this fraction was 42.5%. The aggregate grading curve was designed to match that of
the aggregate used in Phase 2, with a fine-to-coarse ratio of 1:1.5 and a maximum aggregate
size of 16 mm. The water correction was conducted in accordance with the aggregate's

humidity and absorption.

The w/b ratio was 0.5 in all mixes, due to the low workability of mixes with SHA at lower w/b

ratios. Mix designs of the mixes R, SHA-S and SHA25 are presented in Table 7.
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3.3.4.1 Mix design calculations

An example of the mix design calculation for the AAC with a conventional alkaline activator is

presented for the mix R5.

Mass proportions of aggregate fractions were chosen so that the grading curve of the

aggregate mix represents the EMPA grading curve:
- Fraction 0/4 mm — X04=41%
- Fraction 4/8 mm - X45=20%
- Fraction 8/16 mm - Xg16=39%

Aggregate mass was calculated from the absolute volumes of the component materials in 1

m?3 of concrete.

m; Mgy Mgs My My
+ + + + +Ap =1

Yzs VYSH,s YSSs Yws Yas

375 30 22.82 140 my
+ + + +
2730 1560 1550 1000 2650

+0.01=1

m,= 1746 kg/m3
Mass of each aggregate fraction:
~  Fraction 0/4 mm - mos = 724 kg/m?
- Fraction 4/8 mm - mys = 341 kg/m3

- Fraction 8/16 mm - mg/16 = 681 kg/m?3

Designed fresh-state density:

375+ 30 +22.82 + 140 + 1746 = 2313 kg/m?3

The grading curve for the aggregate mix is presented in Figure 20.
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Figure 20. Grading curve of the aggregate (Ym) and reference curves (EMPA and Fuler)

AAC mixed with SHA as a hydroxide activator is presented in the following section.

Mass proportions of aggregate fractions were chosen so that the grading curve resembles the
curve from Phase 2:

- Fraction 0/4 mm - Xo4=53%
- Fraction 4/8 mm - X45=13%
- Fraction 8/16 mm - Xg/16=34%

Aggregate mass was calculated from the absolute volumes of the component materials in 1

m?3 of concrete.

my MSHA mss Myy
+ + +

ma
+ +Ap =1
Yzs VYSHA,s VYSSs Yw,s Yas

375 93.75 23 189 my,
+ + + +
2730 2200 1550 1000 2650

+0.01=1

m,= 1650 kg/m3
Mass of each aggregate fraction:
- Fraction 0/4 mm - my4 = 869 kg/m?3
- Fraction 4/8 mm - mys = 214 kg/m?3
- Fraction 8/16 mm - mg/1s = 567 kg/m?
Designed fresh-state density:

375 +93.75 + 23 + 189 + 1650 = 2330 kg/m3
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The grading curve of the aggregate mix is presented in Figure 21.
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Figure 21. Grading curve of the aggregate for the AAC mixes R and SHA-S (Ym) and reference
curves (EMPA and Fuler)

The sieving and humidity of the aggregate used for concrete mixes were determined during

the characterisation phase, while the real density was provided by the manufacturer.

3.4 Mixing, casting and curing

3.4.1 Paste and mortar mixes

The reference mixing procedure involved using dry SHA, without prior immersion of SHA in
water. In this procedure, GGBFS and SHA were manually dry-mixed and added to aggregates.
Three solid components were then manually homogenised, after which they were added to
water and mixed in the mixer at high speed for five minutes. The same procedure was followed
for paste preparation, but without the addition of the aggregate. Additionally, several
procedures were applied, varying the immersion time of SHA in water, to assess the influence
of alkali (primarily potassium) pre-dissolution from SHA on the workability and compressive
strength of the resulting mortars. The first step in these procedures was to immerse the SHA
and keep itin the water for a different period. The GGBFS and aggregates were dry-mixed and
then mixed with SHA and water suspension immediately (Oh) and after 1, 6, and 24 hours of
immersion. The mixing procedures for assessing the influence of activator preparation on
mortar properties are summarised in Table 8. Procedures are marked as Mx,y where x denotes
the SHA content in the mix chosen for testing, based on the optimal workability and

compressive strength performance. The duration of SHA immersion in water is denoted by y.
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Table 8. Mixing procedures for assessing the influence of activator preparation on the mortar

properties
Procedure _ Step 1 _S?ep 2: _ .Step 3: Step 4.
immersion dry-mixing, manual mixing, manual mixer
GGBFS +
SHA immersed GGBFS +
) aggregate +
Mx,0h just before GGBFS + aggregate aggregate + SHA SHA
binder mixing suspension _
suspension
SHA was
Mx,1h immersed in
water for 1h
SHA was GGBFS + aggregate + SHA
Mx,6h immersed in  GGBFS + aggregate suspension
water for 6h
SHA was
Mx,24h immersed in

water for 24h

The mortar samples were cast in prism metal moulds (40x40x160mm) and kept in sealed in
polymeric films to prevent moisture loss for 24 hours. Paste samples for testing microstructure

were cast in metal moulds with dimensions 5x5x60mm and also cured sealed.

The influence of elevated-temperature curing was assessed on mortar mixes with different
SHA content, used dry without immersion in water. After 24 hours in moulds, samples were
subjected to two different curing regimes. One set of samples was demoulded and cured at an
ambient temperature (TA). In contrast, the other set was cured in moulds for 5 days at 65°C
(T65), then demoulded and cured at ambient temperature until the day of testing, to investigate
the influence of elevated-temperature curing on compressive strength at 7 and 28 days. The
two regimes were conducted for samples tested for microstructure analysis (TGA and FTIR)
and compressive strength at 7 and 28 days. Samples tested at 2 days of age were not

subjected to the elevated temperature. Summarised curing regimes are given in Table 9.

Table 9. Curing regimes of paste and mortar samples

Until the day of

Day of testing Curing regime First 24h 5 days testing

2,7,28 TA sealed, ambient temperature

7.28 T65 sealed, ambient sealed, 65°C sealed, ambient
temperature temperature
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3.4.2 Concrete mixes

The mixing procedure and curing were conducted according to the recommendations in the
RILEM Round Robin tests [78] and the specification PAS 8820:2016, Construction materials.
Alkali-activated cementitious material and concrete, published by the British Standards
Institution [153]. Aggregates and GGBFS were mixed for 1 minute. After that, sodium silicate
and sodium hydroxide were continuously added, respectively, and mixed for 2 minutes in a 50

| concrete mixer. Water was added next and mixed for 4 minutes.

After casting, the samples were covered with plastic sheets to prevent excessive drying of the
top surface. After 24h, samples were demoulded, wrapped in polymeric films to prevent

moisture loss, and cured sealed in laboratory conditions until testing.

The mixing procedure for the reference mix was the same as described in Phase 2 of the
experimental programme, with one additional step prior to mixing. Before adding the binder
components to the mixes SHA25 and SHA-S to enhance workability due to the high proportion
of small particles in the aggregate, the aggregate was saturated with water calculated based
on the absorption of the aggregate and mixed for 3 minutes. After that, aggregates stayed in

the closed mixer for 10 minutes to absorb the water.

Mix SHA-S was further mixed the same way, but the SHA was added at the beginning of the
process, along with GGBFS, to the aggregates, and mixed for 1 minute. After that, sodium
silicate was added and mixed for 2 minutes in a 50 L concrete mixer. Water was added next
and mixed for 4 minutes. The same mixing procedure was followed for SHA25, without the

addition of sodium silicate.

Examples of cast concrete samples in moulds and samples sealed for curing are presented in

Figure 22 and Figure 23, respectively.

The samples were demoulded and cured sealed, as described in Phase 2, until the day of

testing.
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Figure 23. Samples in the moulds after casting

3.5 Testing methods

3.5.1 Characterisation of component materials

To characterise GGBFS and SHA in Phase 1, the following properties were tested:
¢ Physicochemical properties:
- Chemical composition,
- Functional groups,

- Mineralogical composition,
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- Solubility of SHA in water.
e Physical properties:
- Particle morphology and shape of SHA,
- Particle size distribution (PSD),
- Specific surface area,
- Real density.

The chemical compositions were obtained by X-ray fluorescence (XRF) and energy-dispersive
X-ray spectroscopy (EDX). The samples for XRF were prepared according to the standard
method. EDX analysis was conducted in the Biosense Institute laboratory with a scanning
electron microscope Apreo 2C, Thermo Fisher Scientific, USA, using an accelerating voltage
of 20 kV and a probe current of 0.4 pA.

Chemical compositions and functional groups were analysed by Fourier-transform infrared
(FTIR) spectroscopy. The FTIR analysis was conducted on a powder sample using a mobile
Alpha Bruker Optics (BRUKER OPTICS, Germany) FTIR device in ATR (Attenuated Total
Reflection) mode with a diamond crystal. The wavenumber range was between 400 and 4000

cm™'. The obtained spectra were analysed using the Spectragryph software.

Mineralogical composition was determined by X-ray diffraction (XRD) of powder, in the

laboratory of Lafarge BFC d.o.o., Serbia, using Bruker D4 Endeavour.

Scanning electron microscopy (SEM) was conducted in the Biosense Institute laboratory with
a scanning electron microscope Apreo 2C, Thermo Fisher Scientific, USA. SEM imaging was
performed using an in-lens T1 detector in OptiPlan mode at an accelerating voltage of 1 kV
and a probe current of 0.1 pA. Micrographs were acquired at magnifications 5000%, 10000x,
and 25000x.

PSD was determined in the Lafarge laboratory in Serbia using a Mastersizer 2000 (Malvern

Panalytical, United Kingdom).

The real density of GGBFS and SHA is determined by Method A, described in SRPS
1936:2009 [154]. Specific surface area was measured with the Blaine air permeability method,
in accordance with SRPS EN 196-6: 2019 [155].

The solubility of the ash was determined by immersing SHA in water at a 1:2 ratio for 5 minutes
at ambient temperature, while stirring to simulate mixing. To determine the influence of higher
temperature and longer dissolution period, SHA was also immersed for two hours at 65°C. The
sample was filtered, and the insoluble fraction was dried at 105 °C to a constant mass and

expressed by mass of SHA.
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3.5.2 Paste and mortar mixes

The following properties were tested on mortar samples:
o fresh-state properties:
- consistency;
¢ hardened-state properties:
- compressive strength;
¢ influence of immersion time on SHA dissolution:
- potassium leaching;
- alkalinity.
Paste samples were used to analyse:
e functional groups;
e reaction products. Fresh-state properties
The consistency of mortar mixes was tested using the flow table test, in accordance with the
standard procedure described in SRPS EN 1015-3:2008 [156]. After mixing the components
and preparing the mortar, the mean flow diameter was determined as the arithmetic average

of the spread diameters measured in two perpendicular directions. The flow table test is shown

in Figure 24 and individual measurements are given in Appendix 5.

Figure 24. Measurement of the consistency of mortars by the flow table test
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3.5.2.1 Hardened-state properties

The compressive strength of mortar mixes was tested at 2, 7, and 28 days, in accordance with
SRPS EN 196-1:2017 [157], for three samples per batch. The example of a compressive
strength test is shown in Figure 25. Individual measurements of the compressive strengths of
mortars are given in Appendix 6.

Figure 25. Testing of compressive strength of mortar samples

Phase composition and reaction products

Paste samples with varying SHA content and two curing regimes were used to determine
phase composition and reaction products after 28 days of curing. Phase composition in pastes
was analysed using thermogravimetric analysis (TGA), derivative thermogravimetric (DTG)
analysis and FTIR spectroscopy. TGA and DTG were performed on pastes, using the Labsys
evo DTA/DSC1150 (Setaram). To prepare samples, the paste prisms were crushed and dried
in an oven for 2 hours at 65°C. After cooling to an ambient temperature, pastes were ground
to a fine powder in an agate mortar and immediately tested. Approximately 30 mg of the
sample was heated from 30°C to 1000°C at a constant rate of 10°C/min under an argon
atmosphere. The samples were tested at 2, 7 and 28 days of age, according to the curing
regimes described in Table 9. FTIR spectroscopy was conducted on paste samples at 2, 7,
and 28 days of age. The analysis was conducted using a mobile Alpha Bruker Optics (BRUKER
OPTICS, Germany) FTIR device in ATR (Attenuated Total Reflection) mode with a diamond
crystal. The wavenumber range was between 400 and 4000 cm— 1. The obtained spectra were

analysed using the integrated OPUS software developed by BRUKER.

57



Chapter 3 Experimental research

Influence of immersion time on SHA dissolution

The influence of the immersion time on SHA dissolution was analysed by monitoring pH of
SHA solution and by analysing the potassium leaching. Alkalinity of the SHA solution was
measured after immersion of the SHA in water to resemble the different mixing procedures
given in Table 8. The water-to-SHA ratio was the same as that for the mortar chosen for optimal
performance. After the immersion, the solutions were filtered, and their pH values were
measured by pH meter Edge HI2020-02 (Hanna Instruments, Woonsocket, RI, USA). The
dependence of the potassium leaching on the described immersion times of SHA was
quantified by an ion chromatograph Thermo Scientific DIONEX ICS-5000+, by dissolving 20g
of SHA in 200ml of water.

3.5.3 Concrete mixes

The following properties were tested on AAC mixes:

o fresh-state properties:

setting time of the corresponding pastes (Phase 4),
- temperature (Phase 2, Phase 4),
- consistency (Phase 2, Phase 4),
- air content (Phase 2, Phase 4),
- density (Phase 2, Phase 4);
e hardened-state properties:
- physical properties

= density (Phase 2, Phase 4);

porosity (Phase 2, Phase 4);

= phase assemblage (Phase 4);

water absorption (Phase 4);

shrinkage (Phase 4);
- mechanical properties:

= compressive strength after 2, 7, 28 (Phase 2 and 4), 56, and 90 days
(Phase 4) days of curing,

= flexural strength after 28 and 56 days of curing (Phase 4);
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= modulus of elasticity (Phase 4)

e durability properties:
= water permeability under pressure (Phase 2, Phase 4);
= carbonation resistance (Phase 2, Phase 4);

= resistance to chloride penetration (Phase 2, Phase 4).

3.5.3.1 Fresh-state properties

To investigate the influence of SHA on setting time, paste specimens of identical binder
composition as AAC (without aggregates) were prepared and tested for initial and final setting
time, in accordance with SRPS EN 196-3:2017 [158].

The temperature of the concrete mixes was measured after mixing using a thermometer, in
accordance with SRPS EN 12350-1:2019 [159].

Consistency was measured by the slump test (Figure 26), following the procedure described
in SRPS EN 12350-2:2019 [160].

Air content was determined by the pressure method (Figure 27) defined in SRPS EN 12350-
7:2019 [161]. A known volume of fresh concrete was placed into a calibrated air-meter
container, the lid was clamped and pressurised, and the resulting pressure drop after

equalisation was used to calculate the percentage of entrapped air in the concrete.

The density of fresh concrete was determined by measuring the mass of concrete in a
container of known volume in accordance with SRPS EN 12350-6:2019 [162].

Measurements of fresh-state properties are given in Appendix 2 (Phase 2) and Appendix 7
(Phase 4).
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Figure 26. Example of a slump test of concrete Figure 27. Determination of the air
content of concrete by the pressure
method

3.5.3.2 Hardened-state properties
Physical properties

Density

The density of hardened concrete was determined in accordance with SRPS EN 12390-7:2019
[163]. The mass of hardened samples was weighed, and their volume was obtained by
geometric measurement. The density was calculated as the ratio of mass to the corresponding

volume.

Porosity

Mercury intrusion porosimetry (MIP) analysis was performed using the AutoPore IV 9500
2.03.00 instrument (Micromeritics Instrument), with a capacity of 206 MPa. MIP was used to
qualitatively compare the porosity and pore size distribution of three AAM mixes. The selected
concrete mixes were tested after 28 days of sealed curing and an additional 14 days under

laboratory conditions.

Phase assemblage

Hydration products of two mixes were analysed by TGA and DTG, using the Labsys evo
DTA/DSC1150 (Setaram). Parts of the samples used for compressive strength tests at 28 days
of curing were taken, and the hydration of the samples was stopped by immersion in

isopropanol for 7 days, followed by drying under vacuum and kept in a desiccator until the day
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of testing. Prior to testing, samples were crushed into powder and then immediately tested.
Approximately 30 mg of the sample was heated from 30°C to 1000°C at a constant rate of

10°C/min under an argon atmosphere.

Water absorption

Capillary water absorption of concrete was tested on cylindrical specimens with a diameter of
approximately 100 mm and a height of approximately 50 mm, in accordance with ASTM C1585
[164]. The samples were preconditioned for 3 days, at 50 °C and RH 80%. After this period,
the samples were placed in separate sealed containers for an additional 15 days. Before
starting the test, the side sample surfaces were covered with sealing material. Samples were
then placed on the supports in the pan, filled with water so that the water level is 1-3mm above
the sample height. The sample mass was recorded at 60s, 5, 10, 20, 30 and 60 minutes,
followed by measurement every hour. After 6 hours, the mass was recorded each day by the

end of testing. Individual water-absorption measurements are given in Appendix 9.

Shrinkage

Total shrinkage of concrete was determined in accordance with SRPS 12390-16:2019 [165]
using three prismatic samples measuring 100 x 100 x 500 mm. The length changes were
measured over stud gauges along the principal axis by using a digital length comparator
(Insize, China) with a measurement accuracy of 0.001 mm. Tests were conducted after 1, 3,
7, 14, 28, 42, 46 and 90 days of age. The representative value of the length change was
calculated as the arithmetic mean of the results obtained from three prisms. During testing, the
samples were kept in a humidity chamber at 20-22 °C and a relative air humidity of 53—-60%.
Additionally, length changes were measured on the sample surface using 50 mm long strain
gauges. After demoulding, one of the specimens’ surfaces perpendicular to the trowelled side
was mechanically roughened, prior to bonding of the gauges. Samples after preparation for
testing and testing setup are presented in Figure 28 and Figure 29, respectively. Measured

length changes and mass losses are presented in Appendix 9.
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Figure 28. Concrete samples prepared
for shrinkage testing - mix R

Figure 29. The setup for the shrinkage test - mix SHA-S

Mechanical properties

Compressive strength

The compressive strength was determined following the standard SRPS EN 12390-3:2019
[166], for the set of three cubic samples d=150 mm, per batch, after 2, 7, 28, 56 and 90 days
of sealed curing. The tests were carried out using a hydraulic press with a capacity of 3000
kN, and the loading rate was 0.4 Mpa/s. Before testing, the dimensions and mass of the
specimens were measured. The compressive strength test is shown in and the measurement

results of are provided in Appendix 3 (Phase 3) and Appendix 8 (Phase 4).

Flexural strength

The flexural strength test was conducted in accordance with SRPS EN 12390-5:2019 [167],
prismatic samples with dimensions of 100 x 100 x 400 mm after 28 and 56 days of curing.
Tests were performed using a hydraulic testing machine manufactured by VEB
Werkstoffprifmaschinen, with a capacity of 400 kN. The prisms were placed on two supporting
rollers with a diameter of 40 mm, positioned 50 mm from each end of the specimen, resulting
in a span of 300 mm. A loading roller with a diameter of 30 mm was placed on the top surface,
through which the load was applied as a concentrated force at mid-span. The load was

increased at a constant rate of 0.04 MPa/s. The testing setup is shown in Figure 30.

Modulus of elasticity

The static modulus of elasticity of concrete was determined in accordance with SRPS EN
12390-13:2021, on cylindrical concrete specimens at the 28 and 56 days of age. The test was
conducted under uniaxial compressive loading using a calibrated hydraulic testing machine

and a digital length comparator system to measure axial deformation. The loading was applied
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at a rate of 0.6+£0.2 MPal/s. Prior to testing, the specimens’ dimensions were measured to
determine the loaded cross-sectional area. According to method A, the preload stress was 0.5
MPa, the lower stress 0.1f., and the upper stress f./3. The testing setup is presented in Figure

31. The measured tensile strength and modulus of elasticity are presented in Appendix 9.

. ) Figure 31. Set up for testing the
Figure 30. Set up for testing the flexural strength of

modulus of elasticity of concrete
concrete samples
samples

Durability properties

Individual measurements of durability properties are given in Appendix 4 and Appendix 10, for

the Phase 2 and Phase 4, respectively.

Water permeability under pressure

The water permeability pressure was tested in accordance with SRPS EN 12390-8:2019 [168].
Three cubic samples, d=150 mm, were tested after 28 days of curing. Specimens were placed
in the testing apparatus (Figure 20), and water pressure was applied to one face of each
specimen, perpendicular to the concrete pouring direction. A constant water pressure of 0.5
MPa was maintained for 72 hours. After the test period, the specimens were split perpendicular
to the pressurised surface, and the maximum depth of water penetration was measured from
the wetted front. The highest measured penetration depth was taken as the test result for each
specimen. The experimental setup and an example of the samples after testing are presented

in Figure 32 and Figure 33, respectively.
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Figure 32. Set up for testing the water Figure 33. Example of the samples after exposure
permeability under pressure of the concrete to water under pressure
samples

Carbonation resistance

Resistance to carbonation was tested by the accelerated carbonation method, as described in
SRPS EN 12390-12 [169]. After 28 days of curing, prior to placing in the carbonation chamber,
unsealed samples were stored under laboratory conditions (i.e., 18-25°C and 50-65% RH) for
14 days. Carbonation depth was determined by the phenolphthalein spray method on two
samples of each mix after they were exposed to accelerated carbonation conditions for 7, 28
and 56 days, i.e., 3% CO; at 20°C and RH 57%. The samples were split and sprayed with
phenolphthalein. The samples in the carbonation chamber and the samples after 28 days of

exposure to accelerated carbonation are presented in Figure 34 and Figure 35.

Figure 34. Concrete samples in the carbonation Figure 35. Concrete samples after 28 days of
chamber exposure to accelerated carbonation
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Resistance to chloride penetration

Resistance to chloride penetration was determined by measuring the chloride migration
coefficient from non-steady-state migration after 28 and 56 days of curing, in accordance with
NT BUILD 492 [170]. Concrete specimens are cast in cylindrical moulds (diameter 100 mm
and height 200 mm), and after demoulding, they are stored sealed until testing. From each
cylinder, a 50 + 2 mm thick slice was cut using a water-cooled diamond saw. Prior to testing,
samples were pretreated by placing them in the vacuum container under approximately 5 kPa
for 3 hours. While maintaining a vacuum, the Ca(OH); solution was poured into the container
to fully cover the samples. The vacuum was then released, and the samples were kept
immersed for 18 hours. This set of three samples was placed in test cells and exposed to a
NaCl solution under an applied current. The voltage and duration of the test were determined
at the beginning of the test. After testing, the samples are split in half, sprayed with AQNO3 and
the penetration depth is measured. While the NT BUILD 492 standard specifies a value of cq
coefficient 0.07 N for PC concrete, a value of 0.21 N was used to account for pore solution
chemistry of AAMs and its effect on the chloride concentration at which the colour changes

during the colorimetric spray test [117]. The experimental setup is presented in Figure 36.

Figure 36. Set up for testing resistance to chloride penetration by non-steady-state migration
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Chapter 4 Results, discussion, and conclusions

4. RESULTS, DISCUSSION AND CONCLUSIONS

4.1 Phase 1 - Characterisation of component materials

Phase 1 of the experimental research was designed to assess the possibility of using SHA as

an alternative activator for GGBFS, by its characterisation. It corresponds to hypothesis 1:

H1: “The sunflower husk ash can be used as an alternative activator for synthesising slag-

based alkali-activated materials.”

4.1.1 Results

The chemical composition of GGBFS and SHA obtained by XRF is presented in Table 10.
Chemical composition of GGBFS indicates that it is a neutral slag with high content of SiOo,
(38.69%), CaO (37.19%) and 10.52% of MgO (Kb=(%CaO+%MgO)/(%SiO,+Al,03)=0.99) [76].
Slags with >5% MgO are considered to have moderate to high MgO content [171]. SHA
exhibited a very high K20 content (38%). Other dominant oxides in the SHA are CaO (14.29%),
SOs3 (13.53%), and MgO (10.46%). SHA also contains chlorine in a smaller percentage
(1.74%).

Table 10. Chemical composition of GGBFS and SHA

Oxide (%)

Material
SiO, cao Al,O3 Fes0; MgO SO; K,O Na>O Cl

GGBFS 38.69 37.19 9.51 0.47 10.52 217 083 0.41 -

SHA 1.75 14.29 0.59 0.21 1046 13.53 38.00 0.07 1.74

Elemental composition of SHA determined by EDX analysis at 20kV accelerating voltage and
0.4 nA probe current is presented in Figure 37. It confirms the XRF results: the dominant

element is K, followed by Ca, Mg, S. The spectrum also shows the presence of P and ClI.
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Figure 37. EDX spectrum of SHA

SEM image of SHA at a magnification of 25000x is presented in Figure 38. SHA particles

exhibited a rough surface and an irregular shape, with no signs of porosity.
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Figure 38. SEM image of SHA at a magnification of 25000x

XRD and FTIR spectra of GGBFS and SHA are presented in Figure 39, Figure 40 and Figure
41.

The XRD pattern of GGBFS (Figure 39) indicates an amorphous phase, with dominant melilite
peaks and smaller calcite and ferrite peaks. The Si-O-Si bonds at 924 cm™ and 478 cm are

visible in the FTIR spectra (Figure 41).

The XRD analysis of SHA (Figure 40) showed strong peaks of arcanite (A), sylvite (S), calcite
(C), chamosite (CH) and magnesium oxide (M), and less pronounced peaks of quartz (Q), lime
(L) and hematite (H).
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The presence of arcanite can be confirmed by high peaks in the FTIR spectra of SHA (Figure
41) at the wavelengths 1110 cm-' and 617 cm-' [152]. The absorption bands at 1401 cm' and

881 cm represent C-O symmetric stretching and out-of-plane bending vibrations, respectively.
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Figure 40. XRD pattern of SHA
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Figure 41. FTIR spectra of GGBFS and SHA

Absolute peak intensities and integrated peak areas at the main absorbance bands of the

GGBFS and SHA FTIR spectra are presented in Table 11.

Table 11. Absolute peak intensities and integrated peak areas at the main absorbance bands of the

GGBFS and SHA FTIR spectra

Wavelength [cm™] 924 856 676 478
Absolute [F;ej']( intensity 0,206 0200 0085 0262
COBFS '”tegrat‘[*: STak area 17.750 5158 1653  0.704
Wavelength [cm™] 1401 1110 881 617
Absolute peak intensity 0.240 0.494 0.087 0.371
SHA Integrat;-l:)-(]aak area
e 15.920 21750 0407 6333

The results of real density and specific surface area are shown in Table 12.

Table 12. Real density and specific surface area of GGBFS and SHA

Material Real density [kg/m?] Specific surface area [m?/kg]
GGBFS 2831.0 517.8
SHA 2200.0 610.0
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Table 13. Particle size percentiles D10, D50 and D90 for GGBFS and SHA

Particle size percentiles [pum]

Material
D10 D50 D90
GGBFS 1.02 5.50 51.33
SHA 1.06 10.50 110.58

The results of the PSD of GGBFS and SHA are presented in Figure 42. Based on the percentile

particle sizes (D10, D50, D90), the two materials show clear differences in fineness and particle

size spread. GGBFS exhibits significantly finer particles, with D10 = 1.02 ym and D50 = 5.50
pm. Therefore, the median particle size of SHA is twice that of GGBFS. SHA has a much
broader particle size distribution (D90 = 110.58 ym vs. D51 = 33.33 ym), indicating it contains
a larger fraction of coarse particles.
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Figure 42. Particle size distribution of GGBFS and SHA

The results on the solubility of SHA, presented as mass loss after dissolution in water, are

given in Table 14. After 5 minutes of immersion in water at ambient temperature, the mass loss

was 16%. Extending the immersion duration to 2 hours at 65°C increased the mass loss to

42.5%.

Table 14. Mass loss of SHA after dissolution in water under different conditions

Dissolution conditions

5 minutes, TA 2 hours, T65

Mass loss [%]

16% 42.5%
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4.1.2 Discussion

The XRF analysis of SHA showed a high potassium content of 38% by mass. Published
research on the activation of slag with sunflower-originated ashes reported a potassium
content of 36.67% [145], 21.37% [148], and the highest of 45.1%, 49.8% and 61.34% [152].
The XRD pattern and FTIR spectra showed that SHA is dominantly in the form of arcanite, a
moderately soluble salt. The presence of CaO corresponds with the formation of calcite, which
has low solubility in water. The MgO content of 10.46% could be beneficial for the durability

properties of AAMs.

The presence of chlorine is typical for biomass ashes [152]. Therefore, its content should be
taken into account when designing AAMs activated with the SHA to be within the prescribed

limit (total CI- content < 0.4 by mass of cement/binder).

The PSD results show that GGBFS has a finer, more uniform particle size distribution (D50 =
5.5 ym), which provides a higher specific surface area favourable for early-age reactivity. SHA
exhibits a significantly broader distribution with a larger median particle size (D50 = 10.5 pm)
and D90 exceeding 100 ym. The coarser fraction in SHA may reduce its dissolution rate.
However, when blended, the contrasting PSDs of SHA and GGBFS could complement each
other, with the finer GGBFS particles filling voids between coarser SHA particles, potentially

improving overall packing density.

The dissolution results indicate that SHA releases its soluble components gradually, with only
16% of mass dissolving within 5 minutes at ambient temperature. It can be concluded that
when SHA is added directly during mixing - where the effective contact time with water is limited
to the mixing duration - a significant portion of SHA remains undissolved at the time of casting.
At 65°C, the mass loss more than doubles to 42.5%, demonstrating that elevated temperature

significantly accelerates SHA dissolution.

4.1.3 Conclusions

Based on the analysis, the following conclusions on the characteristics of component materials
can be drawn:
e The main oxides detected in the analysed materials are:

- GGBFS: SiO,, (38.69%), CaO (37.19%), and a relatively high content of MgO
(10.52); it is a neutral-to-basic slag (Kb=0.99).

- SHA: K;0 (38%), CaO (14.29%), SOs (13.53%), and MgO (10.46%).
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e The chemical composition of SHA is suitable for alkali-activation.

e Potassium oxide is dominantly in the form of arcanite (K.SOs3), according to the XRD

pattern. Other significant peaks present calcite, sylvite, chamosite, and MgO.

e The presence of arcanite was confirmed by absorption peaks 1110 cm and 617 cm™"

and of calcite1401 cm™" and 881 cm™' in FTIR spectra.
¢ SHA particles have an irregular shape and rough surface and show no signs of porosity.

o GGBFS is significantly finer and more uniformly graded than SHA, while SHA shows a

coarser and much broader particle size distribution.

o The solubility of SHA in water increases by more than double with increasing the

dissolution duration and temperature of the water.

Material characterisation confirmed that SHA has satisfactory chemical and physical properties

to be used as an alternative potassium-rich activator in AAMs.

4.2 Phase 2 - Optimisation of the reference mix with reduced activator

content

The objective of Phase 2 was to design AAC mixes with reduced activator content and
satisfactory workability and compressive strength. The w/b ratio, alkali content up to
5%, and Ms up to 1.14 were varied across 10 mix designs. Three mixes with optimal
performance were further tested for durability properties. The best-performing mix was

chosen as the reference mix for Phase 4.

4.2.1 Results

4.2.1.1 Critical parameters for workability and compressive strength of alkali-

activated concretes with reduced activator content

The measured slump values and mix design parameters of mixes R1-R10 are presented in
Figure 43.

The results varied significantly, ranging from 27 mm (mix R2) to 212 mm (mix R10), within a
relatively narrow range of w/b ratios (w/b = 0.42-0.47). The mixes may be grouped into four
workability classes based on their slump values, according to SRPS EN 206 [172]. Mixes R2
and R3 had the lowest slump values (27 mm and 30 mm, respectively). Mixes R4, R5, R6, and

R7 fell within the S2-S3 range (50-78 mm), representing stiff-to-plastic consistency. Mixes R1
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and R8 attained slump class S3 (130 mm and 120 mm, respectively), while mixes R9 and R10
achieved the highest workability, with R9 at 157 mm (S4) and R10 at 212 mm (S4).
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Figure 43. Slump values and mix design parameters of AAC mixes

Mixes R1-R4, characterised by low silicate modulus (Ms < 0.22) and n(NaxO) < 3.5 wt%,
exhibited slump values ranging from 27 to 130 mm. Mixes R2 (w/b = 0.42, slump = 27 mm)
and R3 (w/b = 0.44, slump = 30 mm) produced virtually identical and very low slump values
despite differing in w/b, n(Na2O) content (3.5 vs 2.5 wt%), and Ms (0.22 vs 0.15). Mix R4 (w/b
= 0.47, n(Nax0) = 2.5 wt%, Ms = 0.15) recorded a slump of 50 mm, 20 mm higher than R3,
despite having the same activator composition. Mix R1 had a significantly higher slump than
mix R2 (130mm vs 27 mm), even though they had identical activator parameters (n(Na2O) =
3.5 wt%, Ms = 0.22).

Mixes R2, R5, R6, and R7 had w/b ratio of 0.42, Ms ranging from 0.22 to 1.03 and n(Na2O)
from 2.8 to 4.1 wt%. Within this group, slump values were 27 mm (R2), 55 mm (R5), 78 mm
(R6), and 75 mm (R7). Mix R6, with the lowest n(Na>O) content in the group (2.8 wt%) but the
second highest Ms (0.69), recorded the highest slump (78 mm). Mix R7, with the highest Ms
(1.03) and equal n(Na20) to R5 (4.1 wt%), recorded a slump of 75 mm - marginally lower than
R6 despite both higher Ms and higher n(Na»O) content.

Mixes R8, R9, and R10, all designed at w/b = 0.45 and Ms = 1.03, recorded the three highest
slump values in the experimental programme: 120 mm (R8), 157 mm (R9), and 212 mm (R10).
Within this group, slump increased consistently with increasing Na,O content at approximately
constant Ms and w/b. Mix R8 and mix R7 share the same Ms (1.03) but differ in w/b (0.45 vs
0.42) and n(Na2O) content (3.5 vs 4.1 wt%); R8 recorded a slump 45 mm higher than R7.

The compressive strength results at 2, 7 and 28 days are shown in Figure 44.
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Figure 44. Results of 2, 7 and 28 days compressive strength test of AAC mixes

When activator content was held constant, lower w/b produced higher compressive strength
at all ages: R2 (w/b = 0.42) recorded 28-day strength of 56.9 MPa compared to 38.3 MPa for
R1 (w/b = 0.44), and R3 (w/b = 0.44) outperformed R4 (w/b = 0.47) at all ages (33.3 vs 32.5
MPa at 28 days).

Within the w/b = 0.42 group, Na,O content was the primary determinant of strength at Ms <
1.0. Mix R5 (Na,O = 4.1 wt%, Ms = 0.42) recorded higher strength than R6 (Na,O = 2.8 wt%,
Ms = 0.69) at all ages despite R6 having a higher Ms, with 7-day strengths of 47.5 and 37.5
MPa respectively and 28-day strengths of 62.8 and 54.4 MPa respectively.

Raising Ms from 0.42 to 1.03 at constant w/b = 0.42 and Na,O = 4.1 wt% (R5 vs R7) increased
28-day strength from 62.8 to 75.1 MPa and 7-day strength from 47.5 to 63.8 MPa. Mix R7
recorded the highest 28-day strength in the dataset.

Mixes R8—R10 (w/b = 0.45, Ms = 1.03 - 1.14) achieved higher 7-day and 28-day strengths than
R5 and R6 (w/b = 0.42, Ms < 1.0), despite the higher w/b. Within R8—R10, increasing Na,O
from 3.5 to 5.0 wt% raised 28-day strength from 64.0 to 73.5 MPa.

The gain in compressive strength between 2 and 7 days was 22—-23 MPa for high-Ms mixes
(R7-R10, Ms = 1.03), compared to 8—13 MPa for lower-Ms mixes (R1-R6).

Based on the analysis of the results, three selected AAC mixes for testing durability and
porosity are R2, R5, and R7.
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4.2.1.2 Durability and porosity of selected mixes

Porosity

The results of MIP analysis are summarised in Table 15. Cumulative intrusion and differential
curves are presented in Figure 45 and Figure 46, respectively. The pore size classification

[173] is also presented in Figure 46.

Table 15. Porosity, critical and threshold pore diameter of mixes R2, R5 and R7

Mix Porosity [%] derit,1 [Mm] derit2 [MM] d¢ [um]
R2 8.8 0.017 - 0.03
R5 10.6 0.006 0.011 0.02
R7 6.1 0.006 - 0.01
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Figure 45. Cumulative intrusion curves of mixes R2, R5 and R7
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Figure 46. Differential curves of mixes R2, R5 and R7

Mix R5 had the highest porosity (10.6%), followed by R2 (8.8%) and R7 (6.1%). Differential
curves showed that mix R2 exhibited a unimodal distribution with a single broad peak at a
critical pore diameter of 0.017 ym and a threshold diameter of 0.03 ym. Mix R5 showed a

bimodal distribution with a primary peak at 0.006 um and a secondary peak at 0.011 ym, and
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a threshold diameter of 0.02 um. Mix R7 had a unimodal distribution with the sharpest and
narrowest peak at 0.006 um and the smallest threshold diameter of 0.01 um. The cumulative

intrusion curves confirm that R7 has the lowest total pore volume, while R5 has the highest.

Water penetration under pressure

The results of water penetration under pressure are presented graphically in Figure 47.
According to the Croatian national requirements [174], mixes R2 and R5 attained resistance
classes VDP2 and VDP3, respectively, while mix R7 had significantly higher water penetration

front than the maximum value of class VDP1 (up to 50 mm).
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Figure 47. Graphical presentation of depth of water penetration under pressure: concrete mixes R2,
R5, and R7

Carbonation resistance

Carbonation depth (dk) after 7 and 28 days of exposure to 3% CO, as well as carbonation
rates (Kac) and coefficients of determination (R?) of concrete mixes, are presented in Table 16

and in Figure 48.

Table 16. Carbonation resistance of concrete mixes R2, R5 and R7: carbonation depths after 7 and 28

days of exposure, carbonation rates and coefficients of determination

. y dk [mmlscI [mm/}g‘:ys"-*‘] R2

R2 9.1 19.1 3.6156 0.9991
R5 6.7 17.0 3.2053 0.9861
R7 8.1 19.4 3.6583 0.9914
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Figure 48. Carbonation depth versus the square root of exposure time

After 7 days of accelerated carbonation exposure, mix R2 exhibited the highest carbonation
depth (9.1 mm), followed by mix R7 (8.1 mm) and mix RS (6.7 mm). After 28 days of exposure,
R5 had the lowest carbonation depth, while the carbonation depths of R2 and R7 were the
same. Mix R7 had a similar carbonation rate to mix R2. All mixes showed a strong linear
correlation between carbonation depth and the square root of exposure time (R?>0.98 for all

mixes).

Resistance to chloride penetration

Chloride migration coefficients after 28 days of curing for the selected concrete mixes are
presented in Figure 49.
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Figure 49. Migration coefficients for selected AAC mixes after 28 days of curing

An increase in alkali content and silica modulus in the mix R2 compared to R1 resulted in the
reduction of the migration coefficient. However, a further increase in sodium silicate content

had an adverse effect.
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4.2.2 Discussion

4.2.2.1 Critical parameters for workability and compressive strength of alkali-

activated concretes with reduced activator content

Workability

The slump results indicate that w/b ratio, n(Na,O) content, and silicate modulus Ms all
influence AAS concrete workability, but their effects are interdependent and conditional on
threshold values of the other parameters, consistent with findings reported in the literature
[75,83].

When Ms and n(Na,O) are low (R2-R4, Ms < 0.22, n(Na,0) < 3.5 wt%), slump values are
uniformly low regardless of w/b variations in the range 0.42-0.47, suggesting that at low
activator content, the free water available is insufficient to overcome the inherent stiffness of
the paste. Within this low-Ms group, mixes R3 and R4 share identical activator composition
but differ in w/b (0.44 and 0.47, respectively), recording slump values of 30 and 50 mm,
confirming that w/b exerts a positive effect on workability when activator composition is held
constant, in a manner consistent with the reported behaviour of the w/b ratio in hydroxide-
dominated AAS systems [14]. Mixes R1 and R2 share identical n(Na,O) = 3.5 wt% and Ms =
0.22 but differ in w/b (0.44 and 0.42, respectively), recording slump values of 130 and 27 mm.
This is consistent with the same w/b effect, though the magnitude of the difference is
disproportionate relative to the R3/R4 comparison and likely reflects additional factors,
including possible batch variability or differences in the effective free water contribution of the
activator solutions. Within the constant w/b = 0.42 group, increasing Ms from 0.22 (R2, 27 mm)
to 0.69 (R6, 78 mm) produced a substantial slump increase, while a further increase to Ms =
1.03 (R7, 75 mm) produced no additional gain despite higher n(Na,O), indicating that the
workability benefit of increasing Ms reaches a practical ceiling at w/b = 0.42. At the higher w/b
of 0.45 (R8-R10, Ms = 1.03), n(Na,O) content above 4 wt% had a greater impact on slump

than the w/b variations within this study, similarly to the findings of Bondar et al. [75].

Compressive strength

The compressive strength results follow the same conditional parameter hierarchy identified
for workability. Lowering the w/b ratio resulted in higher compressive strengths, consistent with
its role in controlling matrix porosity and density [14]. However, activator composition
dominates over w/b when parameters vary simultaneously, as demonstrated by R8-R10 (w/b
= 0.45) outperforming R5 and R6 (w/b = 0.42) in compressive strength despite the higher water

content.
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Below Ms = 1.0, Na,O content has the dominant effect on compressive strength. The higher
strength of R5 relative to R6 - despite R6 having higher Ms - confirms that Na,O content
governs the degree of slag reaction and consequently the volume of C-A-S-H gel formed when
the silicate modulus is insufficient to compensate for lower alkali dose [75,56]. For Na,O
content of 4% or higher, this effect becomes dominant over the w/b ratio, as demonstrated by
the 7-day strengths of mixes R5, R7, R8, R9 and R10.

At Ms = 1.0, the silicate modulus becomes the decisive strength variable. The R5/R7
comparison provides the clearest evidence for this: w/b and Na,O are identical in both mixes,
and Ms alone increases from 0.42 to 1.03, producing a 28-day strength gain of 12.3 MPa. This
is consistent with the reported role of dissolved silicate in promoting a denser and more cross-

linked C-A-S-H gel structure at higher silicate modulus values [75].

The higher absolute strength gain between 2 and 7 days in high-Ms mixes R7-R10 (22-23
MPa) compared to lower-Ms mixes (8-13 MPa) reflects more active reaction in this period, with
R7 and R10 reaching 85% and 90% of their 28-day strength by day 7 respectively. The Na,O
content modulates this behaviour: at Ms = 1.03, reducing Na,O from 4.1 wt% (R7, 56% of 28-
day strength at 2 days) to 3.5 wt% (R8, 41% of 28-day strength at 2 days) produces the slowest
early-age development in the dataset, confirming that insufficient Na,O limits the initial reaction
rate even at high Ms. Continued strength development beyond 28 days is expected for high-
Ms mixes, with 28-day strength typically representing 80-90% of 90-day strength in silicate-

activated slag systems [75].

The results indicated that slump class S2 is attainable at substantially lower activator content,
representing a balance between workability and activator economy. On this basis, mixes R2,
R5, and R7 were selected for durability testing, spanning the range from hydroxide-dominated
to moderate silicate activation. From a compressive strength perspective, the selected mixes
span a representative range: R2 achieved 56.9 MPa at 28 days under hydroxide-dominated
activation, R5 achieved 62.8 MPa at moderate activator content, and R7 achieved the highest
28-day strength in the experimental programme (75.1 MPa) at Ms = 1.03, providing a basis for
assessing the relationship between activator composition, strength, and durability across three

distinct activation regimes.
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4.2.2.2 Durability and porosity of selected mixes

Porosity, water permeability under pressure and chloride penetration

The MIP results reveal that increasing the silicate modulus progressively refines the critical
pore diameter (from 0.017 pym in R2 to 0.006 ym in R5 and R7) and reduces the threshold
diameter (from 0.03 to 0.02 to 0.01 um), reflecting the formation of a denser C-A-S-H gel with

higher Ms and alkali content.

The durability results reveal that despite having the finest and most refined pore structure, mix
R7 exhibited by far the worst performance in both water penetration and chloride migration.
This contradicts the conventional expectation that pore refinement improves impermeability.
This behaviour could be explained by microcracking induced by the high silicate modulus
activation. AAS systems are prone to microcracking, depending on the drying conditions
[87,14] The microcracks provide preferential pathways for both water and chloride ion

transport, explaining the dramatically higher penetration and migration values.

Carbonation resistance

The highest carbonation depth of mix R2 is consistent with its lower alkali content (n=3.5%)
and lower silicate modulus (Ms=0.22) compared to mixes R5 (n=4.1%, Ms=0.42) and R7
(n=4.1%, Ms=1.0), both of which are known to improve carbonation resistance through higher
pore solution alkalinity and denser matrix formation [65,109,110]. An increase in Ms is expected
to provide the best performance in terms of carbonation resistance as it leads to a less porous
matrix structure [110]. However, the comparison between R5 and R7 reveals that increasing
Ms to 1.0 does not necessarily improve carbonation resistance when alkali dosage is similar.
Despite having the highest Ms and comparable alkali content, R7 was more susceptible to
carbonation than R5, suggesting that alkali dosage has a more dominant positive influence on
carbonation resistance than silicate modulus within this range. This is consistent with findings
by Shi et al. [65], who reported that for Ms=1, alkali dosage significantly influences carbonation
depth, while this influence diminishes at higher moduli (Ms=1.5-2.0), where mixes with 6% and
8% alkali dosage exhibited nearly identical carbonation depths. The present results indicate
that the beneficial effect of increased alkali content on carbonation resistance is most

pronounced for Ms up to 1.0.

Based on the mechanical and durability properties, mix R5 was selected as a reference mix

for Phase 4, and is denoted as R in the following text.
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4.2.3 Conclusions

The experimental research presented in this phase aimed to investigate the effects of critical
parameters on achieving the targeted slump and compressive strength, and to identify an
optimal mix design with reduced activator content for reference AACs for further experimental
testing. Analysing the results obtained by varying w/b ratio, alkali content and Ms, the following

can be concluded:

e At low activator content (Ms < 0.22, n(Na,O) < 3.5 wt%), w/b variations in the range

0.42-0.47 produced modest slump changes of 27-50 mm;

e Increasing Ms from 0.22 to 0.69 at constant w/b = 0.42 produced a substantial slump
increase (27 to 78 mm), demonstrating that Ms is the most influential single variable
within this w/b range. At higher w/b (0.45), the positive effect of Ms continues beyond
Ms = 1.0, suggesting that the optimal Ms for workability is conditioned by the free water

content of the mix;

e The sensitivity of workability to w/b increases with the silicate modulus of the activator,
indicating that free water content becomes a more effective workability lever as silicate

content increases;

¢ n(Na,O) content above approximately 4 wt% has a greater marginal impact on slump
than the w/b variations studied, but only when Ms = 1.0; at low Ms the Na,O effect on

workability is limited within the range investigated;

e Slump class S2 is achievable at relatively low activator content (n(Na,O) = 4.1 wt%,
Ms = 0.42, w/b = 0.42, mix R5, slump = 55 mm), representing a balance between

workability and activator economy relevant to the objectives of this research;

e When activator composition is held constant, lower w/b ratio produces higher
compressive strength at all ages, consistent with its role in controlling matrix density

and porosity;

e For mixes with similar w/b and Ms, higher Na,O content produces higher compressive
strength at all ages, attributable to a higher degree of slag reaction and greater C-A-S-

H gel formation;
¢ Below Ms = 1.0, Na,O content is the dominant strength variable;

¢ Increasing Ms from 0.42 to 1.03 at constant w/b and Na,O (R5 vs R7) produced a 28-
day strength increase from 62.8 to 75.1 MPa;
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¢ igh-Ms mixes (Ms = 1.03) exhibit a concentrated strength gain between 2 and 7 days,
reaching 83—-90% of their 28-day strength by day 7.

e A 7-day compressive strength above 47 MPa is achievable at moderate activator
content (Na,O = 4.1 wt%, Ms = 0.42, w/b = 0.42).

The results of porosity and durability testing showed that the mix R5 had an optimal
performance, with alkali content and silica modulus are 4 wt% GGBFS and 0.42, respectively.
The reduced activator content can result in satisfactory mechanical and durability properties
of AAC. The mix R5 exhibited the lowest water permeability under pressure, migration
coefficient and carbonation rate. It was chosen as a reference mix for the Phase 4 and denoted

as the mix R.

4.3 Phase 3 - Development and optimisation of the sunflower husk ash-

activated binder

The objective of Phase 3 was to develop a SHA-activated binder and optimise its workability
and compressive strength by varying w/b ratio, SHA content, curing regime and mixing
technology. Characterisation of materials in Phase 1 partially confirmed hypothesis 1 by
analysing the chemical and physical properties of the SHA. Phase 3 aimed to confirm it and

test hypothesis 2 through analysis of the mortar mixes.

H1: “The sunflower husk ash can be used as an alternative activator for synthesising slag-

based alkali-activated materials.”

H2: “Utilisation of only the alternative activator in AAMs will not significantly reduce the

mechanical and durability properties of slag-based alkali-activated materials. *

4.3.1 Results

4.3.1.1 Variation of water-to-binder ratio to optimise workability and

compressive strength

To optimise the workability and compressive strength, w/b ratios of 0.42, 0.45, and 0.5 were
varied across the mixes with SHA content of 15, 25, and 35 wt% GGBFS. An example of
mortar mixes after the flow table test is presented in Figure 50. The results of the slump flow
test and 7-day compressive strengths of mortar mixes with different SHA content and w/b

ratios are presented in Figure 51 and Figure 52, respectively.
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'

Figure 50. Mortar mixesiwith w/b=0.45 after the flow table test
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Figure 51. Slump flow of mortar mixes with different SHA content and w/b ratios
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Figure 52. The 7-day compressive strengths of mortar mixes with different SHA content and w/b ratios

Higher w/b ratios resulted in approximately 15% increases in slump flow for each SHA content.
The highest difference of 12% was observed for the mix SHA35 when w/b ratio was increased
from 0.42 to 0.45. The lowest flow diameter was 120 mm, for the w/b=0.42 and SHA content
of 35%. The highest flow diameter of 182 mm was observed for the mix with the lowest SHA
content (15%) and w/b=0.5.
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Compressive strength increased gradually with increasing SHA and decreasing w/b ratio. The
highest attained compressive strength was 45.19 MPa, for the mix M35 and w/b=0.42. Mix
SHA15 with w/b=0.5 had the lowest compressive strength of 23.8 MPa.

Based on the workability and compressive strength, mix M25 was chosen for further testing.

To assess the effect of the crushed aggregate that will be used in concrete, mortar mixes with
chosen SHA content were designed to optimise workability, taking into account the high content

of fine particles in aggregate. The summarised results are presented in Figure 53.

Due to the decrease in slump flow after the addition of crushed aggregate, the chosen w/b

ratio was 0.5, i.e., mix SHA-S/0.5, with 7-day compressive strength of 36.56 MPa.

The results on slump flow and 7-day compressive strength are given in Figure 53. Mixes
activated with SHA are denoted as SHA25 (25 wt% GGBFS), while the mortars activated with
25 wt% GGBFS and sodium silicate are denoted as SHA-S. The Ms=0.42 (as for the reference
concrete mix selected in Phase 2) was calculated under the assumption that the entire 16% of
dissolved SHA is alkali.
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Figure 53. Flow diameter and 7-day compressive strength of trial mortar mixes activated with SHA and

SHA and sodium silicate

Mixes activated only with SHA exhibited stiff consistency. The addition of sodium silicate to
achieve an Ms of 0.42 increased the slump flow and compressive strength at all w/b ratios.
Sodium silicate increased the compressive strength significantly, even for w/b=0.5 (from 19.69
MPa to 36.56 MPa).
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4.3.1.2 Variation of curing regime to optimise compressive strength

To assess the effects of ambient (TA) and elevated-temperature (T65) curing, mortar mixes
with selected w/b=0.45 and varied SHA content were tested for 7- and 28-day compressive

strengths. Examples of hardened samples before and after testing are presented in Figure 54
and Figure 55, respectively.

S /_2

Flgure 54. Example of hardened samples before Figure 55. Example of a sample cross-section

compressive-strength testing after testing of the compressive strength

The results on compressive strength of samples under both curing regimes after 7 days of
curing are presented in

Figure 56 and after 28 days in Figure 57.
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Figure 56. Compressive strength of mortar mixes with different SHA content cured at TA and T65
curing regime, tested at 7 days
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Figure 57. Compressive strength of mortar mixes with different SHA content cured at TA and T65

curing regime, tested at 28 days

The increase in SHA content has led to an increase in compressive strength at both 7 and 28
days. Compared to the TA regime, curing at elevated temperature altered the 7-day
compressive strength of mixes M15, M25, and M35, reaching 35.4 MPa, 45.83 MPa, and 50.36
MPa, respectively (for 33%, 37.5%, and 39%). Furthermore, after 7 days, mortars M15, M25,
and M35 achieved 89%, 91%, and 98% of their respective 28-day compressive strengths.

Higher compressive strength at 28 days was obtained for the TA than the T65 curing regime
(Figure 57). The highest difference of 15.7% was observed for the mix M15 (39.9 MPa vs 46.15
MPa), while mixes M25 and M35 showed a similar increase of approximately 7.5%. For these
two mixes, compressive strength at both TA and T65 was practically the same after 28 days
(50.57 MPa vs 51.20 MPa and 54.43 MPa vs 55.05 MPa).

The differences in compressive strength were further investigated through phase assemblage

analysis using FTIR and TGA.

The FTIR analysis of pastes with different SHA content after 28 days of curing at the two
described regimes is presented in Figure 58. The influence of the curing duration and regime
on the FTIR spectra is shown in Figure 59., for the samples with 25% of SHA. The distinct
absorbance bands in all tested samples are 3389/3398 cm', 1641 cm™', 1401-1412 cm™', 1104-
1109 cm™, between 1000 and 800 cm™1, 941/942 cm™, 615 cm™ and 430/441 cm™'. The band

at 871 cm'is present in the spectra of samples tested at an early age (2 and 7 days).
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Figure 58. FTIR spectra of paste samples with different SHA content cured at two different

regimes, tested at 28 days
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Figure 59. FTIR spectra of paste with 25% of SHA, cured at two different regimes, tested at 2, 7 and
28 days

The absorbance bands at 3389/3398 cm" and 1641 cm-" correspond to the O-H stretching and

bending vibrations, respectively. They can be seen in all tested samples and present weakly
bonded water [175].

The wavelengths 1401 cm™ and 1412 cm' indicate the C-O asymmetric stretching vibration.
The absorption band at 871 cm™ corresponds to C-O out-of-plane bending vibrations
[149,176]. The peak at 1104/1109 cm-" (Figure 58) represents symmetric stretching vibrations
associated with the sulphate group SO4% [46], and it increases with the addition of the SHA.
The main band at 941 cm' represents asymmetrical Si-O-Si(Al) stretching vibrations [175,176]
and Si-O-M (M-alkali or alkali earth metal) [177]. This absorption band is related to the SiQ",
where n=2, according to [176], typical for slag-based AAMs. The band represents C-A-S-H and
C-S-H. Some research on BFS alkali-activation by CHA and SHA combined FTIR with
SEM/EDS analysis, concluding that these gels could also incorporate potassium (C-(K)-A-S-H
gels) [149,49]. The addition of SHA resulted in higher peak intensity and integrated peak area
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of the main band representing C-A-S-H and C-S-H gels, as presented in Table 17 for the
samples P15, P25, P35, cured at T65 regime. Samples cured at T65 curing regime exhibited
decreased integrated peak areas, compared to samples cured at TA. The absorption band at
615 cm™ are Al-O and Mg-O bending modes, possibly from hydrotalcite [178]. Peaks in the

range 430-441 cm are characteristic of flexural vibrations of Si-O-Si [179].

Table 17. Peak intensities and integrated peak areas at the main absorbance band for the samples
P15, P25 and P35, cured at TA and T65, tested at 28 days of age

Absolute peak intensity at Integrated peak area

SETITDE 941 cm™ [a.u.] [a.u.]
P15 TA 0.164 25.541
P15 T65 0.153 22.41
P25 TA 0.176 25.396
P25 _T65 0.175 24.826
P35_TA 0.222 31.951
P35_T65 0.179 25.764

TG curves and differential thermogravimetric (DTG) curves of the tested pastes are presented
in Figure 60, Figure 61 and Figure 62. All samples exhibit DTG peaks commonly formed in the
alkali-activated slag systems, such as peaks indicating C-S-H, C-A-S-H and hydrotalcite [65],
which is in line with FTIR analysis and research on SSA and SHA slurries [145] . The peak
between 30°C and 200°C corresponds to the loss of structurally unbound water from the C-S-
H. This peak overlaps with the one between 140°C and 240°C, associated with the dehydration
of C-A-S-H [180]. In studies on OBA [58,69] and ABA [150] activated slags, these peaks are
also attributed to the C-(K)-S-H and C-(K)-A-S-H gels. The formation of hydrotalcite is also
confirmed by the peak between 300°C and 400°C [58,69]. However, due to its layered
structure, it is possible that it contributes to the peak around 200 °C [56]. The peaks between
440°C and 550°C [181] and 600°C and 700°C [144,180] present decomposition of CaCOs.

The influence of SHA content and curing regimes after 28 days of curing can be seen in Figure
60. Table 18 presents the mass loss percentages for peaks representing main hydration
products, C-A-S-H, C-S-H (Peak 1) and hydrotalcite (Peak 2). The intensity of the peaks and
mass loss percentage of samples cured at T65 increase with the addition of SHA, suggesting
the formation of more hydration products due to the higher alkali content [58,69]. Although the
difference in the Peak 1 between the TA and T65 curing regimes for samples P15 and P35
appears small - and the T65 regime even shows slightly sharper peaks - the mass loss results

indicate otherwise. Specifically, the TGA analysis shows that the T65-cured samples exhibit
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lower mass loss in the region associated with C-A-S-H and C-S-H decomposition, suggesting
that less hydration products are formed under the T65 regime. In DSC curves of the sample
P25, it is clearly visible that the T65 curing regime resulted in less prominent peaks 1 and 2
than TA, as confirmed by higher mass loss of the samples cured at TA (6.790 and 2.055)
compared to those at T65 (5.458 and 1.767). The exception was sample P35, cured at T65; it
had a higher Peak 2 than the sample cured at TA. However, this could be the consequence of

analysing a very small sample of heterogeneous material.
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Figure 60. TG and DTG curves of paste samples with different SHA content cured at two different

regimes, tested at 28 days

Table 18. Mass loss between 30-240 °C and 300-400 °C of samples P15, P25 and P35, after 28 days
of curing at TA and T65 regimes

Mass loss [%]

Sample P15 P25 P35
Curing regime TA T65 TA T65 TA T65
Peak 1 (30-240 °'C) 4.777  3.386 6.790 5.458 6.145 5.942
Peak 2 (300-400 °C) 1.472  0.963 2.055 1.767 1.563 1.851

The influence of curing duration at the TA and T65 curing regimes is presented for the pastes
with 25% of SHA, in Figure 61 and Figure 62, respectively. The mass losses after 2 and 7 days
of curing at both regimes are presented in Table 19. The longer curing time led to greater mass
loss and sharper characteristic peaks, which is also explained by the increase in hydration

degree over time [147,58]. Curing at 65°C altered only the peak formation at 7 days but did not
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have a positive effect on gel formation after 28 days of curing, as mentioned in the previous

section.
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Figure 61. TG and DTG curves of paste with 25% of SHA, cured at TA, tested at 2, 7 and 28 days
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Figure 62. TG and DTG curves of paste with 25% of SHA, cured at T65, tested at 7 and 28 days

Table 19. Mass loss between 30-240 °C and 300-400 °C of samples P25, after 2 days of curing at TA,
and 7 days of curing at TA and T65 regimes

Mass loss [%]

Curing time
Curing regime
Peak 1 (30-240 °C)
Peak 2 (300-400 °C)

2d 7d

TA TA T65
3.437 4.487 5.277
1.289 1.545 1.593
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4.3.1.3 Variation of SHA dissolution time to optimise compressive strength

This section provides insight into the effect of the duration of SHA immersion in water before

mixing the M25 mortar. This mix was selected as optimal based on the slump flow and

compressive strength.

Figure 63 presents the slump flow for the mortars mixed with no immersion of the SHA (M25),
followed by the immersion procedures described in Table 8 (M25/0h, M25/1h, M25/6h and
M25/24h). Mixes with prolonged immersion times of up to 6 hours resulted in a decrease in
slump flow, while the mix M25/24h exhibited a higher slump than the mix M25/6h.

The compressive strengths (Figure 64) of the mixes M25, M25/0h, and M25/1h after 7 days of

ambient curing were similar. Mixes M25/6h and M25/24h showed a mild increase in

compressive strength. However, the difference between the lowest and the highest was

approximately 5 MPa.
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Figure 63. Influence of the mixing procedure on the workability of the mix M25
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Figure 64. Influence of the mixing procedure on the compressive strength of the mix M25 at 7 days of

age

Changes in the potassium content in water after different times of SHA immersion are

presented in Figure 65. Over time, potassium content increases, as reflected in the altered pH
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shown in Figure 66. The immersion time up to 24 hours and pH value of the suspension have
a strong linear correlation (R?=0.9561).
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Figure 65. Potassium content in the leachate of SHA after different immersion times
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Figure 66. Changes in the alkalinity of the SHA suspension depending on the duration of the SHA

immersion in water

The increase in pH of the SHA suspension increases with immersion time, which correlates
with the increase in compressive strength for 14.7 % compared to the mortar with undissolved
SHA (Figure 64).
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4.3.2 Discussion

4.3.2.1 Variation of water to binder ratio to optimise workability and

compressive strength

An increase in solid particle content increases yield stress and reduces the workability [182].
Irregular shape and rough surface of SHA particles, observed by SEM, increase inter-particle
friction [183,49]. The shape and texture can increase water demand for particle surface

wetting and reduce available water in the mix.

The compressive strength increases with an increase in SHA content, providing more alkali for
the slag dissolution and enhanced formation of hydration products. Lower w/b ratios provide

less excess water in the mix and less porosity, resulting in higher compressive strength.

Based on the results the chosen optimum mix for further testing of the SHA influence on the
properties of AAS was SHA25 with w/b ratio 0.45.

The addition of sodium silicate resulted in higher slump flow and a general increase in 7-day
compressive strength, compared to SHA-activated samples. This is consistent with the

literature findings on the improvement of mechanical properties with the addition of silicates.

4.3.2.2 Variation of curing regime to optimise compressive strength

Curing at elevated temperatures was found to be beneficial for early strength development,
which is in line with other studies with different biomass ashes [69,58,147]. This is also
consistent with results on dissolution of the SHA at TA and T65 where higher mass loss was
observed after dissolution at T65. Elevated temperature may induce dissolution of Ca and Mg
besides K, accelerating the slag reaction and formation of more hydration products. Contrary
to expectations and findings in the literature on AAMs with biomass ashes [134], higher
compressive strength at 28 days was obtained for the TA than the T65 curing regime (Figure
57). Although the reduced strength with T65 regime was not pronounced, it may be attributed
to the accelerated reaction kinetics induced by elevated temperatures. This rapid reaction can
lead to the early formation of dense hydration products, which inhibit further gel development
by limiting ion diffusion and promoting microstructural inhomogeneity [184]. An additional
explanation found in the literature is that exposure to elevated curing temperatures can lead
to significant water evaporation, thereby reducing the amount of free water available for

subsequent hydration reactions [185,95].
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The interpretation of the compressive strength results is supported by TGA analysis (Figure 60
and Figure 61 which shows that more hydration products are formed at 28 days under the TA
curing regime compared to T65. This is also confirmed by the lower integrated peak areas in
FTIR spectra for the samples with the same amount of SHA cured at T65, compared to TA
(Table 17). Overall, elevated-temperature curing appears to be more effective in enhancing

early-age strength.

The higher SHA content has led to an increase in compressive strength at both 7 and 28 days
(Figure 56 and Figure 57), due to the formation of more hydration products; however, mixes
M25 and M35 at 28 days exhibited essentially the same strengths. This can also be explained
by the fast initial reaction in the presence of more alkalis, hindering the development of
compressive strength at 28 days. The increase in SHA content also resulted in higher DTG
and FTIR peaks that represent the C-S-H, C-A-S-H, and possibly C-(K)-S-H and C-(K)-A-S-H
gel (Figure 60, Table 17 and Table 18).

The formation of the gels could also be altered by the CaO in the SHA [145]. The increase in
biomass ash content was followed by higher compressive strengths in the works of other
authors as well [69,144,148]. The contribution to compressive strength could also be attributed
to the filler effect of undissolved SHA [145,144]. However, Moraes Pinheiro et al. [69] found
that the filler effect in the OBA-activated slag was negligible, compared to the OBA contribution

to the slag activation.

The 7-day compressive strengths obtained under the T65 curing regime are comparable to or
higher than those reported in the literature. The highest 7-day compressive strengths
previously reported were 38.38 MPa for mortars with the addition of 25% of OBA [69] and 45.2
MPa for those incorporating almond biomass ash [131], both cured at 65 °C, for 7 days. Mortar
samples in this study achieved 35.4 MPa (15% SHA), 45.83 MPa (25% SHA) and 50.36 MPa
(35% SHA) (Figure 56). Furthermore, the published data shows that mortars activated with 10,
20 and 30 wt% BFS of HBA exhibited 28-day compressive strength from 22.1 MPa to 26.8
MPa, at ambient temperature, corresponding to 1.7 M, 1.9 M, and 2.0 M NaOH, and 1.8 M, 2.0
M and 2.2 M KOH molarities, respectively [144]. In another study, mortars based on BFS and
CHA yielded 29.9 MPa and 40.9 MPa after 7 and 28 days of curing at ambient temperature
and 95% RH, respectively [149]. Under the TA curing regime, the results of this research show
similar compressive strengths for 7 days of curing (Figure 56) and significantly higher 28-day

compressive strengths by up to 15 MPa (Figure 57).

Although strength development depends on multiple factors, such as the chemical composition

of the biomass ash and GGBFS, mix design, and curing regime, the comparison leads to the
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conclusion that the use of SHA in alkali activation can result in compressive strengths of the

same order of magnitude as those reported in the literature for other biomass ashes.

4.3.2.3 Variation of SHA dissolution time to optimise compressive strength

The increase in compressive strength can be attributed to the higher dissolution degree of
potassium from SHA over time, confirmed by ion chromatography, thus increasing the pH and
altering alkali activation. Although the pH of the SHA suspension is notably higher after 6 hours
of immersion and compressive strength improved by up to 14.7%, the mixing procedure
without SHA immersion is selected. Using SHA as received, without previous dissolution in
water, considerably simplifies its potential practical application, as the binder can be produced
by pre-mixing solid components and subsequently adding water. Immersion of the SHA for 6
hours reduces workability. Most importantly, the compressive strength results without SHA
dissolution prior to mixing (33 MPa) are notably good, comparable to conventional systems

and other literature results on AAMs with biomass ashes as activators.

4.3.3 Conclusions

The influence of w/b ratio, SHA content, curing regime (ambient and elevated temperature),
and mixing procedure was evaluated on paste and mortar mixes activated with 15, 25, and

35% SHA by mass of GGBFS. The following conclusions can be drawn:

¢ Anincrease in the w/b ratio also resulted in an increase in the slump of mortar mixtures
across all ash contents. For mortar mixtures prepared with quartz aggregate, the
optimal w/b ratio with respect to consistency was determined to be 0.45. In the case of
mortar mixtures containing crushed aggregate, the w/b ratio was increased to 0.50 in
order to achieve satisfactory workability. Similarly, a w/b ratio of 0.50 was adopted for

mixtures incorporating silicate-based activators.

e Increasing the SHA content leads to a minor reduction in workability and alters gel
formation, consequently increasing compressive strength. FTIR and TGA analyses
confirmed that the reaction between SHA and GGBFS results in the formation of C-S-
H and C-A-S-H gels, characteristic of alkali-activation of slag. The optimal SHA content

was 25 wt% GGBFS, considering the workability and compressive strength.

e Curing at 65°C promotes early strength development (attaining 89-98% of 28-day
compressive strength) but results in lower 28-day compressive strength compared to

ambient curing.
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¢ Immersion of SHA in water before mixing enhances the dissolution of potassium ions
and results in higher compressive strength up to 14.7%, depending on the immersion

duration; however, it negatively impacts workability.

e The highest 28-day compressive strength of 55 MPa (25% SHA) is attained with
minimal technological requirements, without SHA pretreatment and dissolution in water
before mixing, cured at ambient temperature. This is 15 MPa higher than reported in
the literature, highlighting the novelty for mortar mixes with similar component

materials, mix designs, and curing conditions.

Research further confirmed the conclusions from Phase 1: SHA can be used as an alternative
activator in slag-based AAMs. Furthermore, hypothesis 2 was also partially confirmed - based

on the mechanical properties, SHA can be used as only activator for slag-based AAMs.

4.4 Phase 4 - Properties of alkali-activated concrete activated with SHA

and sodium silicate

This experimental phase aimed at investigating the influence of SHA on mechanical and
durability properties at the concrete level. Three AAC mixes were compared: reference mix
with conventional chemical activators, mix activated with SHA and sodium silicate and mix

activated only with SHA. Tested hypotheses are:

H2: “Utilisation of only the alternative activator in AAMs will not significantly reduce the

mechanical and durability properties of slag-based alkali-activated materials.”

H3: “It is possible to produce slag-based alkali-activated concrete derived only from waste

materials - slag and sunflower husk ash.”

4.41 Results
4.41.1 Fresh-state properties

The results of the tested fresh-state properties of concrete mixes are presented in Table 20,

Figure 67, and Figure 68.

Both concrete mixes exhibited cohesive behaviour, and no segregation was observed during
the slump test. The reference mix had an average slump of 66 mm (Figure 69), attaining a
slump class of S2 [172]. This value was expected, given the previous consistency results from
Phase 2 and the increase in w/b ratio. Mix SHA-S had an average slump of 27 mm (Figure

70), corresponding to a very stiff consistency (slump class S1) [172]. However, the concrete
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was placed and compacted adequately. The SHA25 mixture showed very stiff consistency,
corresponding to slump class S1, with a slump value of only 10 mm. Due to its very dry and
stiff nature, the mixture was difficult to place and compact into the moulds. After demoulding,
these specimens exhibited visible defects (honeycombs), resulting from inadequate

compaction.

Table 20. Fresh-state properties of concrete mixes (averages of measurements for individual concrete

batches)
. Temperature o Slump 3
Mix ['C] Ap [%] Ah [mm] class Y [kg/m?]

R 25.2 1.2 66 S2 2348
SHA-S 23.2 1.3 27 S1 2352
SHA25 21.7 1.7 10 S1 2234

Ap - entrained air; Ah - slump, prc - density of fresh concrete
3000 80 252 26
2348 2352 2234 66 ' 25
2500
— 60 .\ 24
o
= 1500 — — 2 40
= E 27 27| 22
c 1000 —— — o 20 21
a 10
500 —— — 20
0 0 19
R SHA-S SHA25 R SHA-S SHA25
= Slump
Figure 67. Density of fresh AAC Figure 68. Slump and temperature values of the

AAC mixes R, SHA-S and SHA25

dhaesh
Figure 69. Slump test of the reference mix Figure 70. Slump test of the mix SHA-S
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The temperature of the reference mix was approximately 2 °C higher than that of the concrete

containing SHA. The mix activated only with SHA had the lowest temperature (21.7 °C).

The initial and final setting times of pastes corresponding to mix R and SHA-S are presented
in Table 21. Mix SHA-S exhibited a 112-minute longer initial setting time than mix R, and the

final setting time exceeded 10 hours and was not recorded.

Table 21. Initial and final setting times of the pastes corresponding to the AAC mixes R and SHA-S

Paste Initial setting time [min] Final setting time [min]
R 306 375
SHA-S 418 >600

4.4.1.2 Mechanical properties

Graphical representation of the compressive strength after 2, 7, 28, 56 and 90 days of curing
are presented in Figure 71 at 2 and 90 days are identical. Compressive strengths at 7, 28, and
56 days are higher for the SHA-S concrete mixture, although this difference decreases with an
increase in curing time. Tensile strength and modulus of elasticity of the mixes after 28 and 56
days of curing are presented in Figure 72 and Figure 73, respectively. The development of
tensile strength is similar to compressive strength, reaching the same values after 56 days of
curing. The reference mix had a higher modulus of elasticity than the SHA-S at both 28 and
56 days, by approximately 12% and 14%, respectively. Both mixes exhibited a decline in elastic
modulus from 28 to 56 days of curing (R for 4.5% and SHA-S for 7%), despite the increase in

compressive strength.

70
60 572 574

. 85 e
—
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0
2 7 28 56 90
Curing [days]

Figure 71. Compressive strength of concrete mixes R and SHA-S after 2, 7, 28, 56 and 90 days of

curing
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Figure 72. Tensile strength of the mixes after 28 Figure 73. Modulus of elasticity of the mixes R

and 56 days of curing and SHA-S, after 28 and 56 days of curing

4.4.1.3 Physical properties

Density and porosity

The results of the density of hardened concrete, open porosity, critical pore diameter (de:it) and
threshold pore diameter (dy) after 28 days of curing are presented in Table 22. All mixes
exhibited hardened concrete densities typical of normal concrete (>2000 kg/m? <2600 kg/m?3)
[172], as shown in Figure 74.

Table 22. Physical properties of AAC mixes: density, porosity, critical pore diameter and threshold

diameter
Mix Pnc [kg/m?] Porosity [%] dcrit [pm] dtr [um]
R_28d 2353 9.4 0.0056 0.0120
SHA-S 28d 2348 9.9 0.0056 0.0117
3000
2500 2353 2348 2246
E 2000
2 1500
S 1000
[+}]
2 500
0
R SHA-S SHA25

Figure 74. Density of hardened AAC mixes

The results of MIP analysis of mixes R and SHA-S after 28 days of curing are presented in

Figure 75, Figure 76 and Figure 77. Mixes R and SHA-S had the same open porosity (9.4%
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and 9.9%, respectively). However, the replacement of NaOH with SHA resulted in a higher
content of capillary pores (0.01um - 10 yum) and a lower content of gel pores (<0.01um) [173],
which can be seen in the cumulative intrusion curves (Figure 75) and pore size distribution
diagram (Figure 77). Cumulative intrusion curves were used to graphically determine the
threshold pore diameter, also known as the entry size, because it allows a high volume of
mercury to intrude. The threshold pore diameter is determined as a diameter at which the
slope of the cumulative intrusion curve increases steeply and is defined as the tangent
intersection of the initial and inflexion slopes [186]. Both mixes had essentially the same di, of

0.012 um after 28 days of curing.

Derivatives of the pore distribution curves (dV/dP) or differential curves after 28 days of curing
(Figure 76) show that the dominant pores in both concretes are gel pores. The higher gel pore
content was in the reference mix. Critical pore diameter - the pore size corresponding to the
most probable pore throat size that controls the transport - can be determined from the diagram
as the peak of the log differential curves [186]. This diameter was the same for mixes R and
SHA-S (0.0056 pm).

—R_28d —SHA-S_28d

0.06 — g .
> gel p resi capillary pores macro pores
E
5 0.04 A
[72]
2
S
g
@
5 L
£ \
3 e
0.00 ..d‘ d*.“.. ———r——rrr———r———

0.001 0.01 0.1 1 10 100 1000

Pore size [um]

Figure 75. Cumulative intrusion curves and graphical determination of threshold pore diameter of the
mixes R and SHA-S after 28 days of curing
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Figure 76. Log differential curves of the mixes R and SHA-S after 28 days of curing
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Figure 77. Pore size distribution of the mixes R and SHA-S, according to the pore diameter, after 28

days of curing

Water absorption

The results on cumulative water absorption after 8 days of testing are presented in the Figure
78, while Figure 79 shows a diagram of water absorption through the testing period. Initial and

secondary absorption equations are shown in Table 23.
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Figure 78. Cumulative water absorption after concrete mixes after 8 days of testing
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Figure 79. Diagram of water absorption throughout the testing period
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Table 23. Absorption equations of mixes R and SHA-S

Initial absorption Secondary absorption
Mix Absorption equation R? Si Absorption equation R2 Ss
p q [mm/s®5] p q [mm/s®5]
R y=0.0023x + 0.2365 0.9684 - y=0.0014x+0.434 0.9323 -
SHA-S| y=0.0039x+0.2365 0.9948 0.0039 | y=0.004x+1.2878 0.9107 -
R* |y=0.002x + 0.1980 0.9958 0.002 | y=0.0005x+1.0342 1.0 0.0005
SHA-S*| y=0.0039+0.2352 0.9982 0.0039 | y=0.0003x+1.4094  0.9841 0.0003

R? - coefficient of determination; Si — initial rate of absorption; Ss - secondary rate of absorption.

The mix SHA-S exhibited higher cumulative water absorption than the reference mix (1.63 mm

and 1.49 mm, respectively), although the difference was not prominent.

The standard ASTM C 1584-04 [164] defines the initial rate of absorption as the slope of the
line obtained by linear regression of the mass change data recorded between 1 minute and 6
hours. The secondary rate of absorption is determined the same way, using the data points
between 1 and 7 days (Figure 29). Table 23 shows the absorption equations and the
corresponding correlation coefficients for the initial and secondary absorption phases. Only the
initial absorption of the mix SHA-S followed the linear relationship (correlation coefficient higher
than 0.98).

However, the mix R showed linear behaviour when considering data points from 1 minute to 7
days, yielding a correlation coefficient of 0.9845. The highest correlation coefficient can be
obtained for the data points from 1 minute to 4 days (0.9958). The second part of the sorptivity
curve (points from 5 to 7 days) then exhibits an ideal linear behaviour (R?=1). Mix SHA-S shows
linear behaviour up to 1 day of testing, with a correlation coefficient of 0.9982, while the
secondary sorptivity also shows a linear correlation for the measurement points from 2 to 7
days (R?=0.9841).

In this case, mixes R and SHA-S can be compared based on the linear part of each curve. The
absorption rate for the mix with SHA is twice that of the reference mix (0.0039 vs 0.002). In the
secondary absorption area, the reference mix had a higher rate than mix SHA-S (0.0005 vs

0.0003, respectively).

As water absorption did not reach equilibrium by the seventh day, the measurement period
was extended until the mass stabilised. No further mass increase was recorded after the tenth
day of immersion, when the cumulative water absorption for the mixes R and SHA-S were 1.49

mm and 1.63 mm, respectively.
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Shrinkage

The results of total shrinkage after testing up to 90 days by stud gauges (gcs,1) and strain

gauges (gcs,2) and cumulative mass loss are given Table 24 and Table 25 for the mix R and in
Table 26 and Table 27 for the mix SHA-S. The total shrinkage after 90 days of testing in
accordance with SRPS EN 12390-16:2019 is presented in Figure 80. The results of total

shrinkage measured with strain gauges are presented in Figure 81. The relationships between

shrinkage and cumulative mass loss for measurements with stud and strain gauges are shown

in Figure 82 and Figure 83, respectively.

Table 24. Shrinkage of the AAC mix R after 90 days

Testing time [days]

to to+1 to+3 to+7 to+14 to+21 to+28 to+a2 to+se to+90
Eos,f 0 -0.329 -0.623 -0.718 -0.879 -0.994 -1.036 N -1.194  -1.397
[mm/m] 1.098
803,2 =
[mm/m] 0 -0.210 -0.287 -0.356 -0.457 -0.508 -0.552 0577 -0.641 -0.716
Table 25. Cumulative mass loss of the R mix samples
Mass loss [kg]
to ton to+3 to+7 to+14 to+21 to+2s to+a2 to+s6 to+00
avg- 0 0045 0068 0.090 0.111 0.124 0.131 0.145 0157 0.174
cumulative
Table 26. Shrinkage of the AAC mix SHA-S after 90 days
Testing time [days]
to to+1 to+3 to+7 to+14 to+21 to+28 to+a2 to+s6 to+90
Ecs 1 0 -0.878 -1536 -2.014 -2270 -2474 -2606 -2.738 -2.829 -3.112
[mm/m]
Ecs,2 0 -0.395 -0.747 -0928 -1104 -1.225 -1.311 -1412 -1.482 -1.586
[mm/m]
Table 27. Cumulative mass loss of the SHA-S mix samples
Mass loss [kg]
to to+1 to+3 to+7 to+14 to+21 to+28 to+a2 to+s6 to+00
avg. . 0 0.125 0171 0.202 0.231 0.252 0.265 0.281 0.292 0.314
cumulative
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Figure 80. Total shrinkage of mixes R and SHA-S after 90 days, measured along the principal axis,

over stud gauges
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Figure 81. Total shrinkage of mixes R and SHA-S after 90 days, measured at the surface of

the samples, with strain gauges
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Figure 82. The correlation between cumulative Figure 83. The correlation between cumulative
mass loss and shrinkage measured over stud mass loss and shrinkage measured with strain

gauges, for mix R and SHA-S gauges, for mix R and SHA-S

Total shrinkage of the mix R was 1.397 mm/m. In the first 7 days of testing, mix R reached

51% of total shrinkage at 90 days and mix SHA-S 65%. The total shrinkage of the mix SHA-S

105



Chapter 4 Results, discussion, and conclusions

was 3.112 mm/m, 2.23 times that of the reference mix. Mix SHA-S lost 1.8 times more water
than R over 90 days (0.314 kg vs 0.174 kg).

The same trend of 2.22 times higher shrinkage of the mix SHA-S was also observed for the
length changes at the surface, measured with strain gauges (Figure 81). Furthermore, both
mixes show a consistent ratio of approximately 0.52 between strain gauge readings and gauge
stud readings, with R? > 0.98 for both mixes (Figure 84).
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Figure 84. Relationship between stud gauges (ecs,1) and strain gauge measurement (ecs,2) of the

shrinkage for the mixes R and SHA-S

Despite the almost double shrinkage compared to the reference mix, samples of SHA-S had

much less surface cracking, which can be observed in Figure 85.

Figure 85. Surface cracking (crazing) of the AAC samples: SHA-S (left) and R (right)
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4.4.1.4 Durability properties

Penetration of water under pressure

The results on depth of water penetration under pressure for mixes R and SHA-S, after 28
days of curing, are presented in Figure 86. Mix SHA-S the highest penetration depth of 35.3
mm, which is not significantly higher than the 33 mm penetration of the mix R. According to the
Croatian national requirements [174], both concretes attained class VDP1 of resistance to

water penetration (maximum depth <50mm).
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Figure 86. Graphical presentation of depth of water penetration under pressure: concrete mixes R and
SHA-S

Carbonation resistance

Samples after 7, 28 and 56 days of exposure to 3% CO; are presented in Figure 87.
Carbonation depth (dk), carbonation rates (Kac) and coefficients of determination (R?) of
concrete mixes R and SHA-S are presented in Table 28. The graphical representation of the

results is presented in Figure 88.

R7d

Figure 87. Samples of the mixes R and SHA-S after 7, 28 and 56 days of accelerated carbonation
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Table 28. Carbonation resistance of concrete mixes: carbonation depths after 7, 28 and 56 days of

exposure, carbonation rates and coefficients of determination

dx [mm] K
Mix e R?
7d 28d 56d [mm/days®?’]
R 6.9 15.3 24.6 3.263 0.9889
SHA-S 7.7 17.0 26.2 3.4915 0.994
30
= 25 y = 3.4915x - 0.7202 2%2
% N R%=0.994 /24.6
[
g 77 // y = 3.263x - 0.8768
g ) % R? = 0.9889
1]
© 0 / : : .
0 2 4 6 8
Exposure time [days®]
A R e SHA-S ——Linear(R) ——Linear (SHA-S)

Figure 88. Carbonation depth versus the square root of exposure time

Both mixes exhibited similar resistance to carbonation. The SHA-S mix showed slightly higher
carbonation depths (7.7, 17.0 and 26.2 mm after 7, 28 and 56 days) and a marginally higher
carbonation rate (Kac=3.4915 mm/days®%) than the reference mix (6.9, 15.3 and 24.6 mm;
Kac=3.263 mm/days®®), indicating a small reduction in carbonation resistance. In both cases,

carbonation depth increased linearly with the square root of time (R? > 0.98).

TGA was conducted to reveal changes in phase assemblage after carbonation. TG and DTG
curves of carbonated and non-carbonated samples are presented in Figure 89 and Figure 90.
Dominant peaks and mass loss of the samples before and after exposure to carbonation are
given in Table 29. Mass losses in the temperature ranges 30-240 °C and 300-400 °C
correspond to the decomposition of hydration products: C-S-H, C-A-S-H, and hydrotalcite,
respectively. Mass loss between 450 °C and 700°C corresponds to carbonates. Before and
after exposure to carbonation, mix SHA-S had higher mass losses across all distinct

temperature ranges, indicating the formation of more hydration and carbonation products.
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Figure 89. TG and DTG curves of mixes R and SHA-S before and after 56 days of exposure to
accelerated carbonation
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Figure 90. TG and DTG curves of mixes R and SHA-S before and after 56 days of exposure to

accelerated carbonation - temperature range up to 700 °C

Table 29. Mass loss obtained by TGA for AAC mixes before and after carbonation

R SHA-S R_carb_56d SHA-S_carb_56d
Temperature range Mass loss [%]
30-240 °C 4.263 5.719 2.990 3.346
300-400 °C 0.808 1.136 1.069 1.295
450-500 °C 0.675 0.945 1.63 1.951
500-600 °C - - 2.403 3.074
600-700 °C 1.928 2.528 2.561 3.554

After exposure to carbonation, the C-S-H and C-A-S-H peaks decreased due to decalcification
of the gels [65]. Consequently, the peaks corresponding to carbonates increased. The broad
mass loss between 450°C and 700°C encompasses the decomposition of amorphous and

crystalline CaCO; polymorphs [65]. The mass loss between 450 °C and 640 °C usually
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corresponds to amorphous CaCOs, while the peak between 640 °C and 700 °C are attributed
to its crystalline form [187]. Even though the carbonation front i.e., carbonation rate, was very
similar, the highest peaks of the mix SHA-S in this region indicate the formation of more
carbonates, i.e., a higher degree of carbonation. This is supported by the greater reduction in
the peaks of C-S-H and C-A-S-H compared with the mix R. The large peak from 700°C to
850°C represents carbonates in the aggregate. After carbonation, hydrotalcite peaks also

increased and became diffused.

To assess the effect of SHA on this process, MIP analysis of samples after 56 days of exposure

to accelerated carbonation was conducted. The results are shown in Table 30.

Table 30. Porosity, critical pore diameter and threshold diameter of the mixes R and SHA-S after 56

days of exposure to accelerated carbonation

Mix Porosity, carb [%] deri,c [pm] der2,c [pm] dh,c [um]
R 14.3 0.0071 0.0241 0.051
SHA-S 12.8 0.0065 0.0103 0.031

Cumulative intrusion and differential curves of carbonated and non-carbonated samples are
plotted in Figure 91 and Figure 92, respectively. The pore size distribution of samples before

carbonation (28 days of curing) and after is presented in Figure 93.

The carbonation process increased the cumulative porosity of both mixes: for the reference
mix from 9.4% to 14.3% and for the mix SHA-S from 9.9 to 12.8%.

The coarsening of the pores can be observed in both mixes in the differential curves (Figure
92) through an increase in total porosity in both mixes, with increases in both gel and capillary
pore ranges for SHA-S, and predominantly in the capillary range for R. After carbonation, the
differential pore size distribution became bimodal - a secondary peak was formed in the
capillary region, and therefore, two critical pore diameters can be observed. Critical pore
diameter d¢r1 cincreased from 0.0056 um to 0.0071 pm for mix R, and to 0.0065 um for the mix
SHA-S. Secondary critical pore diameter (der2,c ) was 0.0241 um and 0.0103 pm for R and SHA-
S mix, respectively. Furthermore, the threshold diameter increased significantly, which can be
observed by the shift of the cumulative intrusion curves in Figure 91. For the mix R, it increased
to 0.051 uym, and for the mix SHA-S, it increased to 0.031 um.

110



Chapter 4

Results, discussion, and conclusions
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Figure 91. Cumulative intrusion curves of the non-carbonated and carbonated AAC mixes and

graphical determination of the threshold pore diameter of carbonated mixes

Figure 92. Differential curves of the non-carbonated and carbonated AAC mixes
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Figure 93. Pore size distribution of the non-carbonated and carbonated samples, according to the pore

diameter
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Resistance to chloride penetration

The chloride migration coefficients (Dnssm) after 28 and 56 days of curing are presented in
Figure 94. The samples after the chloride migration test, after 28 and 56 days of curing, are
presented in Figure 95, Figure 96, Figure 97 and Figure 98.

After 28 days of curing, mix R exhibited higher resistance to chloride penetration than mix
SHA-S. However, the reduction of the migration coefficient of this mix at 56 days was
approximately 10%, while the mix SHA-S had 52% of reduction, resulting in a lower migration

coefficient than mix R.
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Figure 94. Graphical representation of migration coefficients for concrete mixes R and SHA-A,
after 28 and 56 days

Both mixes showed a reduction in the chloride migration coefficient after 56 days of curing
(1.18, mix R and 0.95, mix SHA-S) compared to 28 days (1.32, mix R and 1.98, mix SHA-S),
due to an increase in matrix density over curing time. The discrepancy between the relatively
high water absorption and the low chloride migration coefficients of the tested mixes is
consistent with findings that AAS systems can have higher sorptivity due to microcracking, but
low chloride permeability of the bulk matrix [97].
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Figure 96. Chloride penetration of the samples
SHA-S, after 28 days of curing
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Figure 97. Chloride penetration of the samples Figure 98. Chloride penetration of the samples

R, after 56 days of curing SHA-S, after 56 days of curing
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4.4.2 Discussion

4.4.2.1 Fresh-state properties

The replacement of NaOH with SHA in concrete did not have a significant influence on the mix
temperature. The difference was 2°C, consistently throughout the series of concrete batches.
This can be attributed to the greater hydration reaction that occurs with sodium hydroxide
compared to potassium hydroxide. In addition, this difference is influenced by the fact that
sodium was introduced as a pure chemical, whereas potassium was released from the
biomass ash; consequently, the reaction proceeded more slowly [49], resulting in a lower
concrete temperature. However, the difference and individual temperatures are not high since
the activator content in the mixes are at the lower limit of the usual range. Mix SHA25 had a

lower temperature than mix SHA-S by 2°C.

The reduction in slump of mix SHA-S compared to the reference mixture was expected,
considering the addition of SHA to the mix. In mix R, the alkali activator (NaOH) is dissolved
in the mixing water and added to the mixer. In mix SHA-S, the activator is provided as solid
SHA particles at 25 wt% of slag, increasing the total solid content and yield stress while
reducing the workability [182]. Furthermore, the irregular shape and rough surface texture of
SHA particles, as observed by SEM, increase inter-particle friction [183]. It is possible that
there is a secondary contribution of shape and texture to the reduction in workability, through
particle surface wetting and a reduction in available water in the mix. Additionally, the
aggregate fraction 0-4 mm had a significant portion of fine particles, which also contributed to

the decrease in slump in both mixes.

The SHA25 mixture showed very stiff consistency, corresponding to slump class S1, with a
slump value of only 10 mm. Due to its very dry and stiff nature, the mixture was difficult to place
and compact into the moulds. After demoulding, these specimens exhibited visible defects
(honeycombs), resulting from inadequate compaction. This led to the conclusion that SHA
alone cannot be used as an activator in this research because of the poor workability and
compactability of the concrete. Therefore, this mixture was not tested further for durability
properties. The reason is the omission of sodium silicate, which increases workability up to a
certain content, as concluded in Phase 2 of the research. The effect of the fine aggregate

particles played a significant role in this mix as well.

The increase in initial setting time of SHA-S paste is attributed to the slower activation kinetics
of SHA, in which K* ions dissolve more gradually compared to Na* from a chemical activator
[49]. The setting times of the pastes should be interpreted comparatively rather than as

absolute values. The SRPS EN 196-3 standard [158] prescribes measuring setting time on
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cement paste of standard consistency; however, no equivalent standard consistency is defined
for AAMs. Therefore, the test was performed on pastes with w/b = 0.5, matching the ratio used
in the corresponding concrete mixes. Since the pastes lack aggregate, their effective water
content is considerably higher than in concrete of the same w/b ratio, which delays setting.
Consequently, the measured setting times are expected to be longer than those of the
corresponding concrete mixes, and the results are best used to compare the relative effects of
SHA versus NaOH activation rather than as representative setting times of the concretes.
However, these results are promising, as the excessively rapid setting of AAMs remains a
technological challenge, and the use of SHA demonstrates potential to extend the workable

time of alkali-activated slag systems.

4.4.2.2 Mechanical properties

Higher compressive strength of SHA-S over the curing period may reflect contributions from
both the filler effect of the undissolved SHA fraction [144,145] and potentially ongoing slag
activation by progressively released K* throughout the hardening period, resulting in a higher
alkali content than calculated in the mix design. The higher increase of compressive strength
of mix R after 7 days of curing could be due to the dissolution of silicon from sodium silicate.
However, contributions from other SHA-derived species (CaO, MgO, SO;) and their interaction

with the sodium silicate system are also possible.

The lower modulus of elasticity of SHA-S compared to R, despite higher compressive strength,
can be attributed to the incorporation of K* ions from SHA dissolution into the C-A-S-H gel
interlayer. K* has a larger ionic radius (1.38 A) and lower charge density than Na* (1.02 A),
forming weaker bonds with silicate oxygens and reducing the stacking regularity of C-A-S-H

layers, which results in a more compliant matrix [188,189,190].

4.4.2.3 Physical properties

Porosity

Higher content of capillary pores in SHA-S compared to R after 28 days of curing can be
attributed to the dissolution of the soluble fraction of SHA particles during hydration. SEM
imaging of raw SHA confirmed dense particle morphology without visible internal porosity, while
dissolution tests showed 16% of the ash dissolves in water, almost immediately, with an
increase up to 42.5% after 2 hours of water dissolution at 65 °C. The void space potentially

created by this dissolution is consistent with the capillary-range porosity observed in MIP.
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Water absorption

The higher initial absorption rate of SHA-S is consistent with its coarser pore size distribution
(more capillary porosity), which allows faster water uptake by capillary suction. Conversely, the
higher secondary absorption rate of R could reflect the slower filling of its predominantly gel-
sized porosity. The similar final absorption values (1.49 mm and 1.63 mm) are consistent with

the comparable total porosity of both mixes measured by MIP.

The deviation from the standard bilinear absorption model is consistent with observations
reported for AA slag systems. The drying-induced microcracking has been shown to increase
water sorptivity and changes in absorption behaviour [95,96]. It should be noted that standard
sorptivity test methods developed for PC concrete may not be directly applicable to AAM
systems, as the conditioning protocol can induce microcracking that affects absorption
behaviour [191].

Shrinkage

Despite an increased w/b ratio, lowering Ms was beneficial for the shrinkage of the reference
mix. Similar mix designs of concrete and mortar samples showed higher shrinkage. Cartwright
et al. [85] reported shrinkage of 2,0 mm/m after 28 days of drying at RH 50%, for the mortar
samples. Studies on similar mix designs reported 90-days shrinkage of 1.750 mm/m with
w/b=0.5 [192], and 1.125 mm/m with w/b=0.43 [77].

High early shrinkage observed in mix R and SHA-S was also reported by Thomas et al. [193],

and explained by the delayed formation of the reaction products and rapid water loss.

A 2.23 times higher total shrinkage of the mix SHA-S compared to the reference mix can be
explained by the higher total moisture loss of the mix SHA-S (0.314 kg, compared to 0.174 kg
in the mix R) and the higher shrinkage per unit mass loss. MIP data at 28 days shows that
while total porosity is similar for both mixes, the pore size distribution is different. Mix SHA-S
has fewer gel pores but more porosity distributed across the capillary range, where water is
less tightly retained and evaporates more rapidly, compared to mix R, where porosity is mostly

in the gel range, where water evaporates slowly [173].

The slope of the shrinkage vs. mass loss relationship is 33% steeper for SHA-S (10.266 mm/m
per kg) than for R (7.7368 mm/m per kg) (Figure 82). This means that even at the same amount
of water loss, SHA-S would have higher total shrinkage than mix R. SHA-S has a coarser pore
size distribution than R (3.9% vs 2.9% in the capillary range), but both mixes retain significant
gel porosity (3.6% and 4.9%, respectively). SHA-S could generate lower capillary pressure per
unit of water lost and lower shrinkage, according to the Kelvin-Laplace equation, as indicated

by its lower elastic modulus (24.5 GPa vs 28.0 GPa) and consistent with the high viscoelastic
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compliance characteristic of AAS systems. However, the SHA-S mix had a lower modulus of
elasticity than mix R (24.5 GPa vs 28.0 GPa for R at 28 days). This indicates that steeper
shrinkage-to-cumulative mass loss is primarily due to the higher deformability of the SHA-S
matrix and may be consistent with the pronounced viscoelastic compliance reported for AAS

systems as an important factor contributing to drying shrinkage [86,190].

If SHA continues to dissolve and release K*, as indicated by the compressive strength results,
and additional reaction occurs during the drying period, it implies that it consumes water,
thereby causing self-desiccation. This could add internal capillary stress to the drying-induced
capillary stress, increasing total shrinkage of the mix SHA-S [190,189]. However, the distinction
between these two mechanisms should be further researched, and the dominant factor is the

higher deformability of the SHA-S matrix, as evidenced by its lower elastic modulus.

The identical ratio between strain gauge readings and gauge stud readings for both mixes
confirms that the higher shrinkage of SHA-S is a volumetric material property, not a
measurement artefact. The difference in drying shrinkage at the surface and in the core of the
samples occurs due to the moisture gradient, causing non-uniform strain distribution across
the cross-section of the sample [194]. As the surface dries faster than the core, the restrained
surface develops tensile stress, leading to microcracking. These microcracks partially relieve
the compressive shrinkage strain at the surface, reducing the strain gauge reading relative to
the gauge stud measurement, which captures the volume-averaged deformation over the full

cross-section [195].

As discussed, a higher content of capillary pores in the mix SHA-S could induce lower capillary
pressures than in the mix R, which is why stress intensity per unit volume of drying is lower,
resulting in less cracking as observed in Figure 85. Another explanation could be that under
sustained capillary stress; a more deformable matrix is expected to exhibit greater stress
relaxation through creep before reaching the tensile cracking threshold [86,190]. The stiffer R
matrix has less capacity for stress relaxation, allowing capillary stresses to accumulate and
exceed the tensile strength, causing surface crazing. Li et al. [196] demonstrated that AAS
concrete shows lower shrinkage-induced stress and later cracking onset than PC despite

higher shrinkage, due to pronounced stress relaxation from high viscoelastic compliance.

4.4.2.4 Durability properties

Carbonation resistance

The accelerated carbonation results show that both mixes exhibited similar carbonation rates,
with SHA-S carbonating slightly faster than R (3.49 vs 3.26 mm/day®-®). The slightly higher
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carbonation rate of SHA-S is consistent with its coarser pore size distribution, which may
facilitate CO, diffusion into the matrix. However, the small difference between the two mixes
suggests that pore structure is not the dominant factor, and that both mixes have comparable

resistance to carbonation.

The similar carbonation resistance may be attributed to the higher MgO content in the system,
due to the presence of SHA. The high MgO content (GGBFS+SHA) resulted in the formation
of more hydrotalcite, which acts as a CO, absorbent [65,103]. The higher hydrotalcite content
in the mix SHA-S is confirmed by TGA and DTG curves of the samples before and after 56
days of exposure, as shown in Figure 89 and Figure 90. Hydrotalcite peaks in both mixes
increase and broaden after carbonation, due to CO; absorption [104,171], with the intensity of
the SHA-S peak being higher, because initially more hydrotalcite has been formed and has a
higher capacity to uptake CO.. The increased formation of amorphous CaCQOj3 in each mix and
in SHA-S relative to R, is characteristic of slags with higher MgO content and could be
beneficial. McCaslin and White [197] observed a lower extent of decalcification of C-(N)-A-S-
H gel, because amorphous CaCOs; has a higher solubility than crystalline calcium carbonate
phases; its presence maintains a higher calcium concentration in the pore solution, decreasing

the decalcification.

This further reflected on the porosity of the carbonated samples. Carbonation induces
decalcification of C-S-H and C-A-S-H gels, resulting in increased porosity and coarsening of
the pores in AAM systems [65]. Critical pore diameter also increased, and the secondary critical
pore diameter formed in a capillary range for both mixes. Mix R exhibited a higher increase in

cumulative porosity and coarsening of the pores, as well as threshold pore diameter.

The replacement of NaOH with SHA in the AAC resulted in a slightly higher carbonation rate
and it had a positive effect on pore structure, resulting in a smaller increase in capillary porosity

and in critical pore diameter and threshold pore diameter than in the reference mix.

Resistance to chloride penetration

The discrepancy between the relatively high water absorption and the low chloride migration
coefficients of the tested mixes is consistent with findings that AAS systems can have higher

sorptivity due to microcracking, but low chloride permeability of the bulk matrix [97].

Despite retaining higher capillary porosity at 56 days (4.2% vs 0.9% for R), SHA-S achieved a
lower chloride migration coefficient (0.95 vs 1.18 x107'2 m?/s). This contradiction between pore
structure and chloride transport can be explained by the higher formation of hydrotalcite,
confirmed by TGA (Figure 90), which chemically binds chloride ions [117,171]. Ye et al.
published that hydrotalcite and AFm-type phases can contribute with 40-70% of total chloride
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binding capacity in AAS systems and that they are higher in AAMs activated with potassium
[198].

This can further indicate that chloride binding is the dominant mechanism governing chloride
resistance in SHA-S, not pore refinement. The fact that the improvement of the chloride
migration coefficient of the mix SHA-S over curing time was greater than for the mix R could
add up to the theory of continued formation of hydrotalcite, i.e., continued dissolution of SHA.
The significantly higher capillary porosity of mix SHA-S at 56 days of curing could be due to
continued dissolution, and therefore the prevalence of the formation of additional hydration

products or increased capillarity should be further studied.

4.4.3 Conclusions

Based on the analysed experimental results, the following conclusions can be drawn:

¢ SHA compromises the workability of the mix. This can be explained by increased total
solid content in the mix, reduced available water, and increased interparticle friction

due to the shape and texture of SHA particles.

e The concrete mix activated only with SHA was hard to place due to its stiff consistency.
Therefore, the SHA cannot be used as the sole activator without the addition of a

silicate solution to improve workability.

e Replacing NaOH with SHA did not compromise mechanical properties. AAC mix
activated with 25 wt% GGBFS of SHA and Ms=0.42 attained approximately 50 MPa at
28 days of curing, compared to 46 MPa of the reference mix. After 90 days of curing,
mixes had the same compressive strength of 57 MPa. Tensile strength tends to follow
the same trend at 56 days of curing. The incorporation of K* ions via SHA resulted in a
reduced degree of regularity in the gel, due to the size and charge density differences
between K+ and Na+. This resulted in 12% and 17% lower modulus of elasticity after

28 and 56 days, respectively, compared the mix R.

¢ Mix with SHA exhibited 25.6% higher capillary pore content than R samples, after 28
days of curing. It did not influence the cumulative porosity, critical pore diameter and

threshold diameter.

e The absorption behaviour of both mixes deviates from the standard bilinear model
prescribed for PC concrete. This is characteristic of AAS systems, where the
conditioning protocol (drying at 50°C) can induce microcracking that alters the capillary

network and disrupts the expected absorption kinetics. The rate of absorption for the
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mix with SHA was twice that of the reference mix, but in the secondary absorption area,
the reference mix had a higher rate than the mix with SHA-S. Final water absorption
was only slightly higher for the mix SHA-S, due to the higher capillary pore content and

the same open porosity obtained by MIP.

e The shrinkage of AAC doubled with the addition of the SHA. This is explained by two
mechanisms: higher total moisture loss due to the coarser capillary pore network and
greater matrix deformability, as evidenced by a lower elastic modulus compared to the
mix R. This compliance also had a positive effect on drying-induced cracking. It
enables stress relaxation through creep and prevents capillary stresses from reaching

the tensile cracking threshold.

e The carbonation resistance at all exposure days was essentially the same for both
mixes, where the mix SHA-S exhibited a minor increase in carbonation rate. Even
though it was expected that higher SHA-S permeability would lead to lower carbonation
resistance, the addition of SHA reduced pore coarsening during carbonation. High MgO
content in SHA contributed to the formation of more hydrotalcite, which acted as a CO-
absorbent. The increase in total porosity of the SHA-S after carbonation was lower
(2.9% vs 4.9% for R), and the critical and threshold pore diameters increased less than
in R. This suggests that the additional hydrotalcite in SHA-S partially buffers the
microstructural damage caused by C-A-S-H decalcification, resulting in a less severe
coarsening of the pore network. The DTG data confirmed this mechanism: SHA-S
shows both higher initial hydrotalcite content and a greater increase in hydrotalcite-

related mass loss after carbonation.

e SHA-S initially shows higher chloride permeability at 28 days, consistent with its
coarser pore structure. However, it surpasses the reference mix by 56 days, achieving
a 20% lower migration coefficient despite retaining significantly more capillary porosity.
The decoupling of pore structure from chloride transport performance can provide
evidence of significant chemical binding as the dominant mechanism governing
chloride resistance in the SHA-S system. The higher hydrotalcite content in SHA-S
provides greater chloride binding capacity through anion exchange in the hydrotalcite
interlayer. The 52% reduction in migration coefficient between 28 and 56 days versus
10% reduction in mix R - suggests that hydrotalcite formation continues beyond 28

days in SHA-S. This favours the potential progressive dissolution of SHA.

Hypotheses 1 and 2 were not proven at a concrete level due to technological issues related to

the workability of the mix activated only with SHA. However, using SHA instead of NaOH in
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combination with sodium silicate did not compromise the mechanical and durability properties
of AAC.

SHA, as an alternative hydroxide activator, modified both the physical and chemical
characteristics of the hydration products. Across the tested durability properties - carbonation
resistance, chloride migration and water absorption - the results suggest that chemically
governed mechanisms surpass the influence of the coarser physical pore structure of SHA-S.
The extent to which chemical mechanisms prevail over physical ones is likely to depend on

the SHA dosage, mixing procedure, and overall mix design, and requires further investigation.
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5. FINAL REMARKS, CONTRIBUTION, AND FUTURE
PERSPECTIVES

5.1 Final remarks

This research investigated the possibilities of using SHA as an alternative potassium-rich

activator in slag-based AAMs, through four experimental phases from material characterisation

to concrete-level performance. Furthermore, results demonstrated that mixes with reduced

content of conventional chemical activators can have satisfactory mechanical and durability

properties, providing the baseline for comparison with SHA-activated mixes.

The main conclusions of the thesis are:

1. SHA has satisfactory chemical and physical properties for use as an activator in AAMs.
The reaction between SHA and GGBFS produces C-S-H and C-A-S-H gels

characteristic of alkali-activated slag systems.

2. Optimal alkali content and silicate modulus for the reference AAC mix with low activator

content are 4 wt% of GGBFS and 0.42, respectively.

3. SHA reduces the workability of mortar mixes, due to its irregular shape and rough

surface. The experimental research resulted in the following conclusions and

recommendations:

The optimal w/b ratio was found to be 0.45 with an optimal SHA content of 25 wt%

of GGBFS, considering both workability and compressive strength.

For mortars with crushed 0-4 mm aggregate that was used, workability and
compressive strength were optimised by increasing w/b ratio to 0.5 and by adding

sodium silicate so that Ms is 0.42, based on the research in Phase 2.

4. Based on mechanical properties, SHA can serve as the only activator for slag-based
AAMs.

Curing at 65°C promotes early strength development, with specimens attaining 89—
98% of the 28-day compressive strength within the first days. However, elevated-
temperature curing results in lower 28-day compressive strength than ambient

curing.

Pre-dissolution of SHA in water before mixing enhances the release of potassium
ions and increases compressive strength by up to 14.7%, depending on immersion
duration. However, this pre-treatment negatively affects workability due to

accelerated early reaction.
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5. SHA cannot be used as the only activator at the concrete level, due to the significant
reduction in workability. However, adding sodium silicate to achieve Ms=0.42 in the mix

increases slumps and alters the concrete's ability to be placed and compacted.

6. Replacing NaOH with SHA did not compromise the mechanical properties of AAC with

sodium silicate activator.

e The mix activated with 25 wt% GGBFS of SHA and Ms=0.42 attained a 28-day
compressive strength of 50 MPa and can be compared to the compressive strength
and mix design of 46 MPa, n=4%, Ms=0.42. The small difference in compressive
strength may arise from the filler effect of undissolved ash or higher alkali content

from both SHA and sodium silicate.

o After 90 days, both mixes converged to the same compressive strength of 57 MPa,

with tensile strength following a similar trend at 56 days.

e The incorporation of K* ions through SHA dissolution resulted in a 12% and 17%
lower modulus of elasticity after 28 and 56 days, respectively, attributed to the

weaker interlayer bonding of K* within the C-A-S-H gel.

7. The replacement of NaOH with SHA resulted increases capillary pore content, without

affecting the cumulative open porosity, critical pore diameter or threshold diameter.

8. The capillary absorption behaviour of both mixes deviated from the standard bilinear
model prescribed for PC concrete, which is common for AAS systems. SHA has a
higher initial absorption due to the higher capillary porosity. Final water absorption was
only marginally higher for SHA-S, confirming the comparable total porosity of both

mixes.

9. The drying shrinkage of AAC doubled with the incorporation of SHA. It is governed by
the higher moisture loss from the coarser capillary pore network and the higher
deformability of the K*-modified matrix. However, the lower modulus of elasticity, which
contributed to greater shrinkage, simultaneously enabled greater stress relaxation
through creep, preventing drying-induced surface cracking despite the substantially

higher total deformation.
10. Durability properties were not compromised by the addition of SHA.

e Carbonation rates of both concretes were essentially comparable at all exposure
ages, with SHA-S exhibiting only a minor increase. Despite the coarser pore
structure of SHA-S and the expected higher depth of carbonation, the higher
hydrotalcite content resulting from the additional MgO introduced by SHA acted as
a CO, absorbent, buffering the decalcification of the C-A-S-H gel.
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¢ Similarly, the chloride migration coefficient of SHA-S was lower than that of the
reference mix at 56 days, attributed to the greater chloride binding capacity of the

higher hydrotalcite content.

Overall, replacing NaOH with SHA modified the physical and chemical characteristics of the
hydration products. The increased capillary porosity induced by SHA had the highest negative
effect on shrinkage. For all examined durability indicators - carbonation resistance, chloride
migration, and water absorption - the dominant role of chemically controlled mechanisms,
specifically hydrotalcite-facilitated CO, uptake and chloride binding, mitigated the negative
impact of the coarser pore structure. However, the extent to which chemical mechanisms
prevail over physical ones depends on the SHA dosage, mixing procedure and overall mix

design, and needs further investigation.

5.2 Contribution

The original scientific contribution of the doctoral thesis is reflected in:

1. Valorisation of SHA, a locally available waste material in the construction sector, by using it

as an alternative activator for slag-based AAMs.

2. Optimisation of the binder activated with SHA through assessing the influence of w/b ratio,
SHA content, mixing procedures and curing regimes on workability and compressive strength.
The optimisation resulted in defining these parameters to use SHA as received and produce

waste-based binder with minimal technological requirements.

3. Determination of the influence of SHA on the activation process and properties of slag-based
AAM by understanding the mechanisms through which it changes the chemical and physical
properties of the binder. For the first time in the literature, a set of physical, mechanical, and
durability properties was tested on AAC with SHA and biomass ash in general, rather than the
chemical alkali-hydroxide activator. The results offer insight into the mechanisms by which SHA

influences a wide range of AAC properties, as well as the technological challenges that arise.
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5.3 Future perspectives

The presented doctoral thesis opened several questions and future research perspectives.

The main recommendations for future investigations are:

1.

Quantification of potassium content available for activation at the mortar and concrete

level.

Investigation of the potential continuous dissolution of K* ions and decouple its effect

from the filler effect on the properties of mortar and concrete.

Understanding the coupled effect of K* and Na* on the hydration products of concrete

activated with SHA and sodium silicate.

Improvement of workability of concrete activated solely with SHA by using river
aggregate and superplasticisers compatible with AAMs, and testing of its durability

properties.

Assessment of the potential to reduce shrinkage by pre-dissolving SHA in water prior
to mixing, thereby reducing the capillary porosity created by in-situ dissolution of SHA

particles during the curing period.

Further understanding of the influence of SHA on the viscoelastic behaviour of AAC,

including creep and stress relaxation.

Assessment of the suitability of SHA-activated slag mortar as a repair material, given
its adequate compressive strength, the lower modulus of elasticity of potassium-
activated systems, and the potential high stress relaxation capacity. The compatibility
between the repair mortar and the concrete substrate should be investigated, with an
emphasis on reducing differential shrinkage, testing bond strength, and ensuring long-

term durability.
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APPENDIX 1 - Properties of aggregates

Properties of crushed limestone aggregate used in Phase 2

Grading of the aggregate fractions 0/4, 4/8 and 8/16 (Phase 2)

Retention mass Ri [g]

P 0.125 0.25 0.5 1 2 4 8 16 31.5

0/4 4 78.1 80 117 190.7 305 47.2 1.9 0 0

4/8 1 1 0.5 0.8 2.6 35.1 7459 48.2 0 0

8/16 0.9 0.1 0.2 0.2 0.6 0.4 18.2 1219.5 70.4 0
Retention percentage [%]

0/4 0.5 9.5 9.7 14.2 231 37.0 5.7 0.2 0.0 0.0

4/8 0.1 0.1 0.1 0.1 0.3 4.2 89.3 5.8 0.0 0.0

8/16 0.1 0.0 0.0 0.0 0.0 0.0 1.4 93.1 54 0.0

Cumulative retention percentage, Zi [%]

0/4 100.0 99.5 90.0 80.3 66.1 43.0 6.0 0.2 0.0 0.0

4/8 100.0 99.9 99.8 99.7 99.6 99.3 95.1 5.8 0.0 0.0

8/16 100.0 99.9 99.9 999 999 99.8 99.8 98.4 5.4 0.0
Cumulative passes, Yi [%]

0/4 0.0 0.5 10.0 19.7 339 57.0 940 99.8 100.0 100.0

4/8 0.0 0.1 0.2 0.3 0.4 0.7 4.9 94.2 100.0 100.0

8/16 0.0 0.1 0.1 0.1 0.1 0.2 0.2 1.6 946 100.0

Modulus of fineness of the fraction 0/4:

XZ

=100 = 3.15

M

Water absorption of the aggregate fractions (data provided by the manufacturer)

Fraction

0/4 4/8

8/16

WA [%]

1.3 0.6

0.4
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Properties of crushed limestone aggregate used in Phase 4

Grading of the aggregate fractions 0/4, 4/8 and 8/16 (Phase 4)

Retain mass Ri [g]

P 0.125 0.25 0.5 1 2 4 8 16 31.5
0/4 78.2 33 447 726 1358 2775 1123 0 0 0
4/8 4 0.1 0.1 0.1 0.3 22 808.1 43.5 0 0
8/16 4.6 0.1 0.1 0.1 0.1 0.3 38.9 2761.2 90.5 0
Retention percentage [%]
0/4 10.4 4.4 5.9 9.6 18.0 36.8 14.9 0.0 0.0 0.0
4/8 0.5 0.0 0.0 0.0 0.0 0.3 94.2 5.1 0.0 0.0
8/16 0.2 0.0 0.0 0.0 0.0 0.0 1.3 95.3 3.1 0.0
Cumulative retention percentage, Zi [%]
0/4 100.0 89.6 85.3 793 697 51.7 14.9 0.0 0.0 0.0
4/8 100.0 99.6 996 996 99.5 99.5 99.3 5.1 0.0 0.0
8/16 100.0 99.8 99.8 99.8 99.8 99.8 99.8 98.5 3.1 0.0
Cumulative passes, Yi [%]
0/4 0.0 10.4 14.7 20.7 30.3 48.3  85.1 100.0 100.0 100.0
4/8 0.0 0.4 0.4 0.4 0.5 0.5 0.7 94.9 100.0 100.0
8/16 0.0 0.2 0.2 0.2 0.2 0.2 0.2 1.5 96.9 100.0

Modulus of fineness of the fraction 0/4:

XZ

M =
100

= 3.34

Water absorption of the aggregate fractions (data provided by the manufacturer)

Fraction 0/4 4/8

8/16

WA [%] 0.8 0.7

0.6
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APPENDIX 2 - Fresh-state properties of AACs (Phase 2)

Results of entrained air, fresh-state density and slump of ten AAC mixes

Mix
R2 R3 R4 R5

R7 R8 R9 R10

R1
Temperature
o 24.8
[C]
Ap [%] 1.5

y [kg/m3] 2490
Slump [mm] 130

Slump class S3

239 247 243 242
24 2.0 1.3 1.4
2480 2474 2468 2500
10 30 50 55

S1 S1 S2 S2

214 203 213 214
1.5 1.2 2.0 1.6
2520 2460 2490 2530
75 120 157 212

S2 S3 S3 S4
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APPENDIX 3 - Compressive strength of AACs (Phase 2)

The compressive strength of the mixes R1, R2, and R3 after 2, 7 and 28 days of curing

Mix tDeZ{ino; Sample  y [kg/m®] Vayy [kg/m*] P [kN] [Mf;a] [f,J,’EVQ]
R1/1 2448 374.85  16.66
2 R1/2 2432 2441 36150 16.07  16.66
R1/3 2443 375.81  16.69
R1/4 2461 603.51  26.82
7 R1/5 2477 2470 608.29  27.04  26.80
R1 R1/6 2461 597.22  26.54
R1/7 2491 866.28  38.50
28 R1/8 2486 2483 854.60 37.98 38.32
R1/9 2472 858.77 3817
R2/1 2514 591.98  26.31
2 R2/2 2506 2441 579.15 2574  26.09
R2/3 2510 589.95  26.22
R2/4 2490 892.80  39.68
. 7 R2/5 2508 2502 876.38  38.95  39.42
R2/6 2509 891.68  39.63
R2/7 2512 1287.90  57.24
28 R2/8 2511 2510 1268.55 56.38  56.92
R2/9 2507 128565 57.14
R3/1 2484 350.55  15.58
2 R3/2 2476 2480 34223 1521 1041
R3/3 2480 347.40  15.44
R3/4 2474 54338  24.15
7 R3/5 2466 2470 53033 2357 289
R3 R3/6 2470 538.88  23.95
R3/7 2474 757.58  33.67
28 R3/8 2466 2470 739.57 32.87 33.31
R3/9 2470 751.27 33.39
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The compressive strength of the mixes R4, R5, and R6 after 2, 7 and 28 days of curing

Mix oo Sample  yIkgim] Yaygkgiml PIN] o e
R4/1 2484 31455  13.98
2 R4/2 2476 2480 30712 1365 1583
R4/3 2480 31185  13.86
R4/4 2479 504.90  22.44
7 R4/5 2471 2475 49298 2191 2220
R R4/6 2475 500.62  22.25
R4/7 2444 73890  32.84
28 R4/8 2436 2440 72135 3206 3249
R4/9 2440 73283 3257
R5/1 2516 77445  34.42
2 R5/2 2508 2512 756.00 3360 °o+0°
R5/3 2512 767.93  34.13
R5/4 2504 1080.00  48.00
7 R5/5 2496 2500 405435 48 4749
RS R5/6 2500 1071.22  47.61
R5/7 2510 142740  63.44
28 R5/8 2502 2506 139342 6193 6276
R5/9 2506 141547 6091
R6/1 2494 55485  24.66
2 R6/2 2486 2490 54180 2408 2440
R6/3 2490 550.35  24.46
R6/4 2484 1140.08  50.67
7 R6/5 2476 2480 111308 4947 2013
R6 R6/6 2480 113062  50.25
R6/7 2491 123615  54.94
28 R6/8 2483 o487 120667 5363 5435
R6/9 2487 1225.80 5448
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The compressive strength of the mixes R7, R8, and R9 after 2, 7 and 28 days of curing

Mix o' Sample  ylkgim’l Y ke/m PIN] oo e
R7/1 2479 95130  42.28
2 R7/2 2471 2475 92880 4128 4183
R7/3 2475 94342  41.93
R7/4 2492 145192 6453
7 R7/5 2484 2488 141750 e300 6384
R R7/6 2488 1439.78  63.99
R7/7 2483 1708.88  75.95
28 R7/8 2475 2479 166838 7415 7514
R7/9 2479 169470  75.32
R8/1 2488 597.60  26.56
2 R8/2 2480 2484 58342 2593 2028
R8/3 2484 50288  26.35
R8/4 2483 1140.08  50.67
7 R8/5 2475 2479 444308 4947 9013
R8 R8/6 2479 113062  50.25
R8/7 2485 145463  64.65
28 R8/8 2477 2481 1420.20 63.12 63.96
R8/9 2481 144247 o411
RO/ 2504 79987 3555
2 R9/2 2496 2500 78098 3471 17
R9/3 2500 79312 35.25
R9/4 2476 1318.72  58.61
7 RY/5 2468 2472 408720 5721 2098
RO R9/6 2472 1307.70  58.12
R/7 2487 158512  70.45
28 R9/8 2479 oag3 154755 6878  69.70
R9/9 2483 1572.08  go.87
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The compressive strength of the mixes R10 after 2, 7 and 28 days of curing

Mix o' Sample  ylkgim’l Yay kgl PIN] o e
R10/1 2499 07470  43.32

2 R10/2 2491 2495 95152 4229 4286
R10/3 2495 966.82  42.97
R10/4 2492 1498.72  66.61

7 R10/5 2484 2488 146347 6503 0090
R10 R10/6 2488 1486.35  66.06
R10/7 2485 1671.75  74.30

28 R10/8 2477 2481 163215 7254  73.51
R10/9 2481 1658.02  73.69
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APPENDIX 4 - Durability properties of selected AACs (Phase 2)

Depth of water penetration under pressure: concrete mixes R2, R5, and R7

R2/1 R2/2 R2/3 R5/1 R5/2 R5/3 R71 R7/2 R7/3

d [mm] 20 19 17.5 9.8 15 11.3 756 873 722

Measured carbonation depths of concrete mixes R2, R5 and R7 after 7 and 28 days of

exposure to accelerated carbonation

R2 R5 R7
dx [mm]
7d 28d 7d 28d 7d 28d
10.86 17.78 6.9 18.9 9.5 17.64
9.52 16.85 6.87 18.2 10.31 20.04
8.37 17.83 9.0 17.6 4.54 201
8.22 19.93 7.43 201 5.0 22.19
8.2 19.86 6.91 18 9.14 19.66
8.5 17.21 8.05 19 8.7 18.22
8.4 19.47 8.8 17.3 8.21 19.2
9.1 18.13 8.14 18.5 8.43 20.16
7.92 19.5 7.02 18.4 8.49 21.29
8.66 19.14 9.85 171 9.97 20.93
8.24 19.35 6.21 19.8 6.95 18.76
7.79 19.62 7.69 16.5 10.11 18.96
11.0 20.0 7.38 171 7.82 18.91
8.88 22.28 9.8 13.6 7.1 18.25
11.32 19.8 8.26 17.7 8.37 19.84
10.18 20.8 7.1 2.33 7.24 18.17
Average carbonation depths [mm]
9.1 19.1 6.7 171 8.1 19.4
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Test parameters, chloride penetration depths, and coefficients after 28 days of curing for the

mix R2, R5, and R7

Mix R2 Sample
1 2 3
L [mm] 50.88 50.8 51.1
Test Tavg (°C) 23.45 23.09 23.09
parameters U[V] 60 60 60
Test duration [h] 48 48 48
D6 19.39 3.02 2.18
D4 10.54 2.07 1.78
Chloride D2 5.05 0 2.04
penetration D1 4.75 2.57 1.64
depths D3 5.67 3.52 2.83
[mm] D5 10.21 0 3.3
D7 9.17 3.39 2.46
Davg [mm] 9.3 2.1 2.3
E [V/m] 1139.937107 1141.732283 1135.029354
a 0.008392 0.008381 0.008405
Dhssmyavg [10712 m?/s] 0.109 0.332 0.684
Dnssm,avg [1072 m?/s] 0.70
Mix R5 Sample
1 2 3
L [mm] 50.5 50.8 51.1
Test Tavg (°C) 23.09 23.09 23.09
parameters U[V] 6 60 60
Test duration [h] 24 24 24
D6 0 3.02 2.18
D4 3.71 2.07 1.78
Chloride D2 2.58 0 2.04
penetration D1 1.9 2.57 1.64
depths D3 1.89 3.52 2.83
[mm] D5 0 0 3.3
D7 2.06 3.39 2.46
Davg [mm] 1.7 21 2.3
E [V/m] 1148.514851 1141.732283 1135.029354
a 0.008356 0.008381 0.008405
Drssmsavg [10712m?/s] 0.356 0.439 0.0498
Dnssm,avg [107'2 m?/s] 0.43
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Mix R7 Sample
1 2 3
L [mm] 50.67 50.881 50.81
Test Tavg (°C) 24.72 24.72 24.72
parameters U[V] 60 60 60
Test duration [h] 24 24 24
D6 10.53 6.87 12.53
D4 0.1 8.26 11.55
Chloride D2 7.18 9.27 11.66
penetration D1 8.52 12.73 8.67
depths D3 7.58 13.08 11.41
[mm] D5 8.41 8.88 9.85
D7 8.4 8.31 11.1
Davg [mm] 7.2 9.6 11.0
E [V/m] 1144.661535 1139.914703 1141.507577
a 0.008393 0.008410 0.008405
Dnssm’azvg [10 0.1.694 2.293 2.624
m?/s]
Dnssm,avg [1072 m?/s] 2.20
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APPENDIX 5 - Workability of mortar mixes (Phase 3)

Flow diameter of mortar mixes with different SHA content and w/b

SHA content w/b D1 [mm] D, [mm] Davg [mm]
0.42 130 132 131
SHA15 0.45 156 155 156
0.50 182 183 182
0.42 129 127 128
SHA25 0.45 153 155 154
0.50 180 182 181
0.42 120 120 120
SHA35 0.45 152 152 152
0.50 173 175 174

Flow diameter of samples mixed with different SHA immersion durations

Mix w/b D1 [mm] D, [mm] Davg [mMm]

M25 153 155 154
M25/0h 153 151 152
M25/1h 0.45 143 143 143
M25/6h 129 131 130
M25/24h 134 137 136

Flow diameter of trial mortar mixes

Mix w/b D1 [mm] D2 [mm] Davg [Mm]
SHA25/0.45 0.45 118 120 119
SHA25/0.47 0.47 126 125 125

SHA25/0.5 0.50 132 134 133
SHA-S/0.45 0.45 126 128 127
SHA-S/0.47 0.47 130 130 130
SHA-S/0.50 0.50 161 160 160
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APPENDIX 6 - Compressive strength of mortar mixes (Phase 3)

Compressive strength of mortar mixes with different SHA content and w/b

cc‘:::n . w/b F [kN] f, 7a [MPa] f[|v7|(|i>a]g
46.18 46.45 28.86 29.03
0.42 49.65 49.6 31.03 31.00 29.96
47.30 48.39 29.56 30.24
42.00 43.50 26.25 27.19
SHA15 0.45 42.00 43.00 26.25 26.88 26.61
43.00 42.00 26.88 26.25
39.26 38.93 24.54 24.33
0.5 38.34 39.78 23.96 24.86 23.80
35.50 36.65 22.19 22.91
66.22 65.23 41.39 40.77
0.42 65.61 65.59 41.01 40.99 41.02
64.16 66.98 40.10 41.86
52.00 53.00 32.50 33.13
SHA25 0.45 54.00 53.50 33.75 33.44 33.33
54.00 53.50 33.75 33.44
48.18 48.12 30.11 30.08
0.5 49.51 47 .64 30.94 29.78 30.03
47.57 47.23 29.73 29.52
70.49 72.07 44.06 45.04
0.42 72.72 71.18 45.45 44.49 45.19
73.32 74.02 45.83 46.26
59.00 59.00 36.88 36.88
SHA35 0.45 58.00 58.00 36.25 36.25 36.15
55.50 57.50 34.69 35.94
57.71 56.26 36.07 35.16
0.5 57.58 56.41 35.99 35.26 36.07
58.21 60.12 36.38 37.58
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Compressive strength of mortar mixes with different SHA content, after 7 and 28 days of
curing at TA and T65

Day of

testing Mix F [kN] f., [MPa] fe, avg [MPa]
55.10 55.70 34.44 34.81

M15_T65  57.30 57.10 35.81 35.69 26.61
56.80 57.80 35.50 36.13
76.00 77.00 47.50 48.13

7 M25 T65  72.00 69.00 45.00 43.13 43.85
77.00 69.00 48.13 43.13
83.00 80.50 51.88 50.31

M35 T65  85.00 85.00 53.13 53.13 50.36
82.00 68.00 51.25 42.50
73.00 74.00 45.63 46.25

M15_TA 74.00 75.00 46.25 46.88 46.15
72.50 74.50 45.31 46.56
62.00 66.00 38.75 41.25

M15_T65  64.50 66.50 40.31 41.56 39.90
62.00 62.00 38.75 38.75
87.50 85.00 54.69 53.13

M25_TA 89.00 87.00 55.63 54.38 54.43
28 88.00 86.00 55.00 53.75
77.50 82.00 48.44 51.25

M25 T65  78.00 83.00 48.75 51.88 50.57
83.00 82.00 51.88 51.25
88.50 84.00 55.31 52.50

M35_TA 89.00 92.00 55.63 57.50 55.05
84.00 91.00 52.50 56.88
82.00 79.00 51.25 49.38

M35 T65  81.00 83.00 50.63 51.88 51.20
82.50 84.00 51.56 52.50
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Compressive strength of M25 samples mixed with different SHA immersion durations, after 7

days of curing

Mix F [kN] fc, [MPa] fe, avg [MPa]
52.00 53.00 32.50 33.13
M25 54.00 53.50 33.75 33.44 26.61
54.00 53.50 33.75 33.44
56.00 57.00 35.00 35.63
M25/0h 57.00 56.50 35.63 35.31 35.31
56.00 56.50 35.00 35.31
55.50 53.50 34.69 33.44
M25/1h 55.00 54.50 34.38 34.06 34.01
54.00 54.00 33.75 33.75
59.00 60.00 36.88 37.50
M25/6h 62.00 61.00 38.75 38.13 37.45
59.00 58.50 36.88 36.56
61.50 60.50 38.44 37.81
M25/24h 60.50 63.50 37.81 39.69 38.23
60.00 61.00 37.50 38.13
Compressive strength of trial mortar mixes after 7 days of curing

Mix F [kN] f., [MPa] fe, avg [MPa]
35.00 35.00 21.88 21.88
SHA25/0.45  34.00 34.50 21.25 21.56 21.41
34.00 33.00 21.25 20.63
36.00 37.00 22.50 23.13
SHA25/0.47  35.00 35.50 21.88 22.19 22.34
36.00 35.00 22.50 21.88
31.50 31.00 19.69 19.38
SHA25/0.5  31.50 32.00 19.69 20.00 19.69
31.50 31.00 19.69 19.38
67.00 69.00 41.88 43.13
SHA-S/0-45 43 50 66.50 39.69 41.56 40.99
64.00 63.50 40.00 39.69
61.50 60.00 38.44 37.50
SHA-S/0.47  65.00 66.00 40.63 41.25 39.58
63.00 64.50 39.38 40.31
61.50 59.00 38.44 36.88
SHA-S/0.5  58.00 56.00 36.25 35.00 36.56
57.50 59.00 35.94 36.88
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APPENDIX 7 - Fresh-state properties of mixes R, SHA 25 and SHA-S
(Phase 4)

Results of entrained air and fresh-state density of the mixes R, SHA-S, and SHA25

Mix R SHA-S SHA 25
Temperature ['C] 25.2 23.2 21.7
Ap [%] 1.2 1.3 1.7
y [kg/m3] 2348 2352 2234
Slump [mm] 66 27 10
Slump class S2 S1 S1
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APPENDIX 8 - Mechanical properties of mixes SHA 25, R, and SHA-S
(Phase 4)

Compressive strength of mix SHA25 after 2, 7, and 28 days of curing

Mix tDeZ{i:; Sample 7 [kg/m® Vawg [kg/m*] P [kN] [Mflga] [;7";‘;;]
SHA25/1 2223 30040  13.35
2 SHA25/2 2227 2329 290.60  12.92  13.27
SHA25/3 2232 304.80 13.55
SHA25/4 2204 439.60  19.54
7 SHA25/5 2206 2202 41870 1861  19.16
SHA25 SHA25/6 2198 43520  19.34
SHA25/7 2194 63510  28.23
28 SHA25/8 2198 2195 596.50 26.51 27 .62
SHA25/9 2192 632.80 2812
Compressive strength of mix R after 2, 7, 28, 56 and 90 days of curing
Mix tl:c)a :)t,u?gfj Sample  y [kg/m®] Vayy [kg/m®] P [kN] [MfI;a] [f,J,’E“;]
R/ 2311 618.30  27.48
2 R/2 2329 2326 621.30 27.61  27.55
R/3 2339 619.70  27.54
R/4 2348 739.40  32.86
7 R/5 2332 2346 74870 3328  33.07
R/6 2360 74380  33.06
R/7 2342 1054.40  46.86
28 R/8 2347 2353 1042.80 46.35  46.88
R R/9 2371 1067.10 4743
R/10 2349 121230 5388
56 R/11 2350 2351 1209.00 5373  54.46
R/12 2354 1255.00 5578
R/13 2342 1316.20 5850
90 R/4 2339 2341 126110 5605 57.39
R/15 2342 1296.20 57 61
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Compressive strength of mix SHA-S after 2, 7, 28, 56 and 90 days of curing

Mix t'i?t’i :; Sample ¥ [kg/m’] Vavg [ka/M?] P [kN] [Mflga] [;7";";;]
SHA-S/1 2338 620.20 27.56
2 SHA-S/2 2335 2329 617.20 27.43 27.55
SHA-S/3 2329 618.00 27.47
SHA-S/4 2338 875.70 38.92
7 SHA-S/5 2335 2334 884.30 39.30 38.52
SHA-S/6 2329 839.80 37.32
SHA-S/7 2338 1099.60  48.87
28 SHA-S/8 2358 2348 1122.00 49.87 50.06
SHA-S
SHA-S/9 2348 11567.70 5145
SHA-S/10 2316 1261.6 56.07
56 SHA-S/11 2308 2316 1255.5 55.80 57 .24
SHA-S/12 2324 1346.7 59.85
SHA-S/13 2343 1280.70  55.92
90 SHA-S/14 2342 2342 1302.80 57.90 57.39
SHA-S/15 2340 1290.00 57.33

Tensile strength of mixes R and SHA-S after 28 and 56 days of curing

Day of
Mix _ P [kN] f [MPa]  fiav [MPa]
testing
7.90 3.56
28 10.20 4.59 4.23
10.10 4.55
R
12.50 563
56 11.70 527 5.36
11.50 518
11.50 518
28 11.50 518 4.89
9.60 4.32
SHA-S
11.00 4.95
56 12.80 576 5.34
11.80 5.31
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Modulus of elasticity of mix R after 28 days of curing

Measured compressive strength at 28 days, dimensions, masses and calculated forces and stresses for preloading and loading, mix R

I[:ko] fc['ﬁ;l"f;;]vg f[MyI!-’ai Sample m[kg] H[mm] D[mm] A[mm7] Pf;(ﬁ]l [Mclga] [:ﬁ] [MGI:a] [Eﬁ] [M(Laa] [kPrfl]
1054.40 RAM/28d 1252 298 15015 17706.82 671.82 8.85 67.18 223.94
1042.80 47.43 37.94 R/2/28d 1255 299 15029 17739.85 673.07 050 887 379 67.31 1265 224.36
1067.10 RI3/28d 1251 298  150.06 17685.60 671.02 8.84 67.10 223,67

Preloading, loading measurements and calculated stresses, strains and modulus of elasticity at 28 days

Preloading Loading Calculated Ao, Aeg; and E
Sample  Cycle [Ifl?l] [rAnLrﬁ] PpkN] | Pa[kN] [rAnLr;] [:ﬁ] [ﬁqu:’m] (MPa] [MPa] [I\I?F?a] Aes [GIFE’a] [(Eapvg]
1 66.68 - 8.44 22213 0.204 67.37 0.082
R/1/28d 2 68.33 0.049 8.12 222.06 0.209 69.51 0.087 1277 393 8.84 0.000640 27.64
3 66.43 0.05 9.07 226.11 0.214 67.34 0.087
1 68.31 - 9.84 22585 0.206 68.53 0.083
R/2/28d 2 68.32 0.047 10.15 22576 0.213 68.8 0.088 1269 3.88 881 0.000635 27.76 27.97
3 68.33 0.047 9.1 22513 0.215 68.05 0.086
1 69.17 - 8.96 223.22 0.205 67.97 0.080
R/3/28d 2 67.51 0.044 9.65 22452 0.207 67.36 0.084 1272 3.81 891 0.000625 28.51
3 68.03 0.044 8.64 2249 0.209 67.62 0.088
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Modulus of elasticity of mix R after 56 days of curing

Measured compressive strength at 56 days, dimensions, masses and calculated forces and stresses for preloading and loading, mix R

Pcube fc,cube,avg fc,cyl,calc 2 Pcyl,28,ca|c O'p Pp Ob Pb Oa Pa
kN]  [MPa] [MPa] Sample mikg]l H[mm] Dmm] A[mm< ~“00™ rypor (kN] [MPa] [kN] [MPa] [kN]
1212.30 RA/56d 1241 297.0 15032 17746.94 773.25 8.87 77.33 257.75

1209.00 54.46 43.57 R/2/56d 1252  298.5 150.21 17720.97 77212 0.50 886 436 77.21 1452 257.37
1255.00 R/3/56d 12.45 297.5 150.08 17690.31 770.78 8.85 77.08 256.93

Preloading, loading measurements and calculated stresses, strains and modulus of elasticity at 56 days, mix R

Preloading Loading Calculated Ag, Aeg; and E
ZEE CeE [Ifl?l] [rAnLrﬁ] Pp[kN] | Pa[kN] [rAnLr;] [:ﬁ] [ﬁqu:’m] [|(\;|a|5':.] [:nli';;] [I\I?F?a] Aés [GIFE’a] [(Eapvg]
1 77.89 - 9.41 257.75 0.254 78.54 0.101
R/1/56d 2 77.64 0.058 9.43 25759 0.258 78.02 0.107 1459 440 10.19 0.000785 25.97
3 77.95 0.057 8.64 258.93 0.261 78.55 0.109
1 78.02 - 8.88 257.87 0.235 78.31 0.092
R/2/56d 2 78.26 0.058 9.56 25753 0.242 7854 0.101 1452 443 10.09 0.000730 27.65 26.71
3 77.78 0.058 9.05 257.38 0.247 77.55 0.099
1 77.47 - 9.49 25718 0.244 77.60 0.096
R/3/56d 2 78.08 0.058 9.46 25795 025 77.31 0.100 14.58 4.37 10.21 0.000770 26.51
3 77.45 0.059 9.07 257.88 0.254 77.60 0.103
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Modulus of elasticity of mix SHA-S after 28 days of curing

Measured compressive strength at 28 days, dimensions, masses and calculated forces and stresses for preloading and loading, mix SHA-S

Pcube fc,cube,avg fc,cyl,calc 2 Pcyl,28,calc O'p Pp Ob Pb Oa Pa
kN]  [MPa] [MPa] Sample mikg] H[mm] Dmm] A[mmT ““ 0™ rmpar [kN] [MPa] [kN] [MPa] [kN]
1122.00 SHA-S/1/28d 1241 298 150.32 17746.94 7192 8.87 71.92 239.75

1157.70  50.66 40.53 SHA-S/2/28d 12.37 297 150.00 17672.64 716.2 05 884 405 7162 1351 238.75
1139.85 SHA-S/3/28d 12.69 298 150.06 17685.60 716.8 8.84 71.68 238.92

Preloading, loading measurements and calculated stresses, strains and modulus of elasticity at 28 days, SHA-S

Preloading Loading Calculated Ag, Aeg; and E
MR e [:ﬁ] [ﬁfrﬁ] Po[kNI | Pa[kN] [ﬁfrﬁ] [:ﬁ] [£1Lr:)1] [KA‘E’Z} [:nli’vné] [I\I?Iga] = [GIFE’a] [(Eapvg]
1 72.79 - 7.36 24520 023 7191 0.077
SHA-S/1/28d 2 71.76 0.053 5.89 24041 0228 7112 0.079 13.77 4.01 9.76 0.000780 25.03
3 76.16  0.057 6.45 24434 0.234 70.66 0.079
1 72.5 - 8.70 239.38 0.234 73.24 0.079
SHA-S/2/28d 2 7191 0.055 10.47 240.79 0.239 72.02 0.081 13.51 4.08 9.43 0.000790 23.89 24.50
3 72.22 0.056 9.14 238.76 0.239 69.56 0.081
1 72.04 - 10.47 238.69 0.245 72.48 0.093
SHA-S/3/28d 2 72.27 0.058 8.04 240.78 0.258 7247 0.100 13.56 4.10 9.47 0.000770 24.59
3 7141 0.06 13.14 239.89 0.254 7247 0.101
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Modulus of elasticity of mix SHA-S after 56 days of curing

Measured compressive strength at 56 days, dimensions, masses and calculated forces and stresses for preloading and loading, SHA-S

'BEN*T f?ﬁ?;i'g f[ci\‘;lyﬁ:ic Sample m [kg] H[mm] D[mm] A [mm’] Pcﬁfﬁ’fa'c [Mclga] [:ﬁ] [MOI:a] [:r:] [Mcsa] [kPrfl]
1261.6 SHA-S/1/56d 12.37 296 149.97 17663.21  808.9 8.83 80.89 269.62
12555 57.24 4579 SHA-S/2/56d 12.33 297 150.01 17674.99 809.4 05 884 458 8094 1526 269.80
1346.7 SHA-S/3/56d 12.25 298 149.80 17624.37 807.1 8.81 80.71 269.03
Preloading, loading measurements and calculated stresses, strains and modulus of elasticity at 28 days, SHA-S
Preloading Loading Calculated Ao, Ae; and E
EmEE e [:ﬁ] [ﬁfrﬁ] Pp[kN] | Pa[kN] [ﬁfrﬁ] [:ﬁ] [£1Lr:)1] [:nllérg] [,‘\7,,';5";] [I\I?Iga] Aés [GIFE’a] [(Eapvg]
1 81.56 - 8.98 271.69 0.307 80.41 0.123
SHA-S/1/56d 2 81.33 0.073 8.38 27058 0.312 81.83 0.127 1532 4.63 10.69 0.000935 22.87
3 80.71 0.073 8.18 270.64 0.314 8252 0.131
1 80.94 - 8.84 272.08 0.303 82.07 0.127
SHA-S/2/56d 2 80.76 0.079 9.85 270.56 0.312 81.21 0.130 1531 459 10.71 0.000940 22.79 22.92
3 80.76 0.077 8.79 27052 0.318 81.84 0.133
81.57 - 8.88 270.30 0.301 81.30 0.122
SHA-S/3/56d 2 81.28 0.073 9.67 269.75 0.308 8148 0.125 1536 4.62 10.74 0.00093 23.09
3 81.52 0.073 9.02 270.73 0.311  81.15 0.129
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APPENDIX 9 - Physical properties of mixes R and SHA-S (Phase 4)

Results of water absorption measurements of the mix R

[Té':‘n‘; TE;'}‘* \/[T;J_';]e SHA-S/1 SHA-S/2  SHA-S/3 [Any;';ggs]
Initial absorption

0 0 0 0.0000 0.0000 0.0000 0.0000

1 60 8 0.1490 0.1514 0.1379 0.1461
5 300 17 0.1925 0.2316 0.2081 0.2107
10 600 24 0.2268 0.2549 0.2484 0.2434
20 1200 35 0.2598 0.2743 0.2783 0.2708
30 1800 42 0.2769 0.2989 0.3069 0.2942
60 3600 60 0.3217 0.3403 0.3446 0.3356
120 7200 85 0.3732 0.3856 0.4006 0.3864
180 10800 104 0.4061 0.4257 0.4370 0.4229
240 14400 120 0.4378 0.4503 0.4604 0.4495
300 18000 134 0.4641 0.4710 0.4877 0.4743
360 21600 147 0.4879 0.4891 0.5137 0.4969

Secondary absorption

1440 86400 294 0.7292 0.7763 0.7920 0.7658
2880 172800 416 0.9454 1.0532 1.0690 1.0226
4320 259200 509 1.1340 1.2667 1.2719 1.2242
5760 345600 588 1.2474 1.3961 1.3500 1.3311
7200 432000 657 1.2817 1.4659 1.3994 1.3823
8640 518400 720 1.3160 1.5190 1.4111 1.4153
10080 604800 778 1.3265 1.5578 1.4540 1.4461
11520 691200 831 1.3384 1.5811 1.4865 1.4687
12960 777600 882 1.3713 1.6031 1.5060 1.4935
14400 864000 930 1.3331 1.4582 1.4579 1.4935
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Results of water absorption measurements of the mix SHA-S

[Tn':‘n‘; TE;‘;" */[T;JQ]‘* SHA-S/1 SHA-S/2  SHA-S/3 E:‘r‘]’;';zﬁ!?]
Initial absorption

0 0 0 0.0000 0.0000 0.0000 0.0000

1 60 8 0.2533 0.2286 0.2237 0.2352

5 300 17 0.2900 0.3122 0.2835 0.2952
10 600 24 0.3490 0.3540 0.3147 0.3393
20 1200 35 0.3950 0.3958 0.3550 0.3819
30 1800 42 0.4370 0.4219 0.3850 0.4146
60 3600 60 0.5091 0.4807 0.4500 0.4799
120 7200 85 0.6115 0.5682 0.5423 0.5740
180 10800 104 0.6863 0.6322 0.6243 0.6476
240 14400 120 0.7335 0.6714 0.6828 0.6959
300 18000 134 0.7847 0.7249 0.7387 0.7494
360 21600 147 0.8306 0.7602 0.7881 0.7930

Secondary absorption

1440 86400 294 1.4093 1.3232 1.4111 1.3812
2880 172800 416 1.5300 1.5021 1.4787 1.5036
4320 259200 509 1.5589 1.5348 1.5164 1.5367
5760 345600 588 1.5786 1.5688 1.5333 1.5602
7200 432000 657 1.6048 1.5975 1.5632 1.5885
8640 518400 720 1.6166 1.6171 1.5893 1.6076
10080 604800 778 1.6205 1.6184 1.5971 1.6120
11520 691200 831 1.6284 1.6184 1.6062 1.6177
12960 777600 882 1.6652 1.6197 1.6348 1.6399
14400 864000 930 1.6612 1.6014 1.6192 1.6273
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Shrinkage of the mix R after 90 days

Testing time [days]

Sample
to to+1 to+s to+7 to+14 to+21 to+2s to+az to+se to+o0
Stud gauges
R1 0 -0.254 -1.058 -0.619 -0.831 -0.930 -0.972 -1.041 -1.133 -1.328
R2 0 -0.220 -1.047 -0.580 -0.684 -0.836 -0.869 -0.943 -1.024 -1.229
R3 0 -0512 -1442 -0.953 -1.122 -1.217 -1.267 -1.312 -1.424 -1.634
[marcrvm] 0 -0329 -0.623 -0.718 -0.879 -0.994 -1.036 -1.098 -1.194 -1.397
Strain gauges
R1 0 -0.257 -0.324 -0.443 -0.538 -0.597 -0.618 -0.637 -0.699 -0.777
R2 0 0.007 -0.013 -0.082 -0.171 -0.212 -0.269 -0.292 -0.361 -0.430
R3 0 -0.380 -0.426 -0.543 -0.664 -0.716 -0.770 -0.802 -0.863 -0.943
[msrﬁ'/"’m] 0 -0.210 -0.287 -0.356 -0.457 -0.508 -0.552 -0.577 -0.641 -0.716
Shrinkage of the mix SHA-S after 90 days
Testing time [days]
Sample
to to+1 to+s tos7 to+14 to+21 to+2s to+a2 to+se to+o0
Stud gauges
SHA-S1 0 -0.742 -1589 -1975 -2322 -2496 -2.610 -2.753 -2.822 -3.119
SHA-S2 0 -0.883 -1.322 -2.052 -2.382 -2566 -2.677 -2.788 -2.878 -3.170
SHA-S3 0 -1.009 -169 -2.016 -2296 -2.359 -2.531 -2.672 -2.787 -3.049
[m‘c'rﬁfm] 0 -0878 -1536 -2.014 -2270 -2474 -2606 -2.738 -2.829 -3.112
Strain gauges
SHA-S1 0 -0.336 -0.668 -0.856 -1.043 -1.169 -1.270 -1.379 -1.462 -1.608
SHA-S2 0 -0.408 -0.782 -0971 -1.161 -1.286 -1.356 -1.457 -1.514 -1.632
SHA-S3 0 -0.440 -0.790 -0.957 -1.109 -1.221 -1.306 -1.399 -1.469 -1.518
[msrﬁ)in] 0 -0.395 -0.747 -0.928 -1.104 -1.225 -1.311 -1412 -1482 -1.586
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Cumulative mass loss of the R mix samples

Mass loss [kg]

Sample
to to+1 to+3 to+7 to+14 to+21 to+28 to+a2 to+se to+90
R1 0 0.042 0.064 0.084 0.105 0.118 0.125 0.139 0.151 0.168
R2 0 0.045 0.070 0.092 0.113 0.126 0.133 0.148 0.160 0.178
R3 0 0.048 0.071 0.093 0.114 0.128 0.135 0.149 0.160 0177
avg. 0 0.045 0068 009 0111 0124 0131 0145 0.157 0.174
cumulative
Cumulative mass loss of the SHA-S mix samples
Mass loss [kg]
Sample
to to+1 to+3 to+7 to+14 to+21 to+28 to+a2 to+s6 to+90
SHA-S1 0 0.131 0.179 0.21 0.239 0.26 0.273 0.29 0.302 0.324
SHA-S2 0 0.136 0.182 0.212 0.242 0.262 0.276  0.291 0.303 0.324
SHA-S3 0 0.108 0.153 0.184 0.212 0.233 0.246 0.261 0.271 0.293
avg. 0.125 0.171 0202 0231 0252 0265 0281 0292 0.314
cumulative
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APPENDIX 10 - Durability properties of mixes R and SHA-S (Phase 4)

Depth of water penetration under pressure: concrete mixes R and SHA-S

Sample R/ R/2 R/3 SHA-S/1  SHA-S/2 SHA-S/3

d [mm] 21.8 25.5 34.0 33.6 35.3 28.5

Measured carbonation depths of concrete mixes R and SHA-S, after 7, 28, and 56 days of

exposure to accelerated carbonation

R SHA-S
dx [mm]
7d 28d 56d 7d 28d 56d
6.0 14.0 271 5.9 16.8 27.6
7.8 15.2 24.2 7.6 16.6 25.2
8.3 16.6 22.6 8.1 16.6 25.2
9.1 17.7 24.9 8.2 17.0 26.9
6.6 15.9 25.6 9.0 18.1 25.9
7.1 16.8 25.6 6.4 16.6 28.1
7.3 16.1 24.2 7.0 15.9 24.3
5.8 15.1 26.5 12.5 17.3 25.4
4.6 14.7 27.0 8.8 16.8 25.8
5.3 14.8 23.7 7.4 17.3 25.4
4.8 14.8 22.7 7.2 16.4 247
6.3 14.0 25.3 8.6 16.4 26.8
7.1 15.6 24 .4 6.5 17.5 27.0
7.6 15.3 21.9 7.3 18.6 27.6
9.2 14.6 22.9 71 16.5 271
7.2 14.2 25.0 6.2 17.7 26.7
Average carbonation depths [mm]
6.9 15.3 24.6 7.7 17.0 26.2
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Test parameters, chloride penetration depths, and coefficients of the mix R, after 28 and 56

days of curing

Mix R, 28d Sample
1 2 3
L [mm] 50.22 50.4 50.7
Test Tavg (°C) 23 22.9 25
parameters U V] 50 50 50
Test duration [h] 24 24 24
D6 4.6 5.9 3.8
D4 4.7 4.2 4.6
Chloride D2 3.6 4.5 49
penetration D1 2.7 4.3 54
depths D3 5.5 4 6.8
[mm] D5 6.3 45 6.3
D7 7.5 3 5.2
Davg [mm] 5.0 4.3 5.3
E [V/m] 955.794504 952.380952 946.745562
a 0.009158 0.009173 0.009233
Dhssmyavg [10712 m?/s] 1.34 1.158 1.449
Dnssm,avg [1072 m?/s] 1.32
Mix R, 56d Sample
1 2 3
L [mm] 51.6 50.47 50.2
Test Tavg (°C) 28.3 28.3 28.3
parameters U[V] 60 60 60
Test duration [h] 24 24 24
D6 0 4.83 6.9
D4 3.07 6 7.96
Chloride D2 4.94 6.33 6.64
penetration D1 5.2 5.72 5.83
depths D3 4.91 4.75 5.74
[mm] D5 4.24 4.29 5.73
D7 2.57 6.44 4.93
Davg [mm] 3.6 5.5 6.2
E [V/m] 1124.031008 1149.197543 1155.378486
a 0.008520 0.008427 0.008404
Drssmsavg [10712m?/s] 0.816 1.270 1.452
Dnssm,avg [10712 m?/s] 1.18
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Test parameters, chloride penetration depths, and coefficients of the mix SHA-S, after 28 and

56 days of curing

Mix SHA-S,

28d Sample
1 2 3
L [mm] 50.61 50.45 51.18
Test Tavg (°C) 21.05 20.88 22.73
parameters UVl 30 30 30
Test duration [h] 24 24 24
D6 4.1 2.7 4.5
D4 443 2.8 8.8
D2 3.34 3.8 5.9
Chloride D1 3.93 4 6.6
netration
Esthadial D3 2,62 3.8 4.8
D5 5.02 4.8 4.8
D7 4.04 4.2 6
Davg [mm] 3.9 3.7 5.9
E [V/m] 553.250346 555.004955 547.088707
a 0.011998 0.011975 0.012099
Dhssmsavg [10712m?/s] 1.683 1.583 2.687
Dhssm,avg [10712 m?/s] 1.98
Mix SHA-S, Sample
56d
1 2 3
L [mm] 50.61 50.45 51.18
Test Tavg (°C) 29.41 29.41 30.42
parameters U V] 35 35 35
Test duration [h] 24 24 24
D6 1.11 1.36 1.64
D4 2.66 6.96 2.72
D2 5.24 1.78 2.71
Chloride D1 3.93 3.12 3.64
penetration
depths [mm] D3 2.08 2.04 3.21
D5 3.88 0 2.22
D7 0 0 4.51
Davg [mm] 2.7 2.2 3.0
E [V/m] 652.045050 654.112983 644.783118
a 0.011207 0.011190 0.011289
Dhssmyavg [10712 m?/s] 0.98 0.764 1.097
Dnssm,avg [1072 m?/s] 0.95
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[Inan TpCTMaHa I1oJaTaKa

Ha3us npojekta/mcrpaxnBama

Possibilities of sunflower husk ash utilization as an alternative activator for slag-based alkali-activated
materials (MoryhHocTH mpuMeHe menena CyHLOKPETOBE JbYCKE Kao aJTepHATHBHOI aKTHBAaTOpa 3a
aJIKaJIHO-aKTUBHPAHE MaTepHjaiec Ha 6a3u 3rype)

Ha3uB nHCTUTYNMje/MHCTHTYIMja Yy OKBHPY KOjHX ce CIIPOBOAU MCTPAKMBAKE

a) Yuusep3urer y HoBom Canmy, ®akynreT TexHHUKHX Hayka, [lemaptman 3a rpaleBHHapcTBO M
reoiesujy

0) Yuusep3aurter y 3arpe0y, [ paheBuncku daxynrer, 3aBoj 3a MaTepujaie

Ha3uB nporpama y oKBHPY KOT ce peajin3yje HCTPaKuBa€e

HctpaxuBame je pean30BaHO Yy OKBUPY MeljyHapOIHOT JBOJHOT JOKTOPATa, Ha CTYAUjCKOM IIpOrpamy
I'paheBunapcTBO, Ha DakynTeTy TeXHUYKUX Hayka YHuBep3uTera y HoBom Cany u Ha ['paheBuHCKOM
(dakynrery YHUBep3ureTa y 3arpeOy.

1. Onuc mogaraka

1.1 Bpcra crynuje

Yxpamxo onucamu mun cmyouje y oxeupy xoje ce nooayu npuxyn/oajy

JlokTopcka aucepranyja

1.2 Bpcre nopataka
a) KBAHTUTATUBHH

0) KBAJIUTATHBHU

1.3. Hauns npukyspama nojaraka
a) aHKeTe, YIUTHHUIH, TECTOBU
0) KIMHUYKE NPOLeHe, MEAUIIMHCKH 3aIIUCH, €IEKTPOHCKHU 3APABCTBEHH 3aIIUCH

B) T€HOTHIIOBH: HABECTH BPCTY

T') aAMAHUCTPATUBHY MTOJANN: HABECTH BPCTY

1) y30pLIY TKHBAa: HABECTH BPCTY

b)) caummm, poTorpaduje: HaBecTH BpCTy

e) TEKCT, aKTYCJHA JJUTEpaTypa y 00J1aCTH MCTPAKMBAKha, Tpal)eBUHCKM CTaHAAPIAN

K) Mara, HaBECTH BPCTY

3) 0CTAJI0: CONCTBEHA JIA00PATOPHjCKA eKCIIEPUMEHTAIHA HCTPAKNBAHA

HarrioHasHu opTal 0OTBOPEHE HayKe — Open.ac.rs -



1.3 ®opmart nogaraka, ynoTpedipeHe cKaie, KOJTMYrHA TTofaTaKa

1.3.1 Ynotpebsbenu copTBep 1 hopmaT maroTexe:
a) Excel ¢aja, naToreka .xlsx

b) SPSS dajm, natoreka

c) PDF ¢ajn, natoreka .pdf

d) Texct daja, natorexa .docx

e) JPG ¢aja, natoreka .jpg, .png

f) Spectragryf, naTtoreka .sgd, Origin, naToreka .opju

1.3.2. bpoj 3anmca (ko KBAHTUTATUBHUX 1O/IaTaKa)

a) Opoj Bapujabiu cegam

0) Opoj Mepema (MCIUTaHKUKA, IPOIICHA, CHUMAKa U CJ1.) BEJHKH Opoj
1.3.3. IloHoBsbeHA MEpEHA
a) na

0) He

YKOIMKO je OATOBOp /13, OATOBOPUTH Ha ciiepeha muTama:

a) BPEMEHCKH pa3Mak n3Mel)y MOHOBJLEHUX Mepa je

0) BapHjalIie Koje ce BUIIE ITyTa MEpe OJHOCE Ce Ha

B) HOBe Bep3Huje (ajiaoBa Koju caapike MOHOBJbEHA MEpeha Cy MMEHOBAHE Kao
Hamomene:

Jla au ghopmamu u cogpmeep omozyhasajy oemerve u 0y20poyHy 8arUOHOCH HOOAMaKa?

a) /Jla
6) He

Axo je 002060p He, 06pasznodcumu

HaroHasHy IIOPTaJl OTBOPEHE HAyKE — OpPEen.ac.Is

l



2. IlIpukynbame noaTaKa

2.1 Meroponoryja 3a IpUKYyIJbamke/TeHepUCahe Mo1aTaKa

2.1.1. Y oKkBHpPY KOT UCTPAKUBAYKOT HAIPTA CY MOJAIN MPUKYTIJHEHHU?

a) eKCIepUMEHT, JA00paATOPHjCKH

0) KopeJalMOHO NCTPAKUBAK€, KOMIIADATHBHA aHAJIM3a

II) AHAJM32 TEKCTAa, CHCTEMATCKH Nperjael akTyaJdHe JUTeparype u3 00JacTH HCTPAKUBAIbLa,
rpaheBHHCKH CTaHIAPAU

Jl) OCTaJlo, HABECTH IIITA

2.1.2 Hasecmu épcme MepHUX UHCMPYMEHAMA UIU Cmanoapoe nooamaxa cheyuguunux 3a oopeheny
HAY4Hy OUCYUNIUHy (aKo nocmoje).

HucTrpyMeHTH 32 XeMMjcKy U (u3HMUKy KapakTepusauujy marepujana (ypehaj 3a ucnutuBame
XeMHjCKOI cacTaBa MaTepHjaja MeTO/0M peHAreHcke (uyopecuenTtHe cnexktpomerpuje - XRF,
ypehaj 3a TepMorpaBUMeTpHjCKYy U AepHBallOHy TepMorpaBuMeTpujcky anaausy - TGA/DTG,
ypehaj 3a cnexTpockonujy uHpaupBeHoM paaujanujom ca ®@ypujeoBoMm TpaHchopManujoMm -
FTIR, ypehaj 3a penarencky am¢paxknuony anaam3y - XRD, ckenupajyhu enekTpoHcku
MHKpoOcKoN ca ypehajem 3a eHeprercku Aucnep3nBHY cnekTpockonujy X-3paka - EDX, ypehaj 3a
aHAJIM3Y BeJIMYMHE YeCcTUIA JlacepcKkoM/ Audpakinujom), biaeHoB anapat, HHCTPYMEHT 3a jOHCKY
xpomatorpadujy); HHCTPyMeHTH 3a oapeliBame MeXaHMYKHX CBOjcTaBa (XHApayJIH4YHe INpece
3a ucnuTHBake uBpcrohe mnpu mnpuTHcKy MajaTrepa M 0eToHa, XHIpayJdM4yHAa Mpeca 3a
HCIMTHBaWke YBpcTohe 0eToHa Ha 3aTe3ame caBHjam-eM, XHAPayJIUYHa npeca 3a oapehuBame
MoOAyJIa eJJACTHYHOCTH OeToHa); ypeDhaj 3a onpehuBame pacmogesne BeJMUYHHe MOPAa U YKyIHe
NMOPO3HOCTH MeTOA0M kuBHHe nopo3uMmerpuje (MIP); uncrpymeHT 3a mepewe pH BpemHocTn
pacTBOpa; onpemMa 3a HCIUTUBAK-€ OTHOPHOCTH 0€TOHA HA NMPOJIOP XJIOPHAA METOAOM MHUTpaluje
Y HeCTAIlMOHAPHOM CTalky; MHCTPYMEHTH 3a JIMHeapHa Mepema W AKBH3UIHUjy NojaTaka
(IMruTajHM KoMIaparep, AaKBU3MIMOHM ypehaju, IMIrHTAaJIHO MOMMYHO MEPWIO); AUIHUTAJHE
Bare; TepMoMeTap; NOpo3uMeTap 3a 6eToH.

2.2 Kpanurer mojataka u CTaHAapIu

2.2.1. Tperman HemocTajyhux nojaraka

a) [la mu matpuna canpxu Hepoctajyhe monatke? Jla He

AKO je oroBOp 112, OITOBOPHUTH Ha cieneha nurama:

a) Konukwu je 6poj Henocrajyhux monmaraka?
0) Jla i ce KOPUCHHUKY MaTpHIIe Mpenopydyje 3aMeHa Hepocrajyhux noxaraka? la  He
B) AKO je 0IroBOp J1a, HABECTH CYTeCTHje 3a TPETMaH 3aMeHe HepocTajyhux nogaraka
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2.2.2. Ha xoju HauWH je KOHTPOJIMCAH KBaIUTET rmoaaraka? Onmcatu

KBasuTeT nogaraka je KOHTPOJIHCAH aHAIU30M U nopel)emeM pe3yaTaTa u3mMepeHux npu
eKCIIEPUMEHTATHOM NCIUTHBAGY €A Pe3yJITaTHMa W3 aHAJIM3HPaHe JIuTepaType.

2.2.3. Ha xoju HauuH je U3BpIICHA KOHTPOJIA YHOCA NIOJjaTaKa y MaTpHIly?

BaJ’II/I}IaIIl/Ija nmogaTraKka je peasiu3oBaHa 01 CTpaHe MEHTOpPA UCTPaKuBambha.

3. Tperman nogataka u npareha fokyMenrTanuja

3.1. TpermaH u dyBame MmogaTaka

3.1.1. looayu ke bumu denonosanu y Penozumopujymy 0okmopckux oucepmauuja Ha
Ynueepsumemy y Hoeom Cady.

3.1.2. URL adpeca https://cris.uns.ac.rs/searchDissertations.jsf
3.1.3. DOI

3.1.4. Jla nu he nooayu bumu y omeoperom npucmyny?

a) a
0) a, anu nocne embapea xoju he mpajamu 0o
8) He

AKko je o02080p He, Hasecmu pasioe

3.1.5. Illooayu nehe bumu denonosanu y penosumopujym, aiu he oumu uysanu.

Obpasnooicerve

3.2 Meranojany u JOKyMEHTaIlMja [oJlaTaka

3.3 Crpareruja u cTaHIapIv 3a YyBakbe MMOaTaKa

3.3.1. Ho xor nepuopaa he nogaum OWTH YyBaHHW y penozutopujymy? Heorpanuueno.

3.3.2. Jla 1 he noganm 6utn nemoHoBanu noj mudpom? Jla He
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3.3.3. Jla 1 he mmdpa Outn qoctymHa onpeherom kpyry ucrpaxknsada? /la He
3.3.4. Jla 1 ce momany MOpajy YKIOHHTH W3 OTBOPEHOT MPHUCTYTIA ITOCIIE H3BECHOT BpeMeHa?
Ha He

O06pa3IoKUTH

4. be30eaHOCT MOJATAKA U 3ALUTHTA MOBEeP/bUBHX HHPOPMAaLHja

OBaj onesbak MOPA OuTH MOMyH-EH aKo Ballld MOJAIM YKIbY4Yjy JIMYHE MOIaTKE KOjU ce OJTHOCE Ha
YUEeCHUKE y UCTpaXMBamy. 3a Apyra UCTpakuBama Tpeda Takol)e pa3MOTPUTH 3aIITHTY W CUTYPHOCT
nojaraka.

4.1 dopmanHu CTaHIApIU 3a CUTYPHOCT MH(OpMaluja/mojaTaka

HcTpaxuBauu Koju CIIPOBOJIC UCTIMTHBAKA C JbYIUMa MOPAjy Jla e MPUIPKaBajy 3aKOHA O 3alITHTH
roAaTaka o JMYHOCTH (https://www.paragraf.rs/propisi/zakon_o_zastiti_podataka_o_licnosti.html) n
onaropapajyher HHCTUTYIIMOHATHOT KOJISKCa O aKaJIeMCKOM HHTCTPUTETY .

4.1.2. Jla 1 je ucTpakuBame 0J00peHo o cTpaHe eTnuke komucuje? Jla He

Ako je onrosop [la, HaBecTH AaTyM M Ha3UB €TUUKE KOMHCH]E KOja je 0Z00puiia HCTPaKUBALE

4.1.2. Jla 1 nojanm yKJbydyjy JHYHE [TOJIaTKE YUYECHHUKA y ucTpaxuBamy? [la He

AKO je 0JIroBOp J1a, HABEIUTE Ha KOjU HAYMH CTE OCUTYPAJIH MMOBEPJEUBOCT U CUTYPHOCT UH(pOpMaInja
BE3aHUX 32 HCITUTaHUKE:

a) IMogany HUCY Y OTBOPEHOM TMPHUCTYITY
0) [onmarm cy aHOHUMH3UpPaHU
II) Ocrayo, HAaBECTH IITa

5. locTynHOCT mogaTaka

5.1. Ilooayu he bumu

a) jaeno oocmynnu

0) docmynuu camo ycKkom Kpyey ucmpasicusaya y oopehenoj nayurnoj oonacmu
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y) 3ameopenu

Axo cy nooayu 0ocmynHu camo YCKoM Kpy2y UCMpaicuaid, Hagecmu noo KOjUM YCl08UMA MO2Y 0a UX
Kopucme:

Axo cy nooayu 0ocmyntu camo YCKoOM Kpyay UCmpanicuéaid, Hagecmu Ha KOju HA4uH Mo2y
npUCMYRUMU HOOAYUMA:

5.4. Hasecmu nuyenyy noo kojom he npuxynmenu nooayu bumu apxueupani.

AyTOpCTBO — HEKOMepIUjaaHo — 0e3 mpepaje

6. Yiiore u 0Ar0OBOPHOCT

6.1. Hagecmu ume u npesume u meji aopecy 61dcHUKa (aymopa) nooamaxa

Omusepa benos, olivera.bukvic@uns.ac.rs

6.2. Hagecmu ume u npesume u mejn aopecy ocobe Koja 00paicasa Mampuyy ¢ nooayuma

Omusepa benos, olivera.bukvic@uns.ac.rs

6.3. Hasecmu ume u npesume u meji aopecy ocobe Koja omoeyhyje npucmyn nooayuma opyeum
UCMPAANCUBAUUMA

Omusepa benos, olivera.bukvic@uns.ac.rs
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