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Preface

Concrete is a popular and efficient building materidowever, being used that widely all over
the world, its environmental impact sums up to large numbers, among which 8% of the carbon
RA2ZEARS SyAraaAirzya yR 20SNIwmE: 2F SIENIKQa ylI
minerals. The upside of thiobservation is that when improving the environmental impact of
concrete, significant improvements can be made in terms of reducing carbon dioxide
emissions and using less primary raw materials. This in line with the goals set forth
internationally in tems of Circular Economy and Green Deal policies. In the family of greener
concrete solutions, alkalictivated concrete is emerging rapidly being compatible with
current solutions for structural concrete and whereby pilot projects and applications have
already been realized in various countries. The characterization and application of alkali
activated concrete remains however less advanced than traditional concrete, stressing the
importance to provide a forum for researchers, professional practitioners gavdrnmental

staff to share ideas and be challenged. This is the main goal behind organigiDgRESAAM
2023 Symposium.

During theCOVID crisis people longed & improvedsocial lifeand in response we opted to
organize the DURSAAM 2023 Symposiummasrperson event.Though the COVID crisis is
AN) RdzZ ffe& RAYAYAAKAY3IS GKS g2NIR Aa y23 FNBS
no doubt changed. So apologit those who requestedor a hybrid event, but we strongly
felt to opt for collakorative participatiorthrough faceto-face interactionsnd to organise this
event at a scale avoiding parallel sessidfesearch on alkakctivatedmaterials did not stop
over the last yeargather the contrary, sthat we were confident to excite manyesearchers
to participate inperson, despite everyone being very busy. Witbre than 100 participants
in this symposium our expectations were met for a lively eveolt 3 daysin exchanging
knowledge, facilitaihgalkalractivated concrete more widelpto practice andjointly moving
forwardthe agenda for more circular concrete

The DURSAAM 2023 Symposium in tatébrates the end o&n exciting and successfdlU
LINE 2 S O (PBED Timingt NetiRorkUén Durable, Reliable and Sustainable Structutes wi
AlkaltActivated Material{DURSAAMAENd coordinated by Ghent University line with the
scope of this European projecthat has run from 2018 till 2023,hé DuRSAAM2023
Symposium focusses on new developments in all aspects of -aditaiated conoete,
sometimes also referred to as geopolymer concrete. The programme is focussed on bringing
stakeholders together along the triple helix academiadustry ¢ government, to foster
developments in circular concretAs such we are proud that we have abeqgual amount of
participantsfrom academiaversus industry and governmerjbining from 8 till 10 February
2023 at this symposiumhosted by Ghent University and all the DURSAAM project partners
This highlights the growingnd widerinterest in alkakadivated concreteandbringingalkalr
activatedresearch& technologyinto practice.
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As coordinatorof the DURSAAM project and chairs of this symposium, wehaapily say

that the organization ofhe DURSAAM 2023 Symposibas been made possible with thelp

of amotivatedorganizing team and scientific committee. You can find their names as part of
these proceedings and we are grateful for their enthusiasm and support. Furtheyrtse
symposium was only feasible with the help from partners fwo,fib and RILEM, next to the
assistance provided by Ghent University, the City of Ghent and the North West Europe
Interreg project URBCON. The latter being a sitter project of DURSAAM, focussed on
demonstration of alkalactivated concrete products in the wab environmentA special word

of thanks goes to the DURSAAM PhD fellows, iy made the DURSAAM projeghique

and who will without any doubt make a difference for the future.

These open sourceproceedingscollect the short papers, as presented by participants
during the symposiumand provides researchers, building professionals and stakeholders
recentinsights oradvancing alkafactivated materialsEnjoy reading!

Prof. Stijn Matthys symposium chair
Dr. Alessandro Projssymposium cahair
Ghent, 203
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Symposium program

Day 1. Wednesday 8 February 2023
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09:45¢ 10:45

09:45¢ 10:00

10:00¢ 10:15

10:15¢ 10:30

10:30¢ 10:45
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11:15¢12:15

11:15¢ 11:30

11:30¢ 11:45

11:45¢ 12:00

12:00¢ 12:15

12:15¢13:15
13:15¢ 14:00
14:00¢ 15:15
14.00¢ 14:15

14:15¢ 14:30

Arrival and registration

Welcome and opening

Keynote lecturel byProf. Barbara Lothenbach (EMPA)

¢2LIAOY daAE RS&aA3Iy YR YAONRAGN
Session 1.1 (focusedam A E RS&A3IY YR YAONR:
LISNF 2 NI yOSé 0

Influence of temperature on the kinets of formation of sodiun
aluminosilicate hydrate gel

L. Miranda de Limal. L. Provis and G. Ye

Benzoic acid derivates as admixtures for low alkaline activated BFS
S. BagheriT. Luukkonen and J. Yliniemi

Influence of presauration regime on the scaling resistance of alk
activated slag concrete

h® . dnfl K./Sérdar

Shrinkage and creep of alkalttivated slag and applicability of thié MC
2010

R. CaronR. A. Patel and F. Dehn
Coffee break

Session 2 (focused orma A E
LISNF 2 NI yOSé 0
Background for the mix proportioning of alkattivated materials

V. Bilek JrJ. Koplik, J. Hajzler and B. Kucharczykové

Effect of water to binder and solution to binder ratio on the hydrati
kinetics of waterglass activated slag/fly ash blends

M. Mutti, S. Joseph and O. Cizer

Chloride ingress and carbonatation resistance of ternary blend e
activated concrete

S. Ghorbamand S. Matthys

Study on the influence afolution composition on shrinkage of low calcit
fly ash geopolymers

M. Hanumananaikand K. V L Subramaniam

Lunch break

Keynote lecture 2 by Prof. Aleksandra Radlinska (Pennsylvania <
University)

Topic:ad 5 dzNJ 6 A fYA (&0 SLEIS NJF 2 NJ
Session B (focusedorsa A E RS & A3y
LISNF 2NX I yOS€ 0

Reaction of carbonate minerals in alkaline medium

R. Firdousind T. Hirsch

Effect of mixing methods on workability amdtrasound measurements ¢
alkalractivated materials

L. Hertwig B. H. Tekle and K. Holschemacher

RSaA3IY | YRYRAOSIB

FYR YA ONR:
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14:30¢ 14:45

14:45¢ 15.00

15:00¢ 15:15

15:15¢ 15:45

1545¢17:00

15:45¢ 16:00

16:00¢ 16:15

16:15¢ 16:30

16:30¢ 16:45

16:45¢ 17:00

Preparation of precursors for alkalctivated materials by remelting

T. HirschA. Buchwald, R. Firdous and D. Stephan

Presevation of embodied carbon with sustainable resilience corros
protection systems

G. JonesC. Van Nguyen, P. Mangat and P. Lambert

Impact of carbonation and other chemical attacks on alkali activated
materials

C. Le Galliard. A. Gedes, B. Walkley and J.L. Provis

Coffee break

Session 4 (focusedoma A E RS&A3IYy YR YAONR:
LISNF 2NX I yOSEé v

The relationship between mixture design and efflorescence formatio
geopolyrers made of iron ore tailings

Rafaela K. R. SilvRolyana F. F. Martins, Marlon A. Longhi and Fernan:
Lameiras

Freezethaw behaviour of hemp reinforced geopolymer

Y. LUA. Darby, A. Heath and X. Ke

Immobilization of Ceam and Strontiurdbased waste by metakaoli
geopolymer: Effect of waste loading and watender ratio on the
properties of the host matrix

E. MukizaQuoc Tri Phung, S. Seetharam, L. Frederickx, G. De Schutt
Influence of zinc sulphate ohe setting and rheological properties of alk
activated binders

A. Sai Surya Sree Nedurand S. Muhammad

Liguid release from superabsorbent polymer in atkalivated slag and the
mitigation of autogenous shrinkage

H. DongB. Chen, Ziand G. Ye

Day 2: Thursday 9 February 2023

08:30¢ 09:00
09:00¢ 0945

09:45¢ 10:45
0945¢ 10:00

10:00¢ 10:15

10:15¢ 10:30

10:30¢ 10:45

Arrival and registration

Keynote lecture 3 byProf. Jannie S.J. van Deventer (dmnd)
Topic:6Structural behaviour and design

Sessioem 6 F2 O0dza SR 2WR aYam ENPRESENWZAG/U di
LISNF 2 NI yOSé¢ 0

Air-entraining additive effect on geopolymer mortar workability

td t NPQKR2Z T LAl 13X Y %I Ot I32ga]A
Efficient use of calcium in developing sustainable {sifgangth geopolymei
for in-situ applications

K. K. Ramagiand K. V. L. Subramaniam

The effect of phosphorus oxide content in presor on setting time anc
freezethaw resistance of alkalinactivated binders

t & t NRYOK 2520 { G 201 I |

Effects of Mg on the reactivity of Ca@gO-AI203SiO2 glasses in th
sodium silicate activated system

T. Kim A Hamdan and A. Hajimohamadi

vii | Advancing AlkalActivated Materials; Content & Preface



1045¢ 11:15
11:15¢12:15

11:15¢ 11:30

11:30¢ 11:45

11:45¢ 12:00

12:00¢ 12:15

12:15¢13:15
13:15¢ 14:00

14:00¢ 15:15
14:00¢ 14:15

14:15¢ 14:30

14:30¢ 14:45

14:45¢ 15.00

15:00¢ 15:15

15:15¢ 15:45

1545¢17:00

15:45¢ 16:00

16:00¢ 16:15

16:15¢ 16:30

Coffee break

Sessior2.2 (focusedoma A E RS&A 3y
O0SKI @A2dzNJ ' yR RSaAIAYyE£0
Mechanical, microstructure and durability properties of aHeaiivated
mortar based on phosphat&ining waste rocks, fly ash and metakaolin r
materials

S. ShiS. Mansouri, Y. Tamraoui and J. Alami

Use of lime kiln dust as a wadbased reagent in fly ash Clasb&3ed alkali
activated materials

P. ShoaeiS. Pilehvar and R. Pamies

Influence of the fibre addition on shrinkage and paffi bond strength of
binary alkakactivated repair mortar made of blast furnace and copper ¢
L ® Y Nan@S/ Rafthys

Stressstrain response of FRfdnfined rubberied onepart alkaltactivated
concrete

M. ElzeadaniD. V. Bompa and A. Y. Elghazouli

Lunch break

Keynote lecture4 byProf. José Dinis Silvest{&niversidade de Lisboa)
Topic: dGreening concrete with circular practices: enwirmental,
toxicological, and economic benefits and challenges

Sessior2.3 (focusedortia A E RS&aA 3y YR YAONER:
OSKI @A2dzNJ ' YR RSaAAIAYyE£0

Performance of alkakctivated metakaolin at high H20O/Na20 ratios

F. SouayfanE. Roziére, C. Justino, M. Paris, D. Deneele, A. Loukili
Effects of activator compositions on the rheology of atkativated slag
concrete

Y. SunG. Ye, G. De Schutter

Behavior of alkalactivated slag mortar
supplementary cementitious materials

S. TavasqliA. W. Sadeed and W. Breit
Seismic Retrofitting of clayrick masonry walls with AANIRM

L. D. Azdejkovid. C. Triantafillou and C. G. Papanicolaou
Expemmental investigation on longerm flexural behaviour of prestresse
alkaltactivated concrete (AAC) girders with castsitu AAC topping
Z.Qax Do ST {od aliitKea YR ad |
Coffee break

Sessior2.4 (focused oroMix desk 3y | YR YA ONER & (i NHz
FYR tAFTS OeoOfS aaSaayvySyiaeo
Calcined clay minerals as precursors for geopolymers and the influer
solubility on mixing ratios

N. Werling F. Dathe, F. Dehn and K. Emmerich

Chloride transport in alkakactivated slag paste under the exposure
wetting and drying cycles

Z. Xuand G. Ye

Novel findings of pore shapes for hardened 3D printed concrete with ¢
fume by XCT scanning

Y. Chemnd H. Rahier

YR YAONR:

gorporated with other
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16:30¢ 16:45

16:45¢ 17:00

19:30¢ 22:30

Sensitivity analysis for a probabilistic service life prediction of all
activated concrete

T. J. ChidiacN. Ukrainczyk, D. P. Prentice, Z. Zhang, T. Soetens, |
Belleghem and J.L. Provis

The environmental impacts of alkali activate@ncretes: examining
contribution of variability in constituents and of service life time to 1
uncertainty of LCA

A. KomkovaT.J. Chidiac,L1Provis and G. Habert

Symposium dinner

Day 3: Friday 10 February 2023

08:30¢ 09:00
09:00¢ 0945

0945¢ 1045

0945¢ 10:00

10:00¢ 10:15

10:15¢ 10:30

10:30¢ 10:45

1045¢ 1115

11:15¢12:15

11:15¢ 11:30

11:30¢ 11:45

11:45¢ 12:00

12:00¢ 12:15

12:15¢ 12:30

Arrival and registration
Keynote lecture5 by Dr. Vilma Ducman (ZAG)
Topic: dindustry perspective and application cases

Session3mM O0F20dzASR 2y Aa5dzNF oAf AG@Eé
F LILJXE AOFGA2y OF aSaéo
Degradaton of alkali activated slag mortars subjected to accelere

leaching

T. N. NguyenQ. T. Phung, L. Frederickx, D. Jacques, A. Dauzeres, J. |
Pontikes

Design and tendering experiences of a geopolymer concretedridg
C.B.M. BlomW.D.Schutte, A.P. Allaart and J.L.M. van Leeuwen
Removal of ammonium from wastewater with metakaolin bas
geopolymer sorbents

M. Oterq L. Freire, S. Gom€&uervo and P. Villar
Additive manufacturing of geopolymeatones to
sandstones with low availability

S. Partschefe|dA. Tutal and A. Osburg

Coffee break

SessiorB.2 (focused or{ (G NHzO G dzNI t 06 SKI @A 2 dzNJ
LISNELISOUADS yR |LILX AOFGA2Yy Ol &
Alkali-activated slaghased concrete incorporating single and multi
hookedend steel fibers: mechanical behaviour and limitations to fi
applications

L. Rossand F. Dehn

Performance at loadbearing reinforced concrete with treated Cu glas
cement replacement

P. SivakumarM. A. Yaqub and S. Matthys

Seltcompacting alkalactivated concrete (AAC) for precast prestres:
bridge girders from lab research to industrial production

S.ZhangM.[ dzZ] 2 9A 8> , ® _ ly3as | & | SNRS
URBCONBy-products for sustainable concrete in the urban environme

W. Crijns
Closure and intro to site visit

regtate natural
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12:30¢ 13:30 Goodbye lunch
13:30¢ 15:00 Site visit to Qy of Ghent "Zonnepoort" pilot
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Keynote speakers

Prof. Barbara Lothenbach
EMPA

Barbara Lothenbach is a professor and head of the group cement chemistry
and thermodynamics at EMPA (Switzerland). PhD. at the Institute of
Terrestrial Ecology, Soil Proten, Swiss Federal Institute of Technology
(ETH) Zarich in 1996, she has worked as a project leader and consultant
scientist for nuclear wastes at BMG Engineering Ltd, Schlieren, Switzerland.
In 2002, she has joined the Laboratory Concrete & Asphalt &/AMer

\ current research topics include hydration mechanisms of cementitious
materials, thermodynamlc modellingharacterizatiortechniques, pore solutions and supplementary
cementitious materials and neRortland cement binders. She is author of morertH0 scientific
journal articles and 170 conference papers

Prof. Aleksandra Radlinska

The Pennsylvania State University

£ S1alryRNY wlkRfAZall Aa |y Faaz20AldS
University. She holds a Ph.D. degree in civil engineering from Purdue
University (2008). Her research interests inclutieveloping innovative
materials to enhance infrastructure duriity and reduce COmpact. To

date, she hadocused her research omechanisms and mitigation of
shrinkage and carbonation in alkaltivated concrete, prediction and
reduction of the probability of eartgge cracking in concretecement
solldlflcatlonm the microgravity environmentand binders for Moon and Mars infrastructyras well
aspyrrhotite reactivity in concrete and 3D printing of concrete 2017 and 2018, Aleksandra as part

of the Penn State Team team won a secqtace award at the NASAFPrinted Habitat Challenge.

She is the author of more than 80 publications including scientific journal articles, conference
proceedings, and books.

Prof. Jannie S.J. van Deventer
" Zeobond

With three doctorates in chemical engineering, mineral procesaimd
business economics, Jannie has a track record of commercialising
technology in cement, concrete, mineral processing, waste valorisation
and biotechnology. He is Director of Zeobond that is developing cement
and concrete with ultrdow CO2 emissionsehHis an honorary professorial
fellow at the University of Melbourne, where he was Dean of Engineering
f X until 2007.

With a Scopus4ndex of 89, Jannie is a highly cited researcher in cement science. Also, he is ranked
number 2 in the world in mining and naturgy research by Stanford University. He has received
ASOSNIf gl NRa F2NJ KAAd NBaSINOK yR KIFa 0SSy fA:
engineers. He is a frequent plenary and keynote speaker at research and industry conferences.
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Prof. José Dinis Silvestre

Instituto Superior Tecnice Universidade de Lisboa

Associate Professor with Habilitation at the Department of Civil
Engineering, Architecture and Georesources of Instituto Superior Técnico
from Universidade de Lisboa, Portugahere he is also eesearcher at the

W/ AGAE 9YIAAYSSNAY3I wSaASFENDK YR Lyy2¢
in Civil Engineering from the same institution, being since 2008xpart

on assessing the sustainability of materials, construction systends an
buildings. Carried out Life Cycle Assessment studies with more than 25
national manufacturers of construction materials and in national and
international projects. Gauthored 96-1Sl journal papers and 3 books, coordirthi2eresearch projects

with foreign partners, participate in 4 international research projestand participatesin 13 national
research projects (and in 5 more already concluded), related to sustainability and energy efficiency of
building materials and construction solutions. Supervid@thD Theses and upervised others and
supervised 10 Integrated Master Theses andsupervised 4. Was President of the national
Standardisation Commission CT 171 «Sustainability in Buildings» between 2017 and 2019 and is a
member of the Technical @Gomission and verifier of the DAPHabitat SysteRegistration System of
Environmental Product Declarations (EPD) for Habitat.

Dr. Vilma Ducman
ZAG

Head of the Laboratory for Cements, Mortars and Ceramics at ZAG
(Slovenian National Building and Civil Baegring Institute), has been
involved in research related to circular economy and upcycling in the
construction sector, with particular emphasis on:

(i) development and technical evaluation of aliadiivated products
("geopolymers") based on different wige materials (fly ash, slags, calcined
clay...),(ii) use of different waste materials (ashes, sediments, CDW...) in
the construction sector (ceramics, concrete, mortdii)) processing of various wastes into artificial
(lightweight) aggregates.

She hapublished (alone or as eauthor) over 80 articles in SCI indexed journals aiegharedover a
hundred conferenceontributions She has obtained 5 national patents on recycling.

In recent years, she has led or been involved in several national andatitaral projects related to

alkali activation technology or recycling in the construction sector such as Horizon Europe AshCycle
(20222026), H2020 Wool2Loop (2012022) , ERMIN 2: FLOW (2018021), H2020 InnoWEE (2016
2020), EIT KIC RawMaters projeBARIS (2022025), EIT KIC RawMaters projekt RECOVER- (2017
2019), EIT KIC RawMaters projekt NAKT (2012018), etc.
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1. Mix design and microstructure

LIST OF CONTRIBUTIONS

Keynote lecture:
Alkali activated materials: Mix design and microstructure

Extended abstracts

Influence of temperature on the kinetics of formation of sodium aluminosilicate hydrate gel
L. Miranda de LimaJl. L. Provis @and G..XE.......cccuuuiiiiiiiiieeiie sttt 6

Benzoic acid dérates as admixtures for low alkaline activated BFS
S. BagheriT. Luukkonen and J. YIINIEMi.........uuuuuueiiemiiiinnssssss s ee s eee e e e e e eeeeeeeas 11

Background for the mix proportioning of alkatitivated materials
V. Bilek JrJ. Koplik, J. Hajzler and B. KucharCzykQVA.............cccceeivuiieeeeiiiiiieee e, 14

Effect of water to binder and solution to binder ratio on the hydration kinetics of waterglass
activated slag/fly ash blends
M. Mutti, S. JOSEPN AN O. CIZEL......cceeeeieeeeeeeee ettt eee e 18

Reaction of carbonate minerals in alkal medium
R. FirdOUSINA T. HITSCIN ... e 22

Effect of mixing methods on workability and ultrasound measurements of -@&tliated
materials
L. Hertwig B. H. Tekle and K. Holschemacher.............ccccccooiiiiiiiiiiiiiie e 25

Preparationof precursors for alkakctivated materials by remelting
T. HirschA. Buchwald, R. Firdous and D. Stephan..............ccccoooeeii, 29

The relationship between mixture design and efflorescence formation in geopolymers made
of iron ore tailings
Rafada K. R. Silv&olyana F. F. Martins, Méarlon A. Longhi and Fernando S. Lameira32

Immobilization of Cesium and Strontidpased waste by metakaolin geopolymer: Effect of
waste loading and watebinder ratio on the propertiesf the host matrix
E. MukizaQuoc Tri Phung, S. Seetharam, L. Frederickx, G. De Schutter................... 36

Influence of zinc sulphate on the setting and rheological properties of alkali activated binders
A. Sai Surya Sree Neduramd M. Sdman............cccceeeeeeiieeiieeeeeeeeeeeeeeeeeeeeeeveeeeeeeennnn 40

Liquid release from superabsorbent polymer in alaglivated slag and the mitigation of
autogenous shrinkage
[ o] o = T O o 1= o A = o T TR 4 44
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Air-entraining additive effect on geopymer mortar workability
t ® t NP QKP2Z At LY A 1.2....X.D... %L 03288 A 48

Efficient use of calcium in developing sustainable {sigangth geopolymer for Hsitu
applications
K. K. Ramagiand K. V. L. Subramaniamy........ccccoeveiiiiiiiiiieeeeeeeeeeeeee 52

Mechanical,microstructure and durability properties of alkalctivated mortar based on
phosphate mining waste rocks, fly ash and metakaolin raw materials
S. ShiS. Mansouri, Y. Tamraoui and J. AlAMl..........cooeuiiiiiiiieeeeeeeeee e 56

Use of lime kiln dust as a wadbased reagent in fly ash Clasb#&3ed alkatactivated
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Alkali activatedmaterials Mix design and microstructure
Prof. Barbara Lothenbach
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KEYNOTE SUMMARY

Alkaliactivated binders based on groumpanulated blasfurnace slag, fly ash or glasses canabe
viable and sustainable alternative to Portland cemence they use bproducts of other industrial
manufeacturing procassesThe preserdtion aimsto summarise recent investigations @ore solution
composition, on the effect of composition on the reactivity of the glassy phases and the changes
occurring during carbonation. In addition, teéect of MgO and BO; contentof slagon the hydrate
assemblage, and on compressive strenigtdiscussed and compared with thermodynamic modelling
predictions. The effectiveness of slag, fly ash or glassvation and thus the hydration kinetics
depends on the activatoused,on the mineralogicalamposition and the fineness of the glassy phase
The addition of alkalis stimulates the dissolutiongbéissesand thus the formation of hydration
products Alkali activated slags form nméy calcium silicate hydrates incorpdirgg significant amounts

of aluminium (GA)}SH), hydrotalcitelike phase and strétlingitavhile in alkali activated fly ashes or
glasses rather M-SH gels are formed.
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Influence of temperature on the kinetics of formation of sodium
aluminosilicate hylrate gel
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HIGHLIGHTS

1 At room temperature, degree of reaction of alkatitivated pastes is linearly correlatavith
chemistry of the binder.

1 Combination of secondary electrons grayscale images with selective dissolution treatments
allows the quantitative determination of sodium aluminosilicate hydrates in hardened-alkali
activated matrixes.

1 Acceleration periods lsserved in isothermal calorimetry tests performed at 60 °C are
indications of conversion of initial precipitates into ordered zediite structures.

Keywords:phase assemblagalegree of reactionsodium aluminosilicate hydrate gel

INTRODUCTION

The implenentation of alkakactivated materials (AAMS) is one of the most suitable alternatives to
ordinary Portland cement (OPC), in both structural and -sioactural applications within the
construction field. The simildo-superior performance and durabilitgharacteristics, the lower
embodied energy and lower G@&mission involved in the process, and the reutilization of industrial
byproducts as rawnaterials[1], [2] are among the advantages of this class of alternative building
materials.

The initial minealogy and chemical compaosition of the precursors used in these systems have a direct
impact in their dissolution and further hardening reactions of AABIsHowever, the extensive list

of potential precursors described in the literature imposes obstacles testiemation of behavior of
these materials. The evolution of the performance of AAMs is directly correlated with the phase
assemblage within the hardened microstructure. The nature and the quantity of reaction products
are among the main factors controlliige in-service behavior of these building materials, such as
mechanical properties and durability characteristics. Hence, the possibility of quantitatively
determining the solid phases formed during alkadtivating reactions is extremely desired, as it
would allow accurate structural calculations and service life predictions, among other characteristics,
to be modeled.

The present study investigated quantitatively the formation of sodium aluminosilicate hydrake (N
SH) gels during the alkadictivation of synthetic glasses resembling blast furnace slags and coal fly
ashes. A correlation of binder chemistry and phase precipitation is achieved at room temperature.
The reaction mechanism is slightly modified when higher curing temperatures are appltedh@/i

use of different experimental tools such as isothermal calorimetry, scanning electron microscopy, and
selective chemical dissolution, corrections to the quantitative analysis-&{S¥ gel have been
applied and validated.
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MATERIALS & METHODS

The sythetic glasses of simplified chemical compositions, comprising #,ATa0 and Sgdwere
designed aiming for a resemblance with siliceous fly ash, calcareous fly ash, and blast furnace slags.
Reagent grade AD; and Si@Q and CaCfas a source of Ca@ere mixed, melted using alumina
crucibles with an ultimate temperature of 1600 °C, and quenched in water after 2 h of dwell time.
Glasses were dried and ground until reachings@vBlue of approximately 20 um. Table 1 displays

the chemical compositionsbtained with Xray fluorescence, and thesgvalues obtained with laser
diffraction analysis.

Tablel. Experimental chemical composition and particle properties of synthetic glasses.

Glass Glass Atomic ratios Dso (Um)
type Si/Ca Si/Al Al/Ca Ca/ (Si +Al)
S4 Siliceous Fly ash 4.16 151 2.75 0.15 22.1
S2  Calcareous fly asl 2.04 1.47 1.39 0.29 17.2
S1  Blast furnace slag 1.00 1.56 0.64 0.61 215
S0.9 Blast furnace slag 0.93 2.05 0.46 0.72 16.6

A total of 8 different pates were prepared by alkactivation of the four synthetic glasses. Each glass
was activated with solutions composed of sodium hydroxide (88§ of NaO per 100 g of glass)

and sodium silicate (N8S£B g of NaO per 100 g of glass and a silicatedulus of 1.5). The pastes
were cured in sealed containers for 7 and 28 days at room temperature (mixtures prepared with all
glasses), and at 60 °C (mixtures prepared with fly-l&shglasses). Pastes were also prepared and
analyzed through isothermal @calmetry for 7 days, at 20 °C and 60 °C, targeting the study of reaction
kinetics according to the initial chemistry of the binder. Scanning electron microscopy (SEM) was used
for the determination of the degree of reaction at different ages with the Usgrayscale imagdd].

In order to analyze M-SH gel individually, 1g of each hardened paste was submitted to a selective
dissolution procedure (combination of salicylic acid and methd8#M)[5]), which is able to
eliminate lowordered calcium containing phases. The weight loss during the dissolution
experiments, normalized by reaction degree of the binder, was used to calculate the quantify of N
SH gel formed in each paste. The characterizatiorhefricrostructure was performed with-dy
diffraction (XRD) measurements after 7 days of curing for each one of the eight paste mixtures.

RESULTS & DISCUSSION

The reactivity potential calculated for each paste, after 7 days of curing time at room temaperat
indicated a direct correlation with binder chemistry, and more specifically with the Ca content of the
mixture. As observed in Fig. 1a, the degree of reaction increased from 32.7 % for the ph&8124

to 48.2 % for the paste SOMBSO (Ca/(Si+Atatios of 0.16 and 0.85, respectively the lowest and
highest values). Increased formation o®M&H gel is also observed to be inversely proportional to the
overall amount of Ca in the binder (Fig. 1b). Although it did not affect significantly the defjree
reaction, the presence of aqueous silicate in the activator had a positive influence on inhibiting other
Cabased hydrates, as all glasses, except S0.9, showed residudH\gel after selective dissolution.
Although NA-SH gel is usually describedthe literature as the dominant reaction product in fly ash

like systemg3], a great contribution of Ca was observed to the phase assemblage of these binders. As
seen in Fig. 1, the maximum calculated quantity &%8H gelwas only 61.7 % (948S12), indicating
sufficient room for the growth of Ghased phases.
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Figure linfluence of Ca content on the: a) overall degree of reaction; and b) quantity*eé&N present in
the microstructure of hardened pastes.

Ca has been pren to have significant impact on the initial reactivity of alkalivated materials, since

its release to the aqueous media occurs before the release of Si and Al during dissolution of the
precursor[6]. The nucleation of Ghased phases begins immediately after the initial contact of the
precursor with the activating solution. Therefore, fly dsised systems tend to present delayeddN

SH gel precipitation, as evidenced by the results from isothermialricaetry tests shown in Fig. 2.
After the dissolution peaks, an absence of acceleration peaks is observed in the calorimetry curves of
S4based pastes cured at room temperature (Fig. 2a), regardless of the activating solution. Combined
with the nonnegatie low heat flow through the course of the experiment, this indicates a continuous,
although slow and incomplete, process oAN&H gel formation, yielding an unstable hardened matrix.
Using a temperature curing regime of 60 °C enhances the reaction iatten fly ashegype glasses,

as illustrated in Fig. 2b. Wider dissolution peaks are observed with the use of both activators, in
addition to two distinct acceleration peaks for Na@ttivated glasses. These two peaks reflect the
formation and transformtions of NA-SH gel, as the implementation of increased temperatures is
known to intensify its degree of structural orderifig], converting it into zeolitdike solid phases
without necessarily affecting the quantity of sodium aluminosilidadsed phases. Contrarily,
waterglassactivated pastes display a broader dissolution peak with only one acceleration shoulder, as
the presence of liquid silicate species in the activator favors a more disordefe8 il gel structure,
preventing its conversion into crystallifike phases. The analysis of the cumulative heat release in
both curing regimens, visualized in Figs. 2c and 2d, indicate that the reactions at room temperature
are still under development after 7 days, as they present significantly lower values, while the
microgructure after 7 days of curing at 60 °C presents itself as more mature when compared to room
temperature cured systems.
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Figure 2lsothermal calorimetry curves of glassissed pastes cured at: a) 20 °C; and b) 60 °C; and
cumulative heat release curves$ the same pastes at: ¢) 20 °C; and d) 60 °C.

The direct impact of temperature curing on the final microstructure of the hardened binders can be
better visualized in the-xay diffractograms of the four analyzed systems, displayed in Fig. 4. The use
of waterglass as activator did not show any distinctive peaks in none of the curing regimens, as the
high content of aqueous silicate species favours the precipitation and growth of reaction products with
low-range degree of order. The influence played by tenapure relies on the overall reactivity of the
system, which can be qualitatively analyzed with cumulative heat release. On the other hand, sodium
hydroxideactivated pastes were more susceptible to structural changes with implementation of
elevated tempeature curing. The observed acceleration periods observed for the systed8Sa at

60 °C promoted a more complex microstructure, as the diffractogram shows the presence of intense
peaks of different zeolite structures (Faujas¥e Hydrosodalite, NB1), when compared to room
temperature cured pastes, indicating the conversion of initially precipitated amorphous gels into
reaction products with higher range of degree of order.

The observed differences in calorimetric response, due to the activating sgletionbined with the
microstructural characterization performed with XRD, illustrate the importance of the evaluation of
the structure of reaction products present in a hardened matrix, in addition to quantitative
determination of each of these phases.

]
CsH Ns
Ns Ns —NBS12:60 °C
st ——N8S0-60°C NaP1
N8S0-20°C
F
10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80
28 28

Ns - Sodium aluminosilicate hydrate (PDF # 01-089-0770) / Sod - Hydrosodalite (PDF # 01-072-2329) / St — Stratlingite (PDF # 00-029-0285) / F - Faujasite-Y (PDF # 00-039-1380)
K — Katoite (PDF # 00-024-0217) / CSH - C-(A-)S-H (PDF # 04-012-1761) / Cc - Calcium carbonate (PDF # 00-005-0586) / Na-P1 - Zeolite Na-P1 (PDF # 01-089-6322)

Hgure 3.Xray diffractograms of SBased pastes cured at room 20 °C and 60 °C: a) N8S0 systems; and b)
N8S12 systems.
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CONCLUSION

Based on this study, it can be concluded that Ca has a direct impact on the degree of reaction of alkali
activated materials ad on the formation of sodium aluminosilicate hydrateAN&H) gel. A low Ca
content hinders the dissolution of the precursor and the release of reactive species to the activating
solution, thus delaying the process of formation ofl€ss phases. The uséwaterglass as activating
solution increases the quantity oFA'SH gel in the hardened matrix, even in sla@sed systems, but

does not have a significant impact on the degree of reaction. Implementation of increased
temperature curing overcomes thadk of Ca on the binder, accelerating the precipitation -@¢%-8H

gel which lead to an increased overall content. Lastly, the use of selective dissolution was proven to be
successful in the quantitative determination ofANSH gel, and further charactexation of the solid
residue of dissolution could provide valuable information over the activator effect on the reaction
mechanism and on the structure of the gel.
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HIGHLIGHTS
1 Benzoic acid derivate ligand&re studied as admixtures for sodium carbonate activated BFS
1 Certain ligands showed promising acceleration of the hydration process

1 The effect of ligand is sensitive depending on the dissolution and pore solution chemistry of the
binder

Keywords:compressive strength isothermal calorimetry benzoic acid derivates

INTRODUCTION

Blast furnace slag (BFS) is a common material used as a Portland cement additive and as-datalcium
precursor in AAM$1¢3]. As an alternative to traditional activators like sodium silicate and sodium
hydroxide, sodium carbonate offers a way to generate more environmentally friendly AAM with less
alkalinity, a smaller carbon footprint, and greater workipiof the fresh pastg4]. The challenge with

low alkaline activators such as sodium carbonate is the slow strength development. Here, we
investigate how certain complexing agents affect strength development of sodium carbonate activated
BFS.

Carboxylic acids are chemical molecules with the functiormlgrcarboxyl{COOH])5,6]. Oneof the

most basic carboxylic acids, benzoic acid (BA) has a wide variety of derivatives, saofirasénzoic

acid (ABA), salisylic acid (SA), andd&@droxybenzoic acid (DHBA). Similar to amino acids, proteins,
and many medicins,-dminobenzoic acit an aromatic molecule with amino and carboxylic groups in
the para position. salisylic acid and gli#hydroxybenzoic acid (DHBA) are a phenolic acid gGd@OH

and ¢OH functionalities. Each functional group could form various complexes, for exameCayit

Mg, and Al, which could potentially affect the dissolution and precipitation reactions of BFS hydration

[7].

Figure 1Benzoic acid (BA);&minobenzoic acid (ABA), salisylic acid (SA) adihy#iroxybenzai acid (DHBA).
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MATERIALS & METHODS
Ground granulated blast furnace slag is from Finnsementti, Finland (Table 1).

Table 1 Chemical composition of BFS (wt%).

Sio2

MgO

Al203

Fe203 Na20 CaO

BFS

33,8

10,1

9,9

0,37 0,56 37,7

Table 2 Mix design of the pregred samples, Na2C&®lution molarity is 2.07 (mol/L).

Ligand
Blast dosage per
furnace| Na2CO3 Water-to- binder mass
Sample code slag (g)| solution (g) | binder ratio Type of ligand (wt.%)
BFS_CO 40 18.3 0.35
BFS_CO_DHBAO0.1% 40 18.3 0.35 3,4-Dihydroxybenzi acid 0.1
BFS_CO_ABAO0.1%| 40 18.3 0.35 4-Aminobenzoic acid 0.1
BFS_CO_SAO0.1% 40 18.3 0.35 2-Hydroxybenzoic Acid 0.1
BFS_CO_DHBAO0.3% 40 18.3 0.35 3,4-Dihydroxybenzoic acid 0.3
BFS_CO_ABA0.3%| 40 18.3 0.35 4-Aminobenzoic acid 0.3

RESULT & DISCUSSION

Figure 2.a) shows the trends in compressive strength of hydrated BFS with different benzoic acid

derivates after hardening for 1, 3, and 7 days. Many of the ligands decreaseeagarbtrength
development even with low dosages showing strong, but countempectide, interaction in the

hardening process. We also observed inconsistency on the effect of ligands when experiments were

repeated (Figure 2.b).
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Figure 2a) Compressive strength of the samples with benzoic acid derivates at different curing ages (L7

days), bYifferent results from multiple experiments as a function of ligands.

We believe this inconsistency is due to quality variation of BFS when different BFS batches were used,

which consequently affected BFS differences in the BFS reactiaiythe effectivity of the ligand.

We present chemical composition, BET surface area, and particle size distribution of both BFS batches
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in the oral presentation and discuss about possible reasons for different results. Nevertheless, there
was a clear aeleration in the reaction kinetics with certain ligands and dosages (Figure 3).

£ oom
: l\ 0-1% ligand ~ | - reference
ooot | ), // \

— / —_—
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Time ()
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Figure 3lsothermal calorimetry of activated BFS with and without@ildydroxybenzoic acid.

CONCLUSION

This work demonstrates that small amounts of benzoic acid deriysflesnce the earlyage reaction
kinetics of NaCQ-activated BFS binder. The functional group of the ligand can affect the strength
development, while retaining or improving the fluidity of the pastes. The effect was negative in most
cases, but some prowing results were obtained with BFS of certain quality.
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HIGHLIGHTS

1 The mixing desigaf alkaliactivatedmaterials is recommendelased orthe activator molarity
andthe precursorvolume fraction in tie system(paste).

1 The role of these two parameters, along with differéypesof activatos, is illustrated on alkali
activated slag pastegsom the perspective of microstructure and physioa¢chanical properties

1 AAS with sodium hydroxide was found te the most sensitive to changes in the slag volume
fraction.

Keywords:microstructure, molarity, volume fraction

INTRODUCTION

Alkaliactivated materials (AAMs) have considerable potential as a part of the sustainable toolkit of the
inorganic binder$1]. Naturally, their properties are compared to those of binders based on ordinary
Portland cement. The analogous expression of their composition is generally used based on the water
to-precursor (binder) weight ratio. The dose of the alkaline activator is tyyginally expressed as the
content of Na20 or K20 with respect to the weight of the slag. The dry matter of the activator can but
does not necessarily be incorporated in the expression of water content as a-tgegetids ratio.
Furthermore, other expresons, such as the solutidn-precursor weight ratio, combined with
activator molarity, are also quite common. Another critical variable arises in the silicate modulus when
silicate activators are used. All of these aspects inherently lead to-grstiing jungle of compositions

of AAMs over the scientific literature. It thus complicates the comparison of the results, further
optimization of these promising materials, and their wider use in real applications.

In this abstract, we would like to discus#mer approach based on the molarity of activating solution
and the initial precursor volume fraction in the system. We are convinced that this approach is very
reasonable, but it is surprisingly rarely used. The molarity of the activating solution didtsitpH,
dissolution process, saturation of the pore solution with dissolved species, the stoichiometry of the
arising solid products, etc. The solid volume fraction is vital for rheological properties, especially for
concentrated suspensions. Still, Isa affects hardened properties because of the different nature of
the reaction products, depending on the activator type.

Therefore, the aim of this study, which is only a small part of our more comprehensive research, is to
induce a change in thinking abt the proportioning of AAMs. Alkadictivated slag (AAS) pastes were
selected to illustrate the key aspects of the recommended mix design. Three of the most common
alkali activators, sodium hydroxide, sodium waterglass (silicate modulus of 1.5), angnsodi
carbonate, were used. Unlike the vast majority of other studies, all results presented herein were
obtained using the approach, according to which the paste is defined by the slag volume fraction and
the molarity of the activator. Regardless of the aator type, its molarity is expressed as the molarity

of sodium cations.
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RESULT & DISCUSSION

Figurel illustrates the differences in the AAS pastes' microstructure with the most common activators,
namely sodium hydroxide, sodium waterglass (silicate madwiul.5), and sodium carbonate. It
corresponds to the findings in literaturg2,3], i.e., relatively inhomogeneous and porous
microstructure for the activation with sodium hydroxide, given by the presence of the reaction
products close to the slag grairf@n the contrary, sodium waterglass and sodium carbonate showed a
homogenous matrix of reaction products among the slag particles with only rare signs of capillary
porosity. The matrix is disturbed by cracking, which can partially originate from autogehnionkage

during the curing period but is mainly affected by mechanical action during the sample preparation
and severe conditions during its observation in SEM (vacuuming and exposure of the sample to the
electron beam).

” ™ sodium hydroxldem

‘el

Figure 1.Comparison of the miostructure of alkalactivated slag pastes with three basic types of activators of
the same molarity of 4M Nand slag volume fraction of 0.52 after 28 days of reaction.

The differences in microstructure can also be observed by mercury intrusion potosiiéP) for the

pore sizes below 100m (Figure2A), i.e., much finer porosity than shown by SEM. In this case, only
the results for the pore entry diameters corresponding to the pores lower tham Svere considered.

This corresponds well with the ressilof autogenous shrinkage (Figu28), which is 3 to 11 times
higher for waterglass compared to sodium hydroxide, depending on the slag volume fraction. Another
interesting phenomenon is a different evolution of autogenous shrinkage with decreasingklagev
fraction. The autogenous shrinkage of both sodium hydroxide and sodium carbaciatated slag

paste decreases with decreasing slag volume fraction, while the opposite (and not so pronounced)
trend can be observed for waterglass. These differencesagain due to the different nature of the
reaction products. The increased shrinkage with an increase in the slag volume fraction points to the
significant microstructure refinement and consequently to an increase in the driving force of shrinkage.
The estraining effect of the slag particles, along with the likely marginal changes in pore sizes, explains
the behaviour of the pastes with waterglass.

Microstructural differences are directly related to the effects of the slag volume fraction and molarity
on compressive strength. Similar to autogenous shrinkage, the slag volume fraction had the most
significant impact on the compressive strength of the sodium hydreadieated slag (Figui@A). The

same can be observed for the absolute values of the refsrestompressive strength used for this
figure, which were 47, 104, and MPa for sodium hydroxide, sodium waterglass and sodium
carbonate, respectively. The magnitudes of the compressive strength are also affected by the molarity
of the activator, which islemonstrated here on AAS with sodium hydroxide (Fi@B¥ The highest
compressive strength values were achieved with molarities of 2 to 4M. Reference pastes with 4M
NaOH reached 8, 15, 23, and lgPa at the age of 1, 2, 7, and 28 days, respectivelg. Siuws that

there is an optimal range of molarities. A further increase in molarity beyond 4M resulted in a gradual
decrease in the values of the compressive strength, while a rapid strength decrease was observed as
the molarity decreased from 2 to 1M. Medetails about the results presented herein can be found in
our previous paper§,5]. The differences in strengths of 1 and 2M NaOH are the most significant at
early ages (24 and 48 hours), which nicely illustrates another factor vital from battesific and
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practical perspective. It is the effect of molarity on the reaction kinetics of AAS, to which the evolution
of the microstructure and the physiealechanical properties over time are inherently related.
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Figure 2MIP response (A) and autogenalwinkage (B) of alkadictivated slag pastes with three basic types
of activators with the same molarity of 4M Nafter 28 days of reaction.

A 1204 B 1201

g 100 S g 100 4

£

S 80+ S 80+

5 o] 5 o]

+ B0 ] = 60 ]

E 40 4—|—=— sodium hydroxide g 40 |

<} 1 [—*— sodium waterglass S 1 /

o . o —=— 24 hours  —#—48 hours

. 204 .20 -

B 1T == sodium carbonate 3 ] j 7 days 28 days

0 T T T T T T 0 T T T T T T T
054 052 050 048 0458 044 0 1 2 4 B 8 10 12
slag volume fraction molarity of sodium hydroxide

Figure 3 Effect of the slag volume fraction (A) and NaOH molarity (B) on the compressive strength of AAS
pages. The paste with the slag volume fraction of 0.54 for each activator and the paste with 4M at each time
were taken as references.

CONCLUSION

The mix proportioning of AAMs based on the activator molarity and precursor volume fraction was
proposed and disussed. In addition to the results presented here, the role of molarity in the reaction
kinetics and temperature is of great importance. However, this is beyond the possibility of this short
contribution and will be discussed in more detail in our subsatjgeiblications and personally at

the symposium.
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Effect of water to binder and solution to binder ratio on the
hydration kinetics of waterglass activated slag/fly ash blends
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HIGHLIGHTS

1 The water to binderatio has a significant impact on the rate of the hydration process but does
not affect the overall reactivity significantly.

9 The solution to binder ratio, whilst only slightly affecting the rate of the hydration, exhibits a
pronounced effect on the toteheat release.

Keywords:alkali-activated materials, solution to binder ratio, water to binder ratio

INTRODUCTION

Alkalractivated materials (AAMs) are an alternative use of SCMs in combination with an alkali source

to mimic cement hydration while actugliuling out ordinary Portland cement (OPC) itself from the
formulation[1]. However, not all SCMs attracted the same interest as a potential precursor to be used

in AAMs due to different resons, on top of which there is their worldwide availabi[@}. Ground
granulated blast furnace slag (GGBFS) and fly ash (FA) nowadays represent the most investigated, and
I dFAf 1 0fSYT OAYRSNE adzAdGlrofS F2NJ !'! aaQentraxedy dzf | G A :
with water, hence the need of an alkali source that can provide the appropriate environment to trigger
their hydration. Hydroxide and silicates are by far the most investigated activators, especially as
sodium salts, due to the possibility to aete mechanical properties comparable, when not superior,

to OP(J3¢5] Due to the presence of the alkaline activator, the mix design of AAMs is inherently more
complex than that of a system based on OPC. In case of waterglass activation, parameters such as
Na20, SiO2, water to binder (w/b)@solution to binder (s/b) ratios need to be carefully evaluated as

they can drastically change the hydration kinetics and the development of the mechanical properties

of the material. Whilst being strictly dependent on each other and difficult to evakeparately, the

s/b and wi/b ratios appear to differently affect the hydration kinetics of AAMs. The s/b ratio have been
reported to exhibit effects similar to those of w/b in OPC based systems while the w/b appears to have

an even more pronounced impaf#c¢9]. The objective of tlsi study is thus to evaluate separately,

taking into account their interdependency, the effects exhibited by s/b and w/b ratios on the hydration
kinetics of AAMSAIl the materials used in this study were procured commercially. GGBFS and FA were
used as bider. The activating solutions were prepared beforehand starting from a waterglass solution
(abcr, 8.3% Na20 27.5% SiO2). Na20 and SiO2 contents were adjusted using NaOH(aq), prepared by
dissolvingM h 1 LISt Sia o6+x2wxX 120X YR RSA2yAT SR 4GS
either changing the s/b or the w/b ratio of a reference composition (Table 1). Isothermal calorimetry
measurements were carried out using a TAM Aoh8nnel kept at @°C. The reported experimental

results are normalized by the masdonfider. In the case of total heat curves, the first 30 minutes were
discarded to not take into account the time necessary for the stabilization of the calorimeter after the
sample inserbn.
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Table2. Mixes composition.

ID BFS/FA s/b w/b NaO % Si0 % Ms (Si@Naz0)
Ref 50/50 0.55 0.42 5.26 7.56 1.44
HS 50/50 0.70 0.53 6.69 9.63 1.44
LS 50/50 0.48 0.36 4.54 6.53 1.44
HW 50/50 0.65 0.51 5.26 7.56 1.44
Lw 50/50 0.52 0.37 5.26 7.56 1.44

RESULT & DISCUSSION

As widely reported in literature, the heat flow @&AMs activated with sodium silicatsolutions
exhibits analogously to OP@&yo well distinct peak. The first peak is occurring as soon as the binder

is mixedwith the activating solution and it is associated to the wetting and initial dissolution of reactive
particles while the second peaks associated to the formation of significant amount of reaction
productsand, as visible from the heat flow curves repattin Fig.1a, occurs between 20 and 40h for

the compositions investigated in this study. The heat flow curves show that the s/b ratio has a rather
limited influence on the hydration kinetics as both the occurrence of the hydration peak and its
intensity apear close to those of the reference composition despite such parameter was modified up
to around 30% (Ref to HS). In contrast to what observed in case of changes in s/b, the w/b ratio exhibits
a much greater effect on the hydration kinetics. Despite baioglified at a slightly lower magnitude,

upto 22%, the hydration peaks of HW and LW appear significantly shifted with respect to that of the
reference composition and are also of significantly lower intensity in the case of HW. The differences
evaluatedin the heat flow curves are reflected in the total heat release, reported in Fig.1b, at least in
the first few days of hydration. Here, it can be seen that the curves associated to all the compositions,
with the exception of HW, almost overlap up to 24brfr mixing time corresponding to the hydration

peak maximum of HS. After that, the total heat release of both HS and LS starts to diverge from that
of Ref. The heat release of LW also appears to diverge but to a lesser extent while that of HW gradually
approaches the Ref onelhese behaviours observed in the isothermal calorimetry measurements
clearly indicate that the concentration of the activating solution plays a more significant role than the
absolute amount of introduced species in defining the hydrakinetics of AAMs despite the almost
identical pH of the activating solutions. The quicker occurrence of the hydration peak observed in LW
compared to LS, and the opposite for what concerns HS and HW, might be inferred to the lower extent
of dissolutionof the binder necessary to reach saturation with respect to the hydration products.
Moreover, the polycondensation of dissolved silicates eventually leads to their precipitation, thus
favouring further hydrates precipitation by acting as nucleation se&ds This phenomenon is once
again promoted by the higher concentration of alkalis originated by reducing the w/b while keeping
both NaO and Si@constant. Whilst accelerating/decelerating the precipitation of hydrates, it does
not appear that wb exerts a significant influence on the extent of the hydration process; the opposite
seems true for the s/b ratio. Assuming that analogous phase assemblages are formed in the
investigated compositions, the gaps observed in the total heat release areasscriated to a
different amount of hydrates that precipitates. Whilst exhibiting similar rate, the amount of volume
available for the precipitation of products significantly changes between LS, Ref, and HS. This means
that more products need to be precipted in order to arrest the system and move towards a diffusion
controlled processd,11]. This is true also in the case of changes in w/b ratio but in that case the effects
2F 0KS FTOOGAGEFI2NNa O2yOSYy NI GAZ2Y | LIISEN G2 LINBJI
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CONCLUSION

In this study we investigated the effect of s/b and w/b ratios on the hydration kinetics of waterglass
AAMs. The experimental results clearly indicate that the w/b exerts more influence on the reactivity

of the system. Affecting theoncentration of the activating solution leads to significant shortening or

f SY3ZidKSyAy3a 2F (KS AyRdzOGA2y LISNA2R® ¢KAA& YAIKI
necessary to achieve the conditions for the products to precipitate, assuarsingilar dissolution rate

for the different compositions. Over longer periods it appears that the s/b ratio plays a greater role; it

does not affect the rate at which the hydration occurs but it seems to influence the amount of hydrates

that can precipiate. This is assumed to be due to both the volume availability as well as the amount

of silicates introduced with the activating solution.
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HIGHLIGHTS

1 Anhydrous carbonate minerals react with NaOH anesiNeate solutions.

1 They can supply cations for formation 6NeSH gel.

1 Formation of Naand CaNacarbonates can be detrimentalfbuilding products.

Keywords:carbonate mineralsalkali-activated materialsthermodynamics

INTRODUCTION

The environmental goals of the EU aim at achieving carbon neutbgliB050 and therefore all the
industrial processes must be -thought. Reusing rad recycling industrial, agricultural, and urban
wastes to achieve a circular economy is one of these major goals. Building construction materials
industry makes up to 10% of the anthropogenic CO2 emissions with the highest share originating from
production of clinker for various types of Portland cemdhi. In a road map defined by cement
technology authorities several ways from the manufacture to use of Portland cement have been
defined in order to reducéhese emissionf2]. Several types of cements show varying CO2 reduction
potential based on their clinker content. Other alternative solutions include akéiliated materials,

which can be synthesized by the reaction of an aluminosilicate raw material with an alkaline source.
Researchers have shown that depending upon the mixture design, type of materials and methods used,
a lot of different strength classes and CO2 reductionsbmanbserved3]. The freedom of choice of

raw material for these binders makes it possible to consider aluminosHiaaténdustrial, agrigltural,

or urban residues for production of such binders. This on the one hand shows a potential of recycling
these materials, however, on the other hand this variation in materials leads to the fact that for each
component of the raw material a detaileshderstanding should be developed. The minerals contained

in these raw materials affect the mechanical, durability and métractural characteristics of these
binders[4].

Carbonates are one of the mineral groups which are commonly available throughout the globe and
can be not only a part of naturally occimg materials but can be also found in waste materials.
Anhydrous carbonates containing various endmembers such as calcite, dolomite, siderite, ankerite,
natrite are often observed in the raw materials. Previous wbtlon the reaction of calcite in alkaline
medium showed that upon its reaction with sodium silicates, calcite can provide calcium for the
formation of a sodiurrcontaining calcium silicate hydrate. Whereas the carbonate can react with
sodium and water from the solution to form wateontaining sodim carbonate. Such a growth of the
sodium carbonate was found to be detrimental for the binder, as precipitation of this phase in
hardened binder was exhibiting an inner tensile pressure thus reducing the strength of the binder.
Moreover, the formation ofliis phase was also depleting the system in alkalis and water.

The current work deals with determination of reactivity of two inmagnesiumcalcium carbonates
(dolomite-ankerite solid solution) with sodium hydroxide and sodium silicate solutions. Thenzaeb
samples milled in laboratory diskill are characterized by-pay diffraction analysis (XRD) for their
composition and are reacted with sodium hydroxide (16 mol/kg, labelled NH) and sodium silicate
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(Si02/Na20 = 1.1 mol/mol, labelled NS) solutionsacRen kinetics are studied in an isothermal
conduction calorimeter at 20 °C. The reaction products are tested with XRD and thermogravimetric
analysis (TGA). Moreover, thermodynamic modelling is performed to predict the phase assemblage.

RESULTS & DISCI3$I

The characterization of the carbonate samples with XRD showed that both samples contain varying

' Y2dzyia 2F GKS SYRYSYOSNER® ¢KS alYLXS yIFIYSR a5¢
XRD approximately CaMg0.77Fe0.23(C03)2. The othastFeampleA & Yy I YSR a{ ¢ | YR A
to be CaMg0.32Fe0.68(C03)2. The isothermal conduction calorimetry results for both samples with

NH and NS are presented in Figure 1. The heat flow is normalized to the weight of the carbonate
samples. Both sodium silicatand sodium hydroxide samples exhibit an exothermic reaction
immediately at contact of liquid with solids. However, the samples reacted with NH solution show a
second exothermic reaction. The time of the second exothermic reaction is different for bottahah

low-iron samples. The F#ch carbonate (S) showed this peak in first 48 h, whereas theidihg
carbonate (D) showed this peak starting 24 h and continued till 144 h. Whereas samples reacted with

NS showed no second exothermic reaction till 144 h.

N 21 ——D-NS
s ——D-NH
= S-NS
= S-NH
3 1
(o]
= |
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T |\ /
0 -&’% ; ; . ; .
0 24 48 72 26 120 144

Time inh

Figure llsothermal conduction calorimetry curves for all samples.

The crystalline phase assemblage of reacted samples measuredrayadifraction analysis and
complete phase assemblage predicted via thermodynamic modelling is tabulated in Table 1. The
crystalline phases observed in XRD included gaylussite, brucite and pirssonite for NH reaction.
Whereas for NS reacted samples thermonatrite and gaylussite are observed. Thermodynamic
modelling performed via GEMS calculations is in fully oxidized comglitibhe predicted phase
assemblage is reported for 50% allowed degree of carbonate sample reaction. However, the actual
degree of precursor reaction is so far not measured. For NH reacted samples compared to XRD,
thermodynamic modelling showed additionafigrmation of ferrihydrite. Similarly for NS samples
formation of amorphous ©I-SH and MSH gels and ferrihydrite is predicted for the Mgh sample.
Whereas for the Feich sample at 50% allowed degree of reaction, formation e&M, ferrihydrite
andamorphous silica is predicted.

Table 1 Phase assemblage measured viaydiffraction and thermodynamic analysis

Sample ID Xray diffraction analysigThermodynamic analysis

D-NS IAnkerite, Thermonatrite/Pore solution, CNASH, Gaylussite, MSHirihydrite,
Gaylussite Unreacted precursor

SNS IAnkerite, Thermonatrite/Pore solution, Gaylussite, MSH, Ferrihydrite, amorphous
Gaylussite silica, Unreacted precursor

D-NH Ankerite, Gaylussite, |Pore solution, Gaylussite, Ferrihydrite, Bracinreacted
Brucite, Pirssonite precursor

SNH IAnkerite, Gaylussite, |Pore solution, Gaylussite, Ferrihydrite, Brucite, Unreacte
Brucite, Pirssonite precursor
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The TGA conducted on NH reacted samples (Figure 2) showed a characteristic water loss from
gaylussite in temperaine range of 10200 °C, whereas the carbonate decomposition is observed
around 606700 °C. A mass loss around 300 °C could be due to brucite. For NS reacted samples (Figure
2) a mass loss around 100 °C could be due free and partially bound water. Herarhtsmate mass

loss can be observed around 5000 °C. Additionally in Mgch carbonate (D) a mass change observed
around 800 °C could be due teNESH type phases.
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Figure 2.Thermogravimetric analysis for all samples.

CONCLUSION

The findings show thaupon reaction of mineral samples from the doloméakerite solid solution
series under alkaline conditions with sodium hydroxide and sodium silicate formatiotN<F K gel

like phases can be observed. Whereas the carbonate can lead to formatioreotcattbonate phases.
Inclusion of Caig-Fe carbonates in aluminosilicate material for aheafiivation could not only
enhance the formation G-A-SH type gel but can also supply free carbonate for formation of other
carbonate phases which could be detdntal for durability. Further work should be conducted to
clarify this effect. Moreover, the limitations of the thermodynamic database should be improved in
future to make better predictions.
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HIGHLIGHTS
9 Ultrasonic measurements of alkalctivated materials
1 Speed, mixing time and rest time affects workability and setting behaviour

Keywords: alkalactivated material, mixing methods, workality, ultrasonic testing, setting time

INTRODUCTION

As a new construction material, alkalitivated binders are attracting considerable research. This is
due to the use of byroducts or waste materials, environmental promises, and comparative
performane with ordinary Portland cement binders. Most research in this area is limited to the
investigation of mechanical and durability behaviours. A better understanding of their fresh properties
and mixing procedures is paramount for better acceptance and@gtfuin of alkaliactivated materials

in the construction industry.

Alrefaei et al. found that the choice of the mixing device, the mixing regime, and the mixing order
effects the fresh and hardened concrete properties [1]. Puertas et al. suggested ingré@smixing

time to improve the setting behaviour and increase workability [2]. In their study on Na2SiO3
anhydrousactivated binder, Alrefaei et al. compared opart and twepart mixing technigues and
proposed a hybrid mixing method where the mixingter is divided into two parts [1]. Their results
showed that the mixing technique adopted affects the fresh and hardened concrete properties, with
no change in chemical composition. Rasuli et al. observed that storing ingredients at a higher
temperature d 45°C and mixing them at a constant temperature 0f¢226 °C results in a significant
improvement in the flow and rheology of the mixture [3].

In this paper, four factors: the total mixing speed, the total mixing time, the length of a rest time, and
the time at which the superplasticizer (SP) was added are investigated to understand the effects of the
mixing on alkalactivated materials. Three variations are studied for each factor. Acemipacting
fine-grained mortar with a maximum grain size o£B.15mm was used. A mixed precursor system
containing fly ash (FA), grougglanulated blasfurnace slag (GGBS), and silica fume (SF) is used. The
chemical composition of the precursors can be found in [4]. The activator solution was a mix of sodium
silicae and sodium hydroxide. The sodium silicate solution includes Z%.&icate, 8.26 sodium

oxide, and 64.986 water. The sodium hydroxide is a%Myweight solution. The amount of the sand,
water, FA, GGBS, SF, sodium silicate, and hydroxide solutiagien3 are 1180, 113, 357.5, 260, 32.5,
165, and 66. A SP (G&pSika Deutschland GmbH, Stuttgart, Germany) was applied to increase the
workability and improve the setting time. The planetary mixing device (mortar mixeFgSting Bluhm

& FeuerherdtGmbH, Berlin, Germany) with two rotational speeds and complying with ENl $88

used. The low speed is 140m with a planetary rotation of 68m, and the high speed is 28pm
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with a planetary rotation of 12%m.
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Figure 1Experimental results (f§ and illustration of used mixing regimes (right).

All mixtures were dry mixed for 120 s prior to adding the alkaline solution and extra water. The alkaline
solution was premixed before the mixing day, and the extra water was added to the solutionixrhe m

of alkaline solution and water was added slowly during mixing for about 30 s. The SP was slowly poured
during the mixing process. At the beginning of the rest period, the vessel and paddle were scraped and
manually checked for agglomeration for 45 s. The mixing regime of each sample can be found in
Figure 1. The investigated parameters include the slump flow using the Hagermann cone and the
ultrasonic parameters such as maximum acceleration and the time at which maximum acceleration
was attained. Té ultrasonic measurement was performed using8JPUltraTest GmbH, Achim,
Germany. The slump tests started¢36 min after finishing the mixing process. The ultrasonic
measurements started within &8 min after mixing.

RESULT & DISCUSSION

Within the invesigated ranges, the mixing regime showed different effects more pronounced on the
workability than on the ultrasonic parameters. The ultrasonic velocity measurement typically shows
three stages. In the beginning, there is a dormant stage with low veldeitglopment. The second
stage is the acceleration stage, where the ultrasonic velocity increases very fast due to the formation
of reaction products transitioning from the liquid to the solid phase. In the third stage, the ultrasonic
velocity increases merslowly over time. A previous study by the authors showed a good relationship
between the time of the maximum acceleration and the initial and final setting times of the Vicat
needle test [5].

To study the effects of mixing parameters on workability asttireg time, the slump flow, the
maximum acceleration amax and the time of the maximum acceleration ta=max were analyzed. Each
measurement of the investigated factor is compared to a common control mix. The factor ranges were
selected keeping a realisticixing regime. To simplify the interpretation of the results only one
property of the mixing regime was changed at once. The properties of the control mix were measured
on five different batches to provide an uncertainty window. FigRriélustrates a sumntgt of the
investigated factors and the measured results. The increase in mixing time fromté 11min led to

an increase in the slump by about fim. Increasing the resting time from On&in to 4.5min also
AYONBIFaASR GKS 42 NJ I is displayédebgthettdabmeanlofrdtaRiond peranidSts R €
(rpm). The slump generally increased with a higher mean rotation rate. Regarding the setting
behaviour the time of the maximum acceleration and the maximum acceleration were analyzed. In
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general the aceleration maximum was not affected much by the different factors. Only the increase
of speed led to a higher amax until the mean rotation rate of g)@. At 240rpm amax was lower

than the control mix, but increased ta=max byrti). The ultrasonic pamaeters are usually inversely
proportional. Samples with higher ta=max had lower amax and vice versa. An exception is the mixing
time (c.f. Figur@f). The acceleration maximum at a mixing time afi@ did not change, however the

time when it was reached as prolonged (Figurgj). A further increase of the mixing time to frfin

led to a decrease. Fernand@iménez and Puertas linked the initial pH of the alkaline solution with the
setting time [6]. As the amount of the alkaline solution was kept constastrtiay explain why the
mixing regime affected the workability more than the setting behaviour.

Speed Time Rest SP

= 300 300 300 300
&) (a) (b) (c) (d)
E 280 /\‘ 280 280 280
= M
A [
g 260 260 260 260
@

140 200 240 5 8 11 0.5 3.5 65 05 2 45

Mean rotation rate (rpm) Mixing time (min) Resting time (min) Time SP (min)
: 10 4 0
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o
S}
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Mean rotation rate (rpm) Mixing time (min) Resting time (min) Time SP (min)
Ocontrol sample @samples of factor ——slump —— max acceleration —— time of max acceleration ‘
Figure 2 Results of slump, maximum acceleration and the time of maximum acceleration according to
investigated factors. The standard deviation is only avhil&dr the control mix.
CONCLUSION

The method of mixing alkadictivated materials affects the fresh concrete propertigiéxing speed,
mixing time, rest period, and the time of addition of the SP are investigated as parameters. Based on
the results obsered, the following conclusions can be drawn:

1 the investigated parameters showed different effeon workability and setting behaviour,

1 the mixing methods mainly affect the workability, the time of maximum acceleration is slightly
affected by the mixing s@el and the mixing time,

T the investigated parameters showed inverse effect on maximum acceleration and time at which
this acceleration is attained,

1 the investigated parameters showed no major eftemh the acceleration maximum,
1 the workability increase wit the mixing speed, mixing and rest time,
1 longer mixing and resting time led to the highest workability increase.
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HIGHLIGHTS

1 Preparation of highly reactive precursor glass by remelting waste
1 Characterization of the glags alkali activation

1 Thermodynamic modelling of reaction products
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INTRODUCTION

Due to the urgent need to decrease the CO2 emissions of humanity and to reduce thasise of
secondary raw materials for the production of building materials is increasing [1]. Such inorganic
secondary raw materials can be used as a substitute for Portland cement and as a raw material for
alternative binders like alkatictivated materals (AAM). Common secondary raw materials as
precursors for AAM are ground granulated blast furnace slag and fly ash [2]. However, both materials
are already virtually completely in use [2]. Furthermore, the substitution of coke in iron production
and theclosedown of coal power plants lead to changes in the reactivity of ground granulated blast
furnace slag and a decrease in fly ash production, respectively.

On the other hand, large quantities of inorganic wastes are used fordguirement applications o

are even currently unused [3]. These less common secondary raw materials include mine tailing
material, slags of metal production with lower annual turnover than iron, waste burning ashes and
multiple more [2]. Some of these materials may already betregcbut most possess a low reactivity

and can vary in composition over time.

These issues might be overcome by remelting these materials to obtain more reactive, homogeneous
materials. This is the target of the project PH6MixBeton. The current publicdéals with the basic
characterization of such a remolten material used to produce an akéiiated material.

MATERIALS AND METHODS

The glass precursor for the alkatitivated material was prepared by the fusion of ferrochrome slag
with several wastesnd additives in an industrial electric arc furnace. The melt was granulated and
ground in a ball mill with air classification. The composition of the glass is given in Table 1.

Table 1 Composition of the glass as determined bsaX fluorescence [wt%].

ALO; | CaO| CeOs FelO; | KO MgO | NaO | SiQ SQ TiQ LOI

18.5 416 | 0.6 14 0.2 6.5 0.9 28.3 | 0.8 0.6 0.2

Geopolymer pastes were prepared with several activating solutions. These alkaline solutions include
sodium hydroxide solutions with 3 to 25 wt% sodium doyide and sodium as well as potassium water
glass solutions.
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The heat generation of the pastes was observed by isothermal conduction calorimetry using an MC
CAL/100P (C3 Prozessd Analysentechnik GmbH) at a ghsssolution ratio of 0.5. The pastes vee
externally prepared by mixing 1 min with a vortex mixer.

Thermodynamic calculations were performed with GEMS 3.7 [4] and the databadéagP&l2/07 [5]
YR / SYRIFI{FIMy wce8d ¢KS a/b!{Il az2fAR &SHnimeh 2y ¢ Y2

RESULT & DISCUSSION

As can be seen in Figure 1, the artificial glass shows with variable alkaline solutions a strong reaction.
In the case of sodium hydroxide solutions, not only an initial peak but one or more additional heat
release events can be obsedieThese later events shift to an earlier time with increased sodium
hydroxide content. With a sodium hydroxide solution of 25 wt%, these events are so strongly
accelerated that they overlap indistinguishable with the initial peak. The activation oftifieialrglass

with waterglasses of sodium and potassium resulted in a flash set due to the high reactivity of the
glass.

o o e
.

S

Heat flow [mW/g]

i
|

Time [h]
NaOH 3 NaOH5 NaOHY9 emmm= NaOH 11l sesses NaOH 13

NaOH 25

Figure 1Heat flow by the alkafactivated artificial glass.

Thermodynamic modelling was performed so that it mimes a congruewiugiaeaction of the slag.
The reaction products with sodium hydroxide solution are majorHC (containing sodium and
aluminum), stratlingite and hydrotalcite (Mg®HLDH) (Figure 2), which is quite similar to alkali
activated blast furnace slag [7].
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Figure 2 Reaction products of the activation of the artificial glass by the addition oflawecentrated sodium
hydroxide solution. The unreacted slag is not shown. The horizontal axis indicates the degree of reaction of the
artificial glass.

CONCLUSION

It is possible to produce a highly reactive precursor for alkali activation based on ferrochrome slag,
which can be activated by very leoncentrated alkaline solutions. The expected reaction products
are comparable to blast furnace slag.
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HIGHLIGHTS

I Theiron ore sand from the beneficiation of the iron ore in the Iron Ore Quadrangle (Minas Gerais,
Brazil) was used to produce solid sodium silicate for thelmgis of a ongpart geopolymer.

1 Theiron ore sand was also used as fine aggregate to produce@ashgeopolymer mortar.

1 A simplex centroid mix design of metakaolin, solid sodium silicate, and iron ore sand (as
aggregate), with the addition of water aspocess variable, was performed to study the
efflorescence of the geopolymer mortar.

Keywords: geopolymer, iron ore sand, efflorescence formation

INTRODUCTION

Iron ore tailings are available in large amounts in the state of Minas Gerais, especiallyrontae
Quadrangle area, which concentrates some of the most important iron ore mines in Brazil. After the
collapse of two dams with huge social and environmental impacts, new applications for these tailings
are required to reduce their disposal in thengronment. The tailings result from the iron ore
beneficiation process, which separates the quartz particles from the iron oxide ones in a flotation cell
or column (Duarte & Lameiras, 2022), and can be used in geopolymer mortar as fillers. They can also
be used as a raw material to produce an anhydrous solid sodium silicate after a thermal process at
400450°C (Vogt & Lameiras, 2019) to synthesize apamegeopolymer. This solid sodium silicate
produced with iron ore sand is a new material and not reedtin the literature currently available, so

this work also aims to achieve more information on the use of this material in geopolymer composition.

Geopolymers are a type of cement with low content of calcium obtained by the reaction of an
aluminosilicatesource, such as ground natural rocks or industrigbimducts, and an alkali activator,

such as sodium or potassium hydroxide or silicate (Provis, 2017). Geopolymerization consists of the
formation of a ceramidike structure composed of chains of covaldmonded molecules, resulting in

an inorganic polymer, with properties like high mechanical strength, and resistance to fire and acid
attack. The applications include civil construction, aviation, and art pieces, amongst others (Davidovits,
2017). This marial can be synthesized by the mixture of a liquid activator with a powder precursor
(two-part geopolymer), or by a mixture of solid precursor and activator with the addition of water
(one-part geopolymer), which amplifies the scale of thesite applicéions of the geopolymers (Provis,
2017).

Nonetheless, geopolymers present issues that may affect their durability, such as efflorescence.
Efflorescence is visually identified as a white formation on the geopolymer surface and originates from
the growth ofsalts at the surface and in the pores by the transport of alkalis through the pore matrix
and reaction with atmospheric carbon dioxide. It may affect the geopolymer aesthetically and
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decrease the mechanical strength, when in excess (Longhi et al., Z021&vailability of free alkalis

in the geopolymer framework is an important factor for efflorescence formation. Therefore, the
porosity and the improvement of the reaction extent are relevant to mitigate and control the
efflorescence formation in geopolyns (Longhi et al. 2020). This work aims to understand the
relationship between the mix design parameters of geopolymers in efflorescence formation.

¢KA&d &addzRé dzaSR GANRY 2NB &alyRés | GFAfAYy3a FNRY
analyzed by energglispersive Xay spectroscopy (EDX), with 80% of SiO2 and 13.42% of Fe203, and
the solid sodium silicate produced with it, with 52.65% of Na20, 42.46% of SiO2, and 3.86% of Fe203
as main components. The kaolin clay used had a mean lgastie of 12.17 um and was calcined at
800°C for 4 h, which resulted in an amorphous and highly reactive material (metakaolin). The
metakaolin sample was analyzed by thea)X fluorescence and showed 48.99% of SiO2, 40.80% of
Al203, 2.74% of CaO, and otlexides with concentrations lower than 1%.

The experiment design was based on the simplex centroid mixture designs of three components
(Montgomery, 2013), resulting in 20 mixtures (Figure 1). The three components were iron ore sand,
solid sodium silicateand metakaolin, which were mixed to obtain a homogeneous dry mixture. The
water was considered a process variable and its amount was coded into two levels:1llow (
corresponding to 19wt% of the dry mixture, and high (+1), corresponding to 23wt%. #dded to

the dry mixture and mixed to form a uniform paste.

Simplex Design Plot in Amounts

Metakaolin
04

Hold Values
Water -1

03 0.2 07
Sodium Silicate Sand

Simplex Design Plot in Amounts

Metakaolin
04
Hold Values
Water 1

03 02 07
Sodium Silicate Sand

Figure 1 Centroide simplex design to study the influence metakaolin, sodium silicate, iron ore sand, and
water on the properties of geopolymers

The samples were cast in cylindrical moldshwdimensions (100mm x 50mm), based on the Brazilian
standard ABNT NBR 7215 (ABNT, 2019), to perform the compressive strength and efflorescence
susceptibility tests after 7 and 28 days of curing in temperature and humidity of the environment. They
were demdded after 24 hours of hardening. The density and open porosity were measured with the
xylol immersion and penetration method. The efflorescence tests consisted first of a visual inspection,
where the cylindrical samples were inserted on plates with a 5eolamn of water, and the water

was replaced daily until the 14th day, while the samples were photographed from 0 to 28 days. The
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efflorescence potential was measured by the pH registered by two cylindrical samples of the same
composition immersed in diffent recipients with deionized water for 24 h. Before immersion, the
samples were weighed and dried in an oven at 60°C forAdter the immersion, they were dried at
60°C for 24 h and weighed again, and the difference between the final and the inisaldivided by

the initial mass is the percentage of the mass loss, which represents the potential for efflorescence
formation by mass loss. These tests were adapted from Longhi et al. (2021).

RESULT & DISCUSSION

Visual analysis of cylindrical samples shdvileat the content of solid sodium silicate is a significant
factor for efflorescence formation. Samples with higher content of solid sodium silicate (30%) showed
more efflorescence with deleterious effects, such as the disintegration of samples at 28\dahe
samples had some efflorescence as shown in Figure 2. The compositions and test results of four
samples of the simplex design of Figure 1 are shown in Table 1.

f
a)
Figure 2. Geopolymer samples of two mix desigayGeopolymer sample of compositiéwith 20% of solid

sodium silicate at 0 and 28 dayy.Geopolymer sample of composition 4 with 30% of solid sodium silicate at 0
and 28 days.

Table 1. Results for geopolymer samples (MK = Metakaolin, SS = Sodium Silicate, I0S = Iron Ore Sand).

Maximun
Conposition (wt%) Compressive Na:O Mass
Molar | Molar H

Sample _ Strength (MPA)| P content | loss

MK SS I0S | Water 7 days

days

0.23 | 0.13 | 0.64 19 0.77 | 1.39 33 35 12 6.84 15.30
0.30 | 0.20| 0.50 23 091 | 145 40 38 12 10.53 | 19.46
020 | 030! 050 19 2.05 | 2.02 6 10 1123- 15.80 | 18.01
4 020 | 030! 050 23 2.05 | 2.02 6 11 1123- 15.80 | 61.44

The efflorescence susceptibility by pH measurement showed that the higher content of solid sodium
silicate, the higher the pH after 24 hauiThe same effect was observed in the loss of mass test, where
samples with more than 15wt% of Na20 content had a loss of mass higher than 60wt% (highest Na/Al
molar relation), the sample with less loss of mass had 6.84wt% of Na20 content and 15.30wéS6 of

loss. The porosity measurements revealed that all the porosity in the samples is open, which also
contributed to the efflorescence susceptibility. Compressive strength tests with cylindrical samples
resulted in compression resistance frolM®&a to 40MPa, and the samples of mix designs with more
content of solid sodium silicate had the lowest values.
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CONCLUSION

The content of solid sodium silicate is a significant factor for efflorescence formation, as the pH
measurement indicated. The mix designshwhnore content of sodium present more leachability of
alkalis, as shown by loss of mass measurements. The best result were obtained with the Na/Al molar
ratio close to 1, which is in accordance with the Literature. Regarding the water level as a process
variable, no influence was observed in the range studied. The efflorescence phenomenon may lead to
geopolymer structure degradation, as visual analysis showed during the accelerated test. The
mechanical properties were higher for geopolymers with lower eahtof Na20. All geopolymer
samples showed only open porosity, which also contributes to efflorescence formation.
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HIGHLIGHTS
1 High waterbinder ratio showed detrimental effects on the performance of MK geopolymer.

1 Cs and Sexert negative influence on properties of host matrix with more effects observed with
Sr.

1 MK geopolymer preserved sufficient strength even at high content of Cs asich@ated waste.

Keywords:geopolymer, Cs and Sr waste, immobilization

INTRODUCTION

The firstgeneration nuclear power plants and reprocessing facilities are approaching the end of their
service livegl]. As a result, spent nuclear fuel (SNF) ardioactive waste, generated by both the
normal operations and decommissioning of nuclear power plants will undoubtedly rise significantly
[2]. Reprocessing of SNF has long been regarded as a viable solution to address existing disposal issues.
Under the Belgian waste management framework; the ASOF (Advanced Separation foalOptim
management of spent Fuel) Project is advancing the development of new, innovative processes for the
separation of minor actinides (Americium) and fission products Cesium (Cs) and Strontium (Sr) to
optimise SNF disposal. In parallel, approaches for tionitig Cs and Sr are being investigated. Alkali
activated materials (AAMs) have been intensively studied in recent years and are considered as one of
the potential alternatives to ordinary Portland cement (OPC) for waste immobilization. Geopolymer, a
clas of AAMs with a low calcium system and consisting of alkali aluminosilicate gel as the main
product; offers a good immobilization and binding capacity of cations due to the psmalitic
structure of its amorphous network as well as high alkalinity. &l@&, only one study exists to date

in the literature concerning the possibility of-ammobilization of Cs and Sr into one single matrix. Li

et al (2016 & 2018) investigated the immobilization of Cs and Sr by paper sludge (B&¥exkh
geopolymer bearingl% wt Sr(Ng) and CsN@to address the issue of Cs and Sr present in
contaminated water from Fukushima Daiichi NBH]. However, the reported mechanical properties
were very low (Flexural strength < 1MPa) which potentiattjts its wide adoption and application in

other countries. This work aims to develop a metakaolin (h#€ed geopolymer mortar bearing high

Cs and Sr loading and exhibiting high mechanical properties. The focus was to evaluate the effect of
the waterbinder (W/B) ratio and simulated Cs and/or Sr waste loading on the properties of MK
geopolymer.
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MATERIALS AND METHODS

MK was used as the aluminosilicate source and the activating solution (SiO2/Na20=2) consisted of a
mix of sodium hydroxide (NaOH 10 M) aodisim disilicate (Na2Si205). MK geopolymer mortars were
designed with W/B of 0.55 and 0.75. Water refers to the overall amount of water including water in
sodium hydroxide solution, water in solid Na2Si205 as well as additional water. MK geopolymer with
W/B=0.75 initially designed to suit liquid wastes with high water corftarwas adopted and lowered

to 0.55 to evaluate the effect of W/B ratio on the properties of C&&iring MK waste forms
Radioisotopes G537 and SO0 were simulated by stable Cs and Sr incorporated as CsNO3 and
Sr(NO3)2 and waste loading varied between 0 and 4%. The choice of nitrates was based on the fact
that Cs/Sr waste stream contains significant nitrate contentioaiing from HNO3 used in Cs/Sr
partitioning from SNF. The activating solution was prepa2él before castindy dissolving solid
Na2Si205 into a mix of additional water and 10M NaOH solufibenCsNOand/or Sr(NO3)2 were

mixed with the activating sotion and the resulting solution was mixed with MK precursor and sand.
The MK geopolymer slurry was casto 40x40x160 mm moulds and cured at 20°C and relative
humidity of 95% for at least 24h and then demoulded and cured in the same conditions untédf28el b
testing. MK geopolymer formulations investigated in the present study are presented in Table 1.

Table 1 MK Geopolymer formulations

Recipe Code W/B ratio CsN@ Sr(NQ)2
MK-0.55Ref 0.55 0 0
MK-0.75Ref 0.75 0 0
MK-0.55Cs 0.55 4 0
MK-0.55-Sr 0.55 0 4
MK-0.75Cs 0.75 4 0
MK-0.55-CsSr 0.55 4 4
MK-0.75CsSr 0.75 4 4

RESULTS & DISCUSSION

Compressive strength

The findings of compressive strength are presented in Figure 1. The compressive strength varied
between 21 MPa and 54 MPa and satisfies minimum requirement of 8 MPa as per Belgian waste
acceptance criteria (ACRIA). It was noticed that increasing W/B in MK waste forms only benefits the
workability of the geopolymer (observed during mixing) but negatively affects the mechanical
propertiesfor both reference MK geopolymer and Cs and ebé&aring MK waste forms as shown in
Figure 1. The compressive strength of BFG-Ref was published ifb] and was quoted in the
presented workfor the sake of having a complete overview of the effect of Cs and Sr in matrices with
different W/B ratios.
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Figure 1 Effect of W/B ratio and Cs and Sr on mechanical properties.

Similarlythe incorporation of CsNfand Sr(NG)z negatively impacted theompressive strengtiof

MK geopolymers and a higher strength loss was observed4{mea8ing geopolymer than comparable
Cscontaining MK matrices with a similar W/B and waste loading. This could be attributed to the
behavior of Stin the system. After ddingSr(NQ): into the activating solution, a whitgrecipitate of
Sr(OH)(which was visually noticeable) was formed immediatedya result of the interaction @r*

and OH ions and this decreased th©H content available for dissolution of metakaolin. As a
consequence, Srearing MK geopolymer systems contained lower amounts of dissolved silicate and
aluminate groups and higher amount of unreactive MK binder compareefénence MK geopolymer

and Cscontaining MK waste forms. Alissolution is the limiting step of the entire geopolymerization
procesq6], the low dissolution degree of MK binder certainly reduced the geopolymerization degree
and negatively affects the strength development.

Porosity

The pore volumes determined by the watgccessible porosityest are presented in Table 2. It is
evident that the volume of wateaccessible pores increased significantly with increasing W/B ratio

Table 2 Wateraccessible porosity of MK geopolymer matrices.

Recipe Water-Accessible Porosity (%)
MK-0.55Ref 34.72

MK-0.55Cs 34.09

MK-0.55-Sr 3552
MK-0.55-CsSr 33.61
MK-0.75CsSr 46.251

On the other hand, the volume of wat@rccessible pores slightly decreased with the incorporation of
Cs while it increased with Sr addition. The high porosity-me&ring matices could be explained by
the interaction of St with the activating solution. As highlighted earlier?*8onsumes part of the
alkali activator thereby lowering the dissolution extent of MK precursor and leading to low amount of
geopolymeric gel (M-SH) formed. This leads to more unreacted particles wbearing MK system
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and consequently, more gaps betweem&H gel and unreacted patrticles.

CONCLUSION

This work intended to design the MK geopolymer suitable for the solidification of Cs ande®roBas

the interaction of Cs and Sr with MK geopolymer. Findings showed that MK geopolymer is promising
as a host of Cs and Sr since it preserved sufficient strength even when loaded with high content of Cs
and Srsimulated waste. However, a high W/B ratims detrimental to the performance of MK
geopolymer. Equally, Cs and Sr exert a negative influence on the properties of the host matrix with
more effects observed with Sr. Sincel33 and S0 are high heat generating and radiation emitting
radioelements future studies should focus on understanding the effect of irradiation and decay heat
on the properties of Cs/Srased metakaolin waste forms.
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HIGHLIGHTS

1 ZnSQ7HO0 is an effective retarder that can prolong the setting times of alkali activated
materials.

I The rate of evolution of stoge modulus decreased with an increase in the dosagda8f. 7H0.
1 The initial storage modulus increased with an increase in the dosageS®.7H0.

Keywords:retarder, storage modulus setting time

INTRODUCTION

The production of ordinary Portland ceme{©PC) increased from 1.6 billion metric tons in 2000 to
4.3billion metric tons in 202]1], accounting for 8% of global CO2 emissioj®§. To reduce these
emissions from the cement sector, it is necessary to explore alternative cementitious aatédkali
activated materials (AAM) are considered one such alternative. The widespread usage of these
materials is limited by their drawbacks, such as quick seffihgrapid loss of workability and high
drying shrinkag¢4¢6]. This study attempt$o address the issue of quick setting in AAM. The quick
setting phenomenon in AAM is due to the predominant rigidification of the network caused by the
precipitation of hydration productfr]. Therefore, to address the quick setting, it is necessangéoau
retarder that can retard the precipitation of early hydration products and prolong the setting time. In
this study, zinc sulphate heptahydrate (ZnS0O4.7H20) was used as a retarder. The influence of retarder
on the setting time and the evolution of stge modulus with hydration time of AAM was investigated.

MATERIALS & METHODS

Ground granulated blast furnace slag (GGBFS) was used as a precursor along with the volume
replacement by 50% fly ash. Sodium silicate of molar modulus 1.5 was used as an raclivato
activator dosage (% of Na20 by weight of precursors) and water to precursor (w/p) ratio were
maintained at 6% and 0.40, respectively. ZnS0O4.7H20 was added at 0.0, 1.0, 2.0 and 3.0% by the
weight of precursor. Since zinc sulphate heptahydrate do¢sl@oydrate at temperatures lower than

88 0(8], the water content of zinc sulphate heptahydrate was not considered in the mixture design.
The required amount of zinc sulphate was dissolved in the mix water (the water required to maintain
the water to pecursor ratio). Both the activator solution and the mix water with dissolved zinc
sulphate were added to the precursors for the preparation of paste mixtures. The mixing protocol
mentioned in ASTNC3059] was followed for the preparation of paste mixas. Setting time of paste
mixtures was determined as per the procedure in IS 4031 gd@}s Small amplitude oscillatory shear
(SAOQS) test was carried to understand the rate of evolution of the flocculated network with hydration
time. A preshear witta shear rate of 300-5 was applied for 90 s, followed by a rest period of 60 s.
Storage modulus was measured by subjecting the sample to a sinusoidal strain of 0.01% at a frequency
of 1 Hz for a period of 60 min. Data was collected every 30 s.
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RESULT &IBCUSSION

The initial and final setting times of AAM with 0, 1, 2 and 3% of ZnSO4.7H20 are shown ih. Agure
increase in both the initial and final setting times was observed with an increase in the proportion of
fly ash and dosage of ZnSO4.7H20. @ifgignt increase in initial and final setting times was observed
with an increment in the dosage of ZnSO4.7H20 (2100% and 900%, respectively) when compared to
an increase in the fly ash proportion from 0 to 50% (250% and 133%, respectively). The inimorpora

of a 50% fly ash and a 3% dosage of retarder prolonged the initial and final setting times by 2500% and
1100%, respectively. An increase in the amount of fly ash, containing relatively less reactive calcium
[11], would slow down the hydration reactis and thus exhibit prolonged setting timgk2]. The
prolonged setting times obtained with an increase in the dosage of ZnS04.7H20 can be attributed to
the retardation in the formation of early reaction products by encapsulating the reactive ionsasuch
Ca2+ and H{)"in the form of complexefl3,14]

a b
400+ - . . :
00 Initial setting time 400 Initial setting time 360
. I Final setting time . I Final setting time
<= 300 =
£ 300+ £ 300+
Z; 100% GGBES 220 \q-; 50% GGBFS and 50% fly ash 260
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? 110 )
100- 75 ok 100 70 o5 B
1030 45 . 35 . I
01— - 0
0% 1% 2% 3% 0% 1% 2% 3%
ZnSQ,.7H,0 ZnS0,.7H,0

Figure llnitial and final setting time of AAM with increase in the dosage of ZT7SED.

The evolution of the storage modulus of AAM with an increase in the dosag&saf4Z7H20 from 0 to

3% in 100% GGBFS mixtures with progress in hydration time is provided ir2Fiyud86 ZnS0O4.7H20,

the storage modulus was observed to increase rapidly. This rapid increment can be attributed to the
structure formed by the precipitatn of hydration products[7,15]. Increase in the dosage of
ZnS04.7H20 from 0% to 3%, decreased the rate of increment in storage modulus and the secondary
increment in storage modulus was not observed in the mixture with 3% ZnS04.7H20. This can probably
be due to retardation in the hydration reaction with the addition of zinc sulphate. The absolute value

of storage modulus was observed to increase with an increase in the dosage of ZnS04.7H20 from 0 to
3%. The possible formation of calcitzimc[14] and anc-silicate[13] complexes would have resulted

in the formation of more coagulated contact points, which is reflected by the higher storage modulus
values.
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CONCLUSIONS

1.

The increment in the proportion of fly ash from 0% to 50%, prolonged the initial and final setting
times of AAM by 250% and 133%, respectively. ZnB#@0 was found to be an effective retarder
in prolonging the initial and final setting times of AAM by 2100% and 900%, respectively

. The addition of ZnSCYHO decreased the rate of evolution of storage modulus in 100% GGBFS

mixtures due to retardation in the hydration reaction.

. At higher dosagef ZnSQ7HO (3%), secondary evolution of storage modulus was not observed

indicating a minimal rigidification of the network.

The absolute value of the initial storage modulus increased with an increase in the dosage of
ZnSQ.7HO0.
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HIGHLIGHTS

9 Highlight 1 Theliquid releasdérom superabsorbent polymer (SAP) in alieatiivated slag pastes
was sudied by calculating thegarticle size of SAP before and after internal drying based on
reconstructed 2dimensional Cmage.

Keywords: superabsorbent polymer, particle size, autogenous shrinkage, atictivated slag

INTRODUCTION

Superabsorbent polymdSAP) has a high capacity of liquid absorption, and has been proven efficient
in mitigating autogenous shrinkage with the internal curing effect both in cerhaseéd material§l]

and in alkalactivated materialg2,3]. The liquid absorption and release of SAP depend on its
molecular structure, and further determines the efficiency in autogenous shrinkage mitigéafidrhis

study evaluated the effects of SAP on compressive strength, internal relative humidity and autogenous
shrinkage of alkatictivated slag pastes. The fiale size of SAP in alkalitivated slag pastes before

and after internal drying (i.e., sedfesiccation) was calculated based on the reconstructed 3
dimensional CT image. The calculation results give insight into a deeper understanding on internal
curing process of alkafictivated materials by SAP.

EXPERIMENTAL

Materials and paste formulation

The precursor used in this study was BFS provided by ECOCEM, chemical composition can be found in
[5]. The alkali aorators were NaOH solution from Brenntag (50% concentration) and water glass
solution from PQ Corporation (NaZX3iO2, 44,1% concentration). SAP (Floset 27cc, a tirdesd
copolymer of acrylamide and acrylate) was provided by SNF SAS. The absopitity ¢ the SAP

in the alkali activator solution used in this study was 21, 25 and 35 times after 15 min, 1 hour and 24
hours, respectively. SAP particles with the size a1 B3mm were obtained by sieving and used for
preparation of pastes, at a dosagg0, 0,15% and 0,3% by weight of BFS.

Paste formulation and preparation

The paste formulation of the mixtures is listed in Table 1. The alkali activator solution was prepared 1
hour before mixing. All dry materials (i.e., BFS and/or SAP) were mix&dor in a Hobart mixer.

Then the alkali activator solution was added to the mixture, followed by another 2min mixing. The
mixtures were cast in 40 mm x 40 mm x 160 mm moulds, demoulded after 1 day and cured under
sealed condition at 28 until compressivestrength tests. The mixtures were cast in corrugated tubes
for autogenous measurements. For-§fan tests, the mixtures were castfid mm x 10 mm tubes,

and sealed at 2@ until testing at 7 days.
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Table 1.Paste formulation* of alkafctivated slag wittwithout SAP

BFS NaOH (solid) NaOGiQ (solid) SAP Water
Ref 0
SAP15 1 0,026 0,059 0,0015 0,412
SAP30 0,0030

*Nax0% = 4% by weight of BFS, modulus of alkali solutiafiN&g@ = 1, wateito-binder (BFS + solid alkali
activators) ratio = 0,38

Methods

The final setting time of the pastes was determined using a Vicat apparatus. The compressive strength
was tested at 7 and 28 days. The autogenous shrinkage was recorded after mixing until 7 days
according to ASTM C1968. The samples were scamthat 7 days using a Phoenix Nanotom N&®
Scanner at 120 kev/60 mA. Reconstruction of the CT images was carried out with VG Studio Max, with
a spatial resolution of 3 um. The patrticle size of SAP in the pastes before and after internal drying was
analyzel using an ishouse numerical tool based on the CT images.

RESULTS AND DISCOSISI

The final setting time of Ref, SAP15 and SAP 30 is 13h25min, 12h50min, 12h35min, respectively. The
addition of SAP shortened the setting time of paste. It can be explaingwbgduced watetto-binder

ratio caused by water absorption of SAP. The compressive strength ([MPa]) of Ref, SAP15 and SAP 30

is 59° 0,8, 53° 1,4 and 5C 0,7 at 7 days, 71 0,9, 66° 0,7 and 61° 0,8 at 28 days. The addition of

SAP reduced the commsive strength of paste due to the induced voids. Thedssdfccation caused

a reduction in internal relative humidity of Ref sample over time (Figure. 1). The incorporation of SAP
AAAYATFAOlIyife AYyONBlFraSR (GKS NBf NBEROS 2K deWwSRE (i &R d&5
internal curing effect (Figure. 1). The efficiency increased with the increasing dosage of SAP. As a result,
G{!toné¢ aK2gSR (KS t2¢6Sad Idzi23Sy2dza AKNAYy]1l3S:
showsthe CTimageofmesa SOl A2y 2F aG{!'twmpé G 17 RIF&@aAd 5dz8 {72
curing, the SAP particles shrank to a certain extent and left air voids in the paste. Based on
reconstructed &dimensional CT image, the equivalent size (i.e., the diameteheisal SAP particles

GAGK GKS &alYS @2ftdzySo 2F {!t LINIHGAOESaA Ay da{!twmp
days) was calculated and shown in Figure. 4. Note that the original size (i.e., before drying) of each SAP

in the pastes was calcu&d based on the total volume of SAP particle and air void (see Figure. 3). The
YFEAYdzY AT S {!t LINGAOES&E &KNIyYy|l FNRBY onc xY 2
F2N) a{!tonéz NBALISOIAPSted 2 AGK (KBfSaPpariced NBt St
RSONBIF&aSR FTNRY wmMIwm: (2 nZXc: F2NI a{!tmpé nHdpr (2
{1t LINIAOESE 2F nxipir 60& @2fdzvS 2F LI adsSov ¥F2N a
0KS KAIKSNI STFTAOASYORYRFNBRt GAYGKKGO Ay a{!tmpéd
63-125mm) of SAP patrticles before internal drying, there is still potential of SAP particles to mitigate
autogenous shrinkage of pastes after 7 days.
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Figure 3CT image of SAP15 at 7 days Figure 4.SAPpatticle size distribution in the paste
before and after internal drying

SUMMARY

Akaliactivated slag pastes were prepared with 0, 0,15% and 0,30% of SAP particles by weight of slag.
With higher dosage of SAP, the compressive strength at 7 days and 28 days was lower due to the
induced voids, the internal relative humidity in the pastes was highed the autogenous shrinkage

was lower due to the internal curing effect of SAP. The size of SAP particles in the pastes before and
after drying was calculated. The reduction of SAP size after drying of pastes provided quantitative
information for explaning the efficiency of SAP in mitigating autogenous shrinkage of-atitalated

pastes.
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HIGHLIGHTS

9 It is possible to modify a geopolymer composite with components that increase iten#her
insulation without critically affecting workability

T Perlite sanddosageis statistically insignificarior affecting the consistency of the composite
1 Perlite powder dosage decreases the workability.

Keywords: geopolymer, workability, aientraining additive

INTRODUCTION

Production of ordinary Portland cement (OPC) is a caibtansive process that generates significant
amounts of carbon dioxide (CO2) from the combustion of fossil fuels and thermal decomposition of
limestone [1].

The recent advent ofeopolymers shows great potential to reduce carbon footprint by utilizing the
industrial byproducts and converting them into a binding material [2,3]. Besides thechrvon
emissions, geopolymers are well known for their prominent properties, suchpgsisu compressive
strength, low permeability, chemical resistance, exceptional fire and heat resistance, and high
durability [4,5].

In the presented research, an attempt is made to increase the thermal insulation properties of the
geopolymer composite. lorder to obtain a geopolymer composite with enhanced thermal insulation,
attempt was made to introduce additives that could potentially improve the thermal performance of
the material. Waste perlite powder perlite sand and cenospheres were used to ntbeifpmposite
composition. The introduction of a porous figeained material with an increased specific surface area
could significantly impair the workability of the composite. A verification experimental plan was
prepared to determine the limiting dosegof the additives and to assess their effect on the
geopolymer composite.

RESULTS & DISCUSSION

The influence of geopolymer composite modification on the composite properties was analysed on the
basis of three additives potentially increasing thermal iagah: perlite powder, perlite sand and
cenospheres. The aim of the experiment was to optimize the dosage ranges of individual components
with a critical impact on workability. For the factor analysis, three compaosition parameters were
selected as factorstmount of perlite sand, perlite powder and cenospheres in kg per m3 of composite.
Each of the variables was studied at one of three levels: lower, middle and upper (Tab.1).

The experiment was carried out using a randomized fractional factorial planrée tariables, which
were assigned three levels of value. To estimate the error resulting from the study procedure, the
experiment matrix was enriched with three processes with variables set at central levels.

In this study, the undesirable feature of tbemposite indicating the critical interaction of dependent
variables was consistency measured by immersion of the cone less than 10 mm. The test was
performed on 10 | mixture by immersion of a 300 g cone (slant height 150 mm, max. diameter 75 mm)
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in 10 s.
Table 1 Test factors and assigned value levels

Factor
Perlite sand [kg] (P4 Perlite powder [kg] (PRCenospheres [k
©

Upper level 30 50 50
Middle level 15 25 25
Lower level 0 0 0

The tests were carried out on geopolymer mortars with a contmrsper 1 m3: 50 kg of metakaolin,

5049 of zeolite, 400 kg of fly ash, 10 kg of redispersible powder, 5 kg of magnesium formate, 60 kg of
limestone powder, 50 kg of hydrated lime, 275 kg of sodium hydroxide, 150 kg of water, 45 kg of water
glass and petk powder, perlite sand and cynospheres according to the experiment plan. The natural
sand content was determined each time as to obtain 1m3 of the composite. The full experimental plan,
composition variables, together with the measurement results are sarnsad in Tab. 2.

Table 2 Variable parameters of composite composition in the experiment plan and the experiment response

No. Components Experiment
response
Natural sand [kg]] Cenosplres [kg] Perlite powder | Perlite sand [kg] Consistency [mm]
[ka]

1 1100 0 0 0 150

2 400 0 25 30 105

3 443 0 50 15 80

4 515 25 0 30 150

5 560 25 25 15 115

6 601 25 50 0 100

7 670 50 0 15 125

8 715 50 25 0 100

9 17 50 50 30 15

C1 560 25 25 15 95

c2 560 25 25 15 100

C3 560 25 25 15 95

For all of the analysed comptiens the critical value of workability measured by consistency was
achieved. The statistical significance of the independent variables was determined using the results
obtained through Pareto analysis (Fig. 1) [6]. The Pareto analysis allows the maicodatorrelation
coefficients for individual independent variables and the calculation of the limiting coefficient at the
assumed level of confidence (marked with a red line in Figure 1). Exceeding the limiting factor means
that the independent variablbas a significant impact on the analyzed dependent variable. The results
of the analysis indicate that the modification with perlite powder (PP) and cenospheres (C) are
statistically important for the workability of the composite.
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As the perlite powder cdent increases, the workability of the composite decreases significantly,
which is related to the grain size and shape of the filler grains. The effect of cenospheres content on
workability is lower (Fig.2).

CONCLUSION

The presented research indicates thtis possible to modify a geopolymer composite with
components that increase its thermal insulation without critically affecting workability. It is useful to
note that modification with perlite sand, for which best results in terms of increased thensbition

could be expected, is statistically insignificant for the consistency of the composite. Modification with
perlite powder adversely affects workability, but within the maximum planned dosage it does not lead
to exceeding the critical workabilityalue.

Pareto Chart of t-Values for Coefficients; df=8
Variable: consistency [mm)]
Sigma-restricted parameterization

o -5612?‘31

C [kg] 2,400931

PS [ka] 2,091837

p=,05
t-Value (for Coefficient;Absolute Value)

Figure 1Pareto analysis of composite consistency

3D Contour Plot of consistency [mm] against C [kg] and PP [kg]
50

,——“\\

PP [kq]

20

0
0 10 20 30 40 B <

C [ka] Il <36

Figure 2 Consistency depending on perlite powder and cenospheres content
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HIGHLIGHTS

1 Minimal supply of calcium ensues significant performance enhancement of geopolymer under
ambient conditions

1 Mix proportioning is based on reactive oxide composition.
9 Significantly high compressive strength associatdd WA-SH gel formation.

Keywords: geopolymer, ambient curing,-A-SH gel

INTRODUCTION

From 20152021, the direct CO2 intensity of cement manufacturing grew by around 1.5% each year.
To reach net zero emissions by 2050, annual declines of 3% are ndedadh 203([1]. A greater
emphasis on producing binders from alternative source materials is required.-ddkiakted binder
(AAB) utilizes industrial residues as raw materials, thereby lowering carbon footprint and addressing
residue disposal. Becari®f their wide availability, lovealcium fly ash and ground granulated blast
furnace slag (slag) are utilized as source materials in[2JAB order to activate lovealcium fly ash,

a curing temperature of 685 °C is generally required owing to itedequate reactivity at room
temperature[3]. Slag can improve properties of fly dstised geopolymer owing to the presence of
CaO which promotes dissolution of fly apH. However, a higher slag content increases the
autogenous and drying shrinkadgeurthermore, the performance of fly adlased geopolymer is also
governed by the activator type and concentration. The dissolution of fly ash and the subsequent
leaching of AI3+ and Si4+ ions depend on the molarity of sodium hydrfB{idErevious resegah
reported use of a high molarity of NaOH for requisite strength f&irHowever, the high molarity of
NaOH limits the isitu applications of AAB in the construction sector.

In this study, the mechanical performance of fly #isised geopolymer actited with a 3M sodium
hydroxide and cured at ambient temperature is investigated. The compressive strength development
with inclusion of 5% of slag and using the activator after different resting periods is examined. The
reaction products are identified ahquantified.

MATERIALS AND METHODS

Precursors used were legalcium fly ash and ground granulated blast furnace slag meeting the
requirements of ASTM C618 and ASTM C989/C989M specifications, respciBleljable 1 shows

the oxide composition of therecursors along with d50 and d90 values. The reactive SiO2 and Al203
contents of the fly ash were 23.98% and 13.00%, respectively, as determined by-aaséR@nalysis

[9].
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Table 1 Oxide composition (%) and LOI (%) of fly ash and slag
CaO | SiIQ | AOs | FeOs | MgO K0 SQ TiQ LOI dso doo

Fly asl 4.0 52.8 | 235 6.4 2.7 3.0 11 2.0 0.1 108.4 | 1115.4

Slag| 43.1 29.7 16.4 0.9 4.7 0.8 2.2 11 15 159 | 483

The mix composition is outlined in Table 2. Sodium silicate (14.70% Na20, 34.17% SiO2, and 51.13%
H20) and sodium hydroxide were used to make the alkaline activating solution. As previously reported,
the molarity of sodium hydroxide was kept constant at 3M for complete dissolution of reactive
components in fly asfil0]. A drum mixer was used to makieet activated pastes. The NaOH solution

was made by dissolving pellets in water. The activating solution is used at two different temperatures

of 45 °C and immediately after cooling down to room temperature.

Table 2 Mix proportions of fly asivased geopolyer.

SiQ/H,0 in the _ Reactive oxide ratio in the
Mix designatior Fly activating | Solution/binder Activator activated paste
ash/slag luti temperature

solution SIQ/AO: | ARO:/NaO
100FA_45°C 1 0.34 0.35 45 °C 2.4 25
95 FA 45°C| 0.95 0.34 0.35 45 °C 24 25
100 FA_R 1 0.34 0.35 ambient 24 2.5
95 FA R 0.95 0.34 0.35 ambient 24 2.5

Compressive strength and Xay diffraction

Standard 70.6 mm cubes conforming to IS 40988 specifications were cast to evaluate compressive
strength[11] and cured aR7 £ 1 °C in a sealed condition. The cubes were demoulded after 24 h and
sealed cured until the day of testing at 27 £ 1 °C. The 100 FA specimens were not tested for 1 day owing
to their longer setting times. The compression test was carried out in accoedaith IS 514959 at

a loading rate of 14 MPa/mii2]. Samples from the crushed cubed were ground to size finer than 60
pum, solvent exchanged using isopropanol, dried at 40 °C, and stored in sealed condition.

The Xray diffraction (XRD) scans wereoeded in a in a vertical BraggNBSy i y2 o0‘ k' 0 3IS2Y
Mmnc G2 TtTnc GKNRAAK F /dzYh NIRAFGA2Y a2dz2NOS® ¢KS
0.6 s/step, respectively. Direct decomposition technique is used to quantify the amorphoti®mneac

product of fly askbased geopolyme].

RESULTS & DISCUSSION

The compressive strength of fly abhsed geopolymer as a function of age is presented in Figure 1.
The NA-SH content evaluated through direct decomposition technique is also preséantEijure 1.

The incorporation of 5% slag provides a synergistic enhancement inA&M content and improves

both the early age strength gain and the compressive strength achieved at 28 days. The compressive
strength of mixture with 5% slag (95 FA Rprioved by 121% and 33% at 7 and 28 days, respectively
compared to 100 FA mixture cured at room temperature. The presence of Ca from slag promotes
dissolution of vitreous phases in fly ash and subsequently the additional silica from slag contributes to
geqolymerization. Ca elevates the pH locally, which increases the solubility of flji3jshAs
presented in Figure 2, characteristic peaks #E&H gel are not observed in the intensity signature.
GA-SH is semgtrystalline, distinct peaks centeredare29°H ‘[14]. The primary reaction product in

the 95 FA mixtures is produced by geopolymerization of fly ash. The presence of 5% slag, therefore,
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enhances the geopolymerization at room temperature for improved compressive strength. While
using the actiating solution at 450C resulted in enhanced strength gain up to 7 days, thay28
strength was slightly lower than the activating solution mixed at room temperature. There is no
significant difference in the !-SH contents in the mixtures made usingtigating solutions at the

two different temperatures. The effect of the higher temperature mixing on the early strength gain is
significant in the 100 FA. With the addition of 5% slag there is no significant difference between high
temperature mixing andaom temperature processing. High strength can therefore be achieved for
room temperature processing under ambient curing conditions with the use of 5% slag in an activated
fly ash.

QE“_’ 80 . 40
= R — ,:w'g’—"_ - 58.9
£ 60 L= e et 538 30
%’ e 44,3 Fert =
S 40 20 T
30.9 X 1
E 30.0 30.8 273 OI’)
5 <
o 20 12.3 129 405 10 p-d
g 21 31 33
£ 0 m siname 0
8 1D 3D 7D 28D 1D 3D 7D 28D
100 FA 95 FA
mmmmm Comp. sfr. 45 °C mmmmm Comp. str. RT ------N-A-S-H_45°C — —N-A-S-H_RT

Figure 1Variations incompressive strength and-A-SH content.

100 FA_R
— 95FA_45°C
—— 100 FA_45 °C

10 15 20 25 30 35 40
26 CuKa (°)

Figure2. XRD pattern of activated fly ash mixtures.

CONCLUSION

The effect of incorporating 5% slag in fly @stsed geopolymer activated with low molarity activator
and cured under ambient conditions is examined. A minimal addition of slag to the flyaast
geopolymer produces a synergistic enhancement in strength. The strength gain is attributed to an
increased formation of M-SH gel. The incorporation of 5% slag promotes effective utilization of fly
ash with enhancement in the final strength. Using ad¢tvat a higher temperature result in improved
strength gain, while the final strength achieved is comparable to the room temperature. Ambient
cured geopolymers are produced under room temperature processing with the incorporation of 5%
slag in an activatéfly ash mixture.
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HIGHLIGHTS

1 Alkali actvation PMWRs is a viable and promising technology for the sustainable management
of these industrial byproducts.

1 Introducing FA and MK improve the mechanical strength and the durability performance of
PMWRSs mortars.

1 PMWR/FA/MK alkali activated mortarsastied better mechanical and durability properties
compared to PCM mortar.

Keywords:alkali activated mortar,phosphate mining waste rocks, microstructure, durability

ABSTRACT

Each year, phosphate mining industry generates a significant amount of phospimitig maste rocks
(PMWRs) which usually deposited large areassstockpiles within the mine sitdeadng to high
ecological costs and environmental challenges. In this research, a feasibility study is performed on
alkali activation of phosphate miningaste rocks so that they can be recycled and utilized as
construction material. Considering the extremely high silicon to aluminum (Si/Al) ratio fonilzste

rocks metakaolin and fly ash are used to adjust the Si/Al ratio. Sodium hydroxide (NaOktnsaiat
silicate sodium (N&iQ) are used as alkaline activator. Replacements of 50% of PMWRs by FA/MK
were carried out andgompressive strengthis the range 3§57 MPa were obtained after 28 curing
days which is promising for construction applicatiomdicrostructural studies are investigated using
Xray diffraction (XRD), Fourimansform infrared (FTIR), Scanning Electron Microscopy (SEM) and
EnergyDispersive Xay spectroscopy (EDX). The results show the formatior(8)-&H and N(A}S

H gels ashe main reaction products, with the formation of a hybrigN\O-A-SH gels. The durability of
alkaltactivated mortars was compared to ordinary Portland cement (OPC) mortar in term of sulfuric
acid resistance, fire resistance and water absorption. THeabier of alkakactivated mortars was
better than that found for plain OPC mortars for all durability tests. However, the increase of
metakaolin content appears to have a strong enhancement on the mechanical and microstructural
properties of the synthesed mortars. As a general conclusion, phosphate mining waste rocks
(PMWRs) shw good cementing properties asrizh calciumprecursor blended with metakaolin (MK)

and fly ash (FA) in alkalctivated systems
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INTRODUCTION

Alkaltactivated materials (AAMshave emerged as most promising alternative to conventional
ordinary Portland cement (OHC) In addition to superior strength and durability performafide

[3], AAMs can offer substantial environmental and see@nomic benefits such as, lower £O
emission and less energy consumpfin AAMs are generally manufactured through aleatiivation

of aluminodlicateraw materials with an alkaline solution (e.g., sodium hydrozide sodium silicate
solutions). A wide range @luminosilicatenaterialscan be used as AAM precursors which are
generally wastes or industrial fproducts, such ablast furnace sla¢BFS) and coal fly ash (BAQ[6].

For instance, class F fly ash is the most widely utilized industraddalucts in AAMs synthesis, and
this is due to its high content of reactive silica and alumina along theQawontent, low water
demand and worldwide availabilig], [6], [7] The formation process of alkalctivated fly ash (AAFA)
system consists of the dissolution of Si and Al species from FA in strong alkali solution, yielding in the
formation of amorphous aluminosilicate gel known as sodium aluminoglibgtdrate (NA-SH)
geld7], [8], which is attribued to the same or higher mechanical strength performance than calcium
silicate hydrate (&H) in OP3].

One challenge for wide application of AAFA materials is the requirement of curing at elevated
temperaturg9]. In the strive towards improving the AAFA cured at ambient condition, several studies
have attempted to enhance the reactivity of fly ash by adding some calcium containing materials, such
as slagand OP(@], [6], [10] The addition of calcium source into AAFA system was reported to largely
affect the fresh and hardesd properties of this materials due to an additionab& or CA-SH gel
formation in the presence of R-SH[4], [6].

Phosphate mining waste rocks (PMWRSs) constitute one of the industrial sebicbtycts generated

in huge amounts in many countries. In Morocco only, phosphate mining sites generate approximately
780 Mt to 3120 Mt of PMWRs every ygHt], which are often deposited in stockpiles within the site
mine. Consequently, the challenge of a sustainable disposal or valorization of thdes isdgcoming
considerably more critical. PMWRS are generally composed of clays amnch @aarls with high
chemical and environmental stabiljy?], [13] that make them as excellent alternative secondary raw
material in constructure sector. Serval studies have demonstrated that PMWRs aresipigpsource
material in road constructigd3], fired brick manufacturing4], as well as in alkadictivation
proces$l2], [15] In our recent studil?], PMWRs demonstrated high reactivity toward alkaline
activation, resulting in the formation ofE€H gel as the main reaction product with theesistence of
some trace of @A)}SH and NA-SH gels and/or the possibility of formation(8-A)SH gels. Therefore,

the incorporation of PMWRs in AAFA can results in the high material performance inasttfbng

term.

Metakaolin are different from otér pozzolanic materials due to their fineness and high readtiity

The inclusion of metakaolim different alkali activated systentgas been proven to improveheir
mechanical sength and final performand8], [17], [18]

Incorporating cementitious additives into AAFA is expected to yield var@rges in mechanical and
microstructure characteristics due to different chemical reactions among constituents. This study aims
to investigate the impact of substituting 50% of fly ash with different cementitious additives such as
PMMWRs and metakaolin ocompressive strength, structure/microstructure development, water
absorption, efflorescence test, thermal stability and sulfuric acid resistance alkali activated mortars
mixtures cured at moderate (55°C) conditions. The effects of binder composition opressive
strength development were monitored at different curing ages.

MATERIALS AND METH®D

Materials
The raw materials used in this study were the following:
1 Portland cement (CPJ 45) was used to formulate the standardized Portland mortar.
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1 Metakaolin (MK from calcination of kaolinitic clay (SIBILCO, France) at 750 °C/2h
1 Fly ash (FA) from JORF LASFARdItla, Morocco).

1 Phosphate mining waste rocks from the cover layer (milled and calcined at 90J22j2h
(Khouribga phosphate mine site, Morocco)

I Standardized sand was used for mortar formulation

I Sodium hydroxide (NaOH), with 97% of purity, was mixed with commercial sodium silicate
solution SiQ/Na,0=3.1) to achieve the desired molar ratio.

Mix design method and experimental approach

Alkali activatedmortars (AAMs)were prepared according to the requirement of NF ENc19®PC
standardized mortafPCM)was also formulated in order to have &ar insight on the difference
between alkali activatedbased materials and Portland cement in term of mechanical strength and
durability performance.

The effect of PMWRSs/MK incorporation as partial substitution of 50% wt. FA was investigated, using
three different PMWRSs/MK proportions 25/75, 50/50 and 75/25. However, the total water to solid
ratio, NaOH concentration and the molar ratio of the alkaline soluti@re maintained constant
(W/S=.5, NaOH 12MSiQ/Na20=1.33). Fig 1 illustrates the different rixture proportions of theAAMs

at three replacements ratios of FA by PMWRs and MK.

The calculated amount of FA, Mk and PMWRs were dry mixed together for 2 minutes, followed by the

addition of activator solution containing sodium hydroxide 12M and sodilicat at fixed molar

ratio, and mixed for another 10 minutes. The standardized sand was added to the mix and the resultant
mixture was mixed for 5 min. The mixture obtained was then filled in molds of side 4 cm each and

compacted with the help of a vibriaig table to expel the air bubbles. The casted cubes were first cured

at 55 °C in sealed bags for 24 h, followed by standard curing at ambient conditions (25 = 0.5 °C) until
testing. The purpose of implementing 55 °C as the curing temperature at an garig & facilitate

the alkali activation reaction of NaGdttivated FA/IMK/PMWRSs paste systems.

AAM-F1: 50FA-35CS-15MK

AAM-F2: 50FA-255C5-25MK
Fly ash (50%)

w

PMWRs (15-35%) |Q

<

Metakaolin (15-35%) |~

AAM-F3: 50FA-35CS-15MK

(CS: Calcined PMWRS sample)

» Curing (55°C/24 h) Characterization and
Testing
at 7 and 28 d of curing

. . R
Alkalin activator Solution v
o~

Fig.1 Alkali activated mortars AAMs preparation protocol.

Tests and characterization method

Raw materials (PMWRs, MK and FA) and AAMs mineralogical coompegits evaluated by-bay
diffraction (XRD) using Bruker D8 AdvanemyXdiffractometer (Cu Ka radiation). Raw materials
chemical composition was evaluated bya¥ fluorescence (XRF) using a Malvern Panalytical energy
dispersive, Epsilon 4. Fourier Trioyen Infrared Spectroscopy (FTIR), with the brand name of
PerkinElmer Frontier HR Spectrometer, was used to assess the functional group of raw materials and
AAMswith 4 cnt 'of resolution and scanned from 400 tfto 4000 cnh ¥ Particle size distributiowas
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determined by laser diffraction (Mastersizer 2000, Malvern Instruments). The morphological and
microstructure analysis of AAMs was investigated using Scanning Electron Microscopy (SEM) coupled
with Energy Dispersive-tdy Analysis (EDX) (Gemini sdagrelectron microscope, ZEISS 300). The
compressive strength test was conducted on AAMs prism samples 4x4x4 cm (ASTM C 109) at 7 and 28
days of curing, using CybBtus Progress (CONTROLAB) with max load of 500 KN.

Efflorescence formation on AAMs was exskd by visual analysis. The principle of the test is to

partially immerse an AAM specimen in distilled water to provoke efflorescence. Thereafter, when all

the water evaporated, the intensity of precipitated efflorescence can be evaluated. For thissgurpo

l'la aLISOAYSya 6SNB LI NIAFEfe adzowmYSNBSR Ay | 3t 3
0Sald ¢l a LISNF2NYSR dzyRSNI I YOASY UG GSYLISNI GdzZNBE O0Hp
evaporated.

Water absorption and fire resistancd AAMs were investigated after 28 days of curing. The water
absorption tests were measured following the protocol described in ASTM BE22605. However,

for fire resistance the AAMs cubes were put into an electric furnace in room temperature and
subjeckd to heat treatment in the furnace at 400, 600, 800 and 1000°C for 2 hours at an incremental

rate of 4°C per minute from 25°C. Then the specimens were allowed to cool down for 24 hours at room
temperature inside the furnace for weight loss measurements emmpressive strengths.

The durability ofAAMswas investigated by accelerated erosion tests on AAMs specimens. The
program consisted of immersion of specimens in solutions of 5% Sulfuric acid to a long time period and
evaluation of its resistance in tesrof surface corrosion, residual alkalinity, changes in weight and
compressive strength at regular intervals. The acid sulfuric solution was replaced with a fresh solution
every 10 days.

RESULTS AND DISCOSISI
Raw materials characterization

Fig. 2shows tle XRD pattern of the FA, MK and PMWRsir chemical compositions are presented in

Table 1XRF analysis reveals of high calcium content of PMWRs. The XRD patterns of MK and FA reveal
their amorphous nature, as denoted by the hump centered at arountd 226 Nevertheless, the
presence of some crystalline phases, mainly quartz and mullite, was detected. On the other hand,
calcined PMWRs is much more crystalline than MK or FA, being quartz, periclase, calcite, lime and
periclase group mineral (this latter wiglijustify the presence of high calcium content detected via
XRF), however, minor amount of amorphous phase cannot be excluded.

Fig.3presents the particle size distribution of the solid components (FA, MK, and PMWRs). The PMWRs
and FA show a broader patié size distribution when compared with MK (uniform particle size
distribution around 6 pum).
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Q:Quartz P: Periclase —— Fly ash (FA)
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Fig.2 XRD analysis raw materials.

Table 1.Chemical properties of raw materials from XRF analysis

Chemical CompOSItlon Wt. 9 SiQ AlOz CaOoO MgO Fe203 KO P.0Os SQ Other

FA| 5559 13,78 6,41 0.24 16,72 285 1,33 094 214
PMWRs| 2042 260 4167 586 260 0.73 178 0.13 0.86

MK'| 63.64 30.47 ------ - 145 3.60 037 ---- 0.47
8
1 ——FA
2] —— MK
— PMWRs
6 -
5
S
~ 4 -
(5]
S
= 34
(=]
=>
24
14
o]
-1 T T T T
0.1 1 10 100 1000 1000C

Particle size (um)
Fig.3.Particle size distribution of raw materials
Alkali activated mortarscharacterization

Compressive strength

The effect of the different combinations FA/PMWRs/MK on the compressive strength of AAMs at the
ages of 7 and 28 days is given in Fig. 4. For AAM specimens, a significant increase of the compressive
strength is obsemd when the PMWRSs/MK ratio decreased. In fact, decreasing the MK content results
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in reducing the high reactive amorphous content in the binder which leads to this weakening in AAM
system. It is important to note that all mixes of Alkatitivated Material{AAMs) have competitive
mechanical resistances when compared to PCMs. The highest compressive strength was observed in
the AAMF3 mix, reaching a value of 56 MPa.

7d

I 2s d

11l

AAM-F1 AAM-F2 AAM-F3

(o]
o
1

Compressive strength (MPa)
N w N a1
2 T T e

=
o
1

Fig.4.Compressive strength of all AAMs afte28 days (PCM represent compressive strérmftPortland
Cement Mortar specimens after 28 days)

XRD analysis

The XRD patterns of all AAM mixtures at the age of 28 days are shown in Fig. 5. The XRD patterns of all
AAMs mixtures exhibited a broad hump in the range ofcBOAc H*‘ = & KA OKtheO2 NNEB & |
amorphous aluminosilicate framework, suggesting that the products of AAMs are mainly
aluminosilicate gels (coexistence ofA)SH and NA-SH gels]19]. The broadness of the amorphous

hump increased with the increase of MK content in the mix. These results indicate that increasing MK
content from 15 to 35% by weight results in more amorphous aluminosilicate gels, whichptaim ex

the compressive strength test results reported earlier.

It can also be seen that some mineral phases from raw materials are still present in the hardened
AAMs, but with decreased intensity, such as calcite, quartz, and periclase. These crystalies p
mainly come from unreacted PMWRs particles, where with changes in the formulation, an increase in
PMWRs content leads to an increase in the intensity of these phases.
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Fig.5.XRD analysis results of AAMs after 28 days of curing.

FTIR analysis

Figc AffdzaGNIrGS GKS Ce¢Lw &ALISOGNr 2F |ttt !'laa aLs
around 1000 cm is attributed to the asymmetric stretching vibration ofGiT where (T is Si or Al)

[20], whichis the typical structure of aluminosilicate chains contained-i&H or NA-SH type gel

[21], [22] The band at around 682 chand at 460 cm corresponding to AD-Si bending vibration

[23], and SiO-Si bending vibration [24], respectively.

The same locations of the detected bands in different AAMs specimens indicate that the same type of
reaction product, probably&-SH and NA-SH gel, was formed in the past, irrespective of the raw
material proportion. However, the broad bands at around 1000 become more intensive with the
incorporation of MK, indicating that the amount of reaction products increased when more MK was
present in the AAMs mix. This islime with the XRD results and the resultd28].

Water absorption bands were recorded at 3388%¢th y R ™ ¢ Ywhich G¢ assigned to the
stretching vibrations of E0¢H and the beding vibration of QH group[24], [26] The small band at
M n y c® ‘aibuted to OcCcO asymmetric stretching band in caldigs], [27]
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Fig.6 FTIR analysis results of AMMs after 28 days of curing.

SEM/EDS analysis
The 28 d micrograprend EDS analydisr all AAMs are represeetl in Fig. 7 and & can be seen from
all SEM images a similar morphology between the differently AAMs mixes.

AllAAMssamples exhibited: partially unreacted and partially attacked spherical fly ash particids, sa
particles and a dense and compaiditali activatednatrix resulting from HAGScH and @N)}A-SH gel
precipitation.

100pm EHT= 20004V Signal A= SE1 IMS) 100pm . 100, - F
EMT=2000kV Signal A= SE1 IMS] Lol EHT=2000kV Signal A = SE1 IMS)
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Fly ash particles

Fig. 8 EDXanalysiof AAMs after 28 days of curing.
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Thermal stabilityof AAMs

TGA analysis results

It can be seen from the TGArves Fig. 9a massive mass loss for all AAMs mixtures arises at about
100 °C, in part as the result of the evaporation of free water heated to under 100 °C, which is believed
to have been whollyemoved at 120 °C. After a significant mass loss between 105 antiC18D
samples show a gradual decrease in mass until a temperature df@Gdollowed by a stable curve

with remarkably low mass loss (0.5 to 1.43%) between 600 and XDObis may initate that thede-
hydroxylation of hydrated gel namefyA-SHand NA-SHgelsand removal of entrapped water inside

the pore gektructureg28], [29]
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Fig. 9.TG analysief AAMs after 28 days of curing.

Fire resistance test

Fire resistanceof AAMs was determined in terms of visual appearance, weight loss, residual
compressive strength, and structure change by XRD a#&.Flhe influence of high temperatures on
the properties of AAMwas investigated at temperatures of 400, 600, 800 and02Q0 One sample
was kept sealed without heating, as reference, up to the characterization analysis was performed.

Physical appearance

Typicalphotographsin Fig.10 (b) show the physical appearance of the AAM specimens that depicted
the color changes aftdreing subjected to the different elevated temperatures.

AAMs specimens turned to grey from black after exposure to°@)Qo brown after 600C, to pink

after 800°C and then to beige after 1000°C as shovwKigrl0 (b) The color changes in these AAMs
mixtures are slight similar to that observed in PCM after high temperature exposure, which primarily
results from gradual dehydration of AAMs binder and microstructural transformations occurring within
the matrix.

It can be also clearly seen that there isvisible effect on the surface or changing in the size or shape

of all AAMs specimens heated up to 1000°C. However, the PCM specimens show a major damage and
total deterioration after being exposed to 800°C (Fig.10 (&))is can be attributed to the
deconposition of binding phases.

64 | DURSAAM 2023 Symposiarivix design and microstructer



400°c 800°c '\ 1000°C

Fig .10(a) Photos of PCM and (b) AAMS days of curing after postxposure to elevated temperatures of
400°C, 600°C, 800°C, and 1000°C

Residual mass loss and compressive strength

Fig.11(a) shows the evolution of the i@ residual mass (mT/m25) with the temperature of AAMs
specimens. The trend of all AAM specimens is identical. A constant residual weight of approximately
0.9 was observed for all AAMs specimens at each heating temperature. This is probably due to
dehydmtion of free water and water from aluminosilicate gel, as it is showed in TGA analysis results
(Fig.9). However, sample prepared with PCM present the highest loss of mass of all (20% of loss), which
can indicate the high thermal stability of AAMs at higtesmperature.

Fig.11 (b) shows the evolution of the relative residual compressive strength (RCT/RC25) of AAMs after
the exposure to different temperatures. The trend of both AAMs (ARMand AAMF3) is identical.

There is a continuous loss of compressateength after heating at 400°C. However, A&
(containing 35% PMWRSs) showed a gain of compressive strength after the exposure at high
temperature of 1000°C. This may a good indication of the positive attribution of PMWRS addition for
a high thermal staitity of AAMs specimens.
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Fig.11.(a) Evolution of relative residual mass and (b) relative residual compressive strength of AAMs with the
temperature.

Structure development (XRD analysis)

Fig. 12 (a, b, ¢) shows that all the XRD patterns of all alkiaktec mortar mixtures exhibited similar
crystalline phases before and after exposure to 400°C, with a slight reduction of the amorphous hump.
New phases, which were jadeite and nepheline, were identified after exposure to 600°C in all the XRD
patterns. Hbwever, no calcite phase was detected at this tempera{8@]. Basically, the formation of
jadeite (NaAlS0s) and nepheline (NaAlSiQvas originated from N® and AIO; in each mixturd18],

[31].

Fig. 12 (d) shows the XRD results of PCM before and after exposure to high tempetattie2CM
samples heated up to 400°C, a reduction in the intensity of the lime peak (and calcium silicate hydrate
(&l v LISE] O0FNRBdzyR Hgpdnc H' 0d ¢KS AydaSyairide 27
increased with no detection at the high tenmagure up to 600 °C. This is mainly due to the chemical
deteriorations occurring at high temperatures where both chemically bound and intercalated water
are lost with the decomposition of lime and;&H, accounting governing the strength loss of PCM
with the increasing exposure temperature.
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Fig. 12XRD analysis of (a, b, ¢) AAMs and (d) PCM before and after exposure to high temperatures.

Accordingto Fig. 13 (a, b, c) whahe AAMs specimens was subjected to elevated temperatures the
intensty of the diffuse band at 3200 ¢midecreased and at 400 °C it completely disappeared. This
proves that first free water and then constitutional water is released from the structure of AAMs. The
number of carbonate species is also reduced due to theiomgosition, which starts at about 400 °C
and is completely finished at 800 °C. It can be also noted that upon exposure to 4002%) sdimples

show a sharp reduction in intensity of the@Si/ AFO-Si band. This may be related to the decrease in
the chain length of AAMs, which account for the regression of compressive strength between 200 and
400°C as mentioned in section above. After raising the temperature to 1000°C, it can be noticing a
pronounced increase in the intensity of this band for all AApETBnens. This could be related to the
further polymerization of unreacted metakaolin which promotes the densification of A¥Nkish also

is reflected in the residual strength values. A new peak can be also seen at 1083@rdhe same
temperature, reléed to the formation of new crystalline phases likely, nepheline and jadeite, which is
emphasized by XRD patterns.

On the other hand, the FIR spectra of PCM heated at high temperaturel®8CC (Fig. 13, d) shows
a significant reduction of the main banelated to the CSH gel, which reflected the total deterioration
of cement matrix at higher temperature.

67 | DURSAAM 2023 Symposiarivix design and microstructer



m

M
—mrEe \“\/\N

— AAM-F2_25°C
— AAM-F2_400°C

— AAM-F1_400°C
— xm:ii_ggg:g — AAM-F2_600°C
— AAM-F1_1000°G a — :m:g*?gg:ﬁc b
4000 3600 3200 2600 2400 2000 1600 1200 800 400 4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber (ci) Wavenubmbe(cm™)
|PcM-1000°¢
\-/—\_\"\/\/\j\//\) — W”\J\WJ\//\,

PCM-400°C

PCM-25°C

— AAM-F3_25°C
— AAM-F3_400°C
— AAM-F3_600°C
— AAM-F3_800°C
— AAM-F3_1000°Q

d

T
500

T T T T T
2400 2000 1600 1200 800

Wavenumber (crf)

T T T
4000 3600 3200 2800 400 2?;00 ZdOO 15‘00 1(;00

Wavenumber (ci)

T T
4000 3500 3000

Fig. 13FTIR analysis of (a, b, c) AAMs and (d) PCM before and after exposure to high temperatures

Efflorescence test of AAMs

Effloresence is the formation of white salt deposits on or near the surface of concrete. It is generally
harmless in Portland cemetlased products but can be a big issua#&M products, when are exposed

to humid air or in contact with water. The prepared AAMmples (Fig. 149how smooth surface and
efflorescence occurs on the surface when they contact with water. It can be also seen from the figure
an excessive efflorescence formation in AR specimens compared to the others, which is
reasonably due to the i@ Al availability in this system (High PMWRs content) that cause high mobility
of excessive alkalis and such efflorescence formation.

GP_F2 —GP_F3

GP_F1

Day 2 Day 1

Day 3

Fig.14.Efflorescence of AAMs in contact with water for 3 days.
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Water absorption test of AAMs

To determine the water almsption of mortar specimens, the AAMs cubes from each mixture were
oven dried at a temperature of 105°C for 24 hours and its weight determined as initial weight. The
samples were then immersed in water and its saturated surface dry weight was recordeel fasat
weight at each time interval measurement. Water absorption of specimens is reported as the
percentage increase in weight.

The following equation was used to calculate the water absorption.

Water absorption of AAMs (%) = [(MMd)/ (Md)] x100%
Where Mw = weight of specimen after immersion in water
Md = Weight of specimen after oven dryingl@5°C for 24 hours.

The results of water absorptions of mortars are shown in Fig.15. RegaheiiMWRs/MK variation,
evolution of water absorption does noéveal a clear tendency. AAML(with high PMWRs content)
shows the lowest water absorption at the range of-3.92% for all time exposure. However, the AAMs
specimens with high MK content (B5%) show the highest water absorption18%) for all time
immersion. It should be noted that the water absorption of AAMs is deeply affected by the specific
surface and pore volume inside the matrix, though these resuttsld require further investigation

and analysis
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Fig.15Water absorption of AAMs mortar witlime.

Acid attack test

The impact of longerm exposure to acid solution (5%3%0Q) on AlkalActivated Materials (AAMS)

was evaluated using AAML specimens, as they have high calcium content (35% wt. PMWRSs) and thus
have a higher tendency to acid attagduch as visual deterioration and loss of compressive strength,
among others).

Physical appearance

Fig.16displays the appearance of the AAMs after exposure to 5% solutions of sulfuric acid for 10, 30
and 60 days. AAMs mortars have suffered limited visiidenage in general, with almost no
deterioration visible. However, at 60 days of acid sulfuric immersion, AAMs show some alkali activated
pasteloss and the exposure of sand particles that increase with the time exposure.
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Fig.16.Typical appearances oM specimens after 5% acid sulfuric attack.

Residual Alkalinity

The residual alkalinity of the AMs specimens was approximately determined after cutting the
specimens into halve and spraying a 1% Phenolphthalein solution on the freshly cut surface. On
spraying, dealkalized part of specimen showed colorless while remaining part exhibited a pink color
indicating its residual alkalinity. This provides an indication of how far the acid has penetrated or how
far into each mix significant ion exchange with tleédasolution has taken place.

Figure 17 illustrates the residual alkalinity of AAN specimens in acid solutions. It can be observed
that the GPF1 specimens (after 30 days of acid sulfuric exposure) show a pink section within the
matrix, indicating a radual alkalinity of about 60%. This could be due to the acid resistance of the
material, which slows down acid migration, providing a high degree of protection against aggressive
agents and reducing permeability. However, the ABMspecimen (after 60 days acid sulfuric
exposure) shows total dealkalization, indicating that the acid solution has fully migrated into the AAM
matrix.

4 cm

W

after 30 days of immersion in 5% sulpheric acid

7 Residual Alkalinity

after 60 days of immersion in 5% sulpheric acid

Fig.17.Residual alkalinity of AAA1 specimen after 30 to 60 days in 5% Sulfuric acid.

Change in Compressive strength

AAM-FL specimens after 30 days of acid exposure, showed very little loss in strength initially (27 MPa).
However, even after a loagme acid solution exposure (60 days), A& specimens still possessed
substantial residual compressive strength (7 MPa).

Changen structure (XRD analysis)

Fig. 18shows the XRD pattern éfAM-F1 specimen before and after acid sulfuric immersion. When
these specimens were exposed to sulphuric acid for 30 daysAfldFlspecimen showed the
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presence of quartz with high peak intetysiand with the additiorof new peaks attributed to anhydrite
phase. Anhydrite corresponds to calcium sulfate which tends to develop in the PMWRsaliaded
activatedsystem due to the reaction between sulfuric acid and the calcium based hydrated pgoduc
whereas calcite refers to the ezxistence of free calcium in the ggolymeric system.

The formation of calcium sulfate may have a negative impact on the compressive strength of exposed
specimens and can be considered as a significant factor focdferete deterioration. This calcium
sulfate either can reacts further to form gypsum or can be deposited as a weak layer on the concrete
surface which decreases its density and softens the matrix. Therefore, the addition of high amount of
PMWRs which consetled as calcium rich precursor can results in quicker failure of concrete and
causes its deterioration. Similar deterioration due to calcium sulfate layer deposition was also reported
in previous studies.

1 ——F1 before acid immersion
1.Quartz —— F1 after 30d in acid sulferic 5%

2 Calcite 1
3.Anhydrite
(Calcium sulfate)

1

W
[

N LA

10 20 30 40 50 60 7
26 (degree)

Fig.18 XRD patterns of AAMi1 before and after@days of sulfuric acid attack.

CONCLUSION

This study presents an investigation of the microstructure properties, mechanical strength and
durability behavior of alkali activated mortars based on the combination of FA/ PMWRs/MK. The
following conclusions ha been drawn from the experimental results and previous discussion:

- All AAMs shovgoodmechanical properties (57 MPa) compared to PCM mortar.

- The performance of developed alkali activated mortars is considerably higher than that in PCM
mortars.

- Visual observation of specimens after exposure to high temperatsteows a severe
deterioration in the PCM specimens, while in alkali activated mortars, no sign of deterioration
was detected for all performed tests.

- TheXRD, FTIR alBEM/EDX show a probable rmation of @(A)¢SH and MACSCH gels as
the main reaction products with the coexistence of some trace of ggN@)EH gels.

- The microstructure observation of all AAMs show a denser and high compact matrix, which
results in the good mechanical propesi of these materials.

- AAMs containing 35% of PMWRS pastes gained strength after thermal exposure to 600°C
which may be due to the further polymerization of initially-tgacted materials leading to the
formation of a dense matrix and improved the strengtioperties.
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- All AAMs show a good durability performance under high thermal exposition and aggressive
solution compared to conventional cement.

Therefore, more advanced tests and research on these materials may accelerate the standardization
process andansequently increase their application in the civil construction market.
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HIGHLIGHTS

T High calcium fly ash can be successfully activated by using LKD.
9 It could reach up to 28.2 MPa after 28 days ufirg.

1 Curing in water results in reduced mechanical strength.

Keywords:high calcium fly ashlime kiln dust (LKD), alkalctivated materials

INTRODUCTION

Alkali activation facilitates utilization of industrial-pyoducts as a binder in concrete mixdhe by
products suitable for use in alkalctivated concrete should be a source of aluminosilicates. The
aluminosilicate source is mixed with silicates or alkali metals such as sodium silicate and sodium
hydroxide to initiate geopolymerization. Howev#re production of silicates can be costly and energy
intensive with high carbon footprint, which obstacles the widespread application of-alitalated
materials[1]. Therefore, it is important to find other materials with lower environmental impact to
replace the silicates. Lime kiln dust (LKD) is-prbgluct of quick lime (QL) production, which is mostly
landfilled. LKD is able to create a highly alkaline environiwvbien mixed with water; hence, it can be

used in alkalactivated concrete to dissolve Si and Al oxides. Previous studies have explored utilization
of LKD in soil stabilizatid@-4]; however, the use of LKD asemgent in alkalactivated materials has

been scarcely studied. Chee Ban et [&l studied the performance of fly ash (Félag mixes
incorporating LKD as the alkali activator. It was shown that using 10% LKD led to the optimal mix. In
this study, LKD was used in aladtivated mixes based on high calcium FA. Forpghipose, mixes

were made with different contents of LKD and the compressive strength of cube specimens cured in
different conditions were measured at different ages.

MATERIALS AND METH®D

The binder used in this study was high calcium FA with the spg@afidty of 2.5 and specific surface

area of 3000 cm2/g. LKD was provided by the Nordkalk company in Sweden. The specific gravity and
specific surface area of the LKD was 2.8 and 7990 cm2/g, respectively. Furthermore, the elemental
composition of the FA andKD was determined byray fluorescence (XRF) analysis and the results

are presented irmable3.
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Table3. XRF analysis results.

et e e
ca 19.7 4.3
NaO 0.6 15
MgO 1.1 14
ALOs 5.8 17.7
Sio 12.4 427
P.0s 0.25 0.9
sQ 5.3 2.6
kO 3.1 2.1
CaO 48.8 18.9
TiQ 0.3 0.9
FeOs 2.1 5.4
L.O.I (%) 19.7 5.3

Mix design and sample preparation

Three different FA/LKD mass ratios of 90:10, 80:20, and 70:30 were selBotedaterto-binder ratio

was selected equal to 0.4 for all mixes. FA and LKD were poured into a mixing bowl and then the water
was added. The materials were mixed for 2 minutes at 140 rpm, and then the mixer was stopped to
scrape the walls of the bowl tmake sure all powdery materials are in contact with water. Thereafter,
the mixing was continued for another 2 minutes at 225 rpm. The fresh paste was poured into 30x30x30
mm3 cubes and was compacted by means of a vibrating table. A number of three sarmpenade

from each mix and the average value was reported. The samples wereupgeé at ambient
temperature for 48 h followed by demolding. The samples were cured in two different curing
conditions including ambient and water at 20. The compressivaangth tests were performed after

7 and 28 days by using a Galdabini Quasar 100 Material Testing Machine with 5 mm/min loading rate.
Furthermore, in order to investigate the effect of heairing on the strength development of mixes,

a series of specimengere precured in an oven at 68 for 24 h. Afterwards, the specimens were
cured for 7 and 28 days in the ambient and water.

RESULT & DISCUSSION

Figure2 shows the compressive strength of specimens cured in difteconditions. In this figure, the
mixes are named as FAEY where X denotes the watéo-binder ratio and Y denotes the percentage

of LKD. It can be observed that the rate of strength development was low. According to the test results,
the 28day comprasive strength of mixes was more than two times of the correspondidgy7
compressive strength. Furthermore, the waisured samples showed about 43% lower compressive
strength compared to the aitured samples. The results showed that mixes containifg a0d 30%

LKD had a lower compressive strength compared to that of the mix with 10% LKD. This could be due
to the oversaturation of calcium ions in the mix when the LKD content exceede{b]l0Phus, FAC
0.4-10 was the optimal mix and was selected for evaluating the effect ctprag with heat. It was
shown that precuring increased the reaction rate. The prared specimens showed a significantly
higher compressive strength at 7 days compared to mixes withoutprieg. For example, the-day
compressive strength of the preured mix was about 40% higher than thattlé counterpart air

76 | DURSAAM 2023 Symposiarivix design and microstructer



cured mix. The heat accelerates the reactions, and thereby it leads to a higheagar§trengtt6].
However, it appears that preuring limited the strength deslopment of the aicured mixes, as the
28-day compressive strength was lower than that of the mixes withouwgpireng. It has been reported

that heatcuring may prevent the formation of a compact matf®j. On the contrary, preuring
favored the compressive strength of wateured specimens. Based on the test results, thed@@
compressive strength of the heated mix, which was cured in water, was about 19% higher than that of
the counterpart mix without any preuring.
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Figure2. Compressive strength of mixes

CONCLUSION

In this study, alkalactivated mixes based on high calcium FA and LKD were made and the strength
development under different curing cditions was evaluated. The results showed that LKD can be
successfully used as a wadtased reagent in alkadictivated materials based on high calcium FA. The
product will have a lower environmental impact as it is exclusively made with industsqabbucts.

Also, it is possible to achieve a compressive strength value, which meets the requirements for
structural concrete. Future studies should focus on finding the optimized mix design and a
comprehensive mechanical performance and durability assessafenortar and concrete mixes.
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HIGHLIGHTS

1 Activated metakaolin with highJ@/N&O ratios and constant Si/Al and Na/Al atematio
T Influence of water on theeactivity of the precursor
T Decrease in compressive strength witsOfNa,O
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INTRODUCTION

Deep soilmixing allows improving the physaadl mechanical properties of soildepth, by mixing in

situ the soil with a diluted mixture called grout, using a specific tool. Currently, most of grouts are
based on cement. Nevertheless, the durability of these materials exposed to aggressive madium h
been questionedl]. Geopolymers obtained from solid aluminosilicate sources (such as metakaolin)
and an alkaline solution ke opened new insights for soil improvement. Metakaolin can be used as
precursor, due to its relatively low carbon footpriff] and high durability{3]. Few studies have
focused on the design of alkalctivated metakaolin mixtures used as grouts for soil improvement. The
mixtures used as groutsave a high wateto-solid ratio; the wateito-solid ratio of the soilmix is even
higher due to the initial water content of the soil. Grouts are expected to satisfy several specifications
in fresh and hardened states. Grouts should be stable during geobefore use and have relatively

low viscosities, and these properties should be maintained during the entire duration of the process
[4]. The hardened grout is expected to provide the soilmix with adequate mechanical properties and
durability.

This study focused on the influeno& high H20/Na20 ratios on the properties of metakablased

grouts MK21, MK24, MK28 and MK34 defined respectively with H20/Na20 ratios of 21, 24, 28 and 34
and constant Si/Al and Na/Al atomic ratios (1.8 and 1 respectively). Metakaolin was produceddrom
flash calcination of clay from Fumel, France. The proportion of the pure metakaolin Al203(Si02)2
phase was 43 wt. %. The activation solution was prepared by diluting a sodium silicate solution with a
fixed SiO2/Na20 ratio of 1.7 and 44% dry contentdémineralized water. The advancement of
geopolymerization reactions was studied through nuclear magnetic resonance (NMR) spectroscopy of
Al and Si and the mechanical characterization was based on compressive strength at 7, 28, and 90 days.
The 29Si spedr were decomposed into a formed phase and a signal representing remnant
metakaolin. Remnant metakaolin was considered by fitting a scaled component spectrum calculated
from the 29Si spectrum of raw metakaolin. The reaction degree of metakaolin RDmk waated!

using the silicon content from metakaolin of known chemical composition X(Si)mk and the remnant
metakaolin deduced from 29Si RMN decomposition Rmk. (equation 1).
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(1)

RESULT & DISCUSSION

The 29Si spectra decomposition of two grouts MK21 and MK34 with H20O/Na20 ratios of 21 and 34
respectively is presented iRigure3. The water content did not affect the structure of geopolymer
type phase as the pegtosition and full width at half height (FWHH) of the formed phase were the
same at H20/Na20 ratios of 21 and 34. Increasing this ratio resulted in higher content of unreacted
metakaolin and a lower product fraction. The lower concentration of alkalin@adoti at high H20/
Na20 content presumably resulted in a lower dissolution of silicates and aluminates from the raw
material, resulting in fewer SiO4 and AlO4 tetrahedral units to form a geopolymer gel.

a)

Formed phase
Position -91 ppm 5
FWWH 15.5 ppm ~ .

Formed phase
Position -91 ppm
FWWH 15.6 ppm ..

T T T T T T T T
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Figure3. Decompositiorof 2°Si MAS NMR spectra for a) MK21 and b) MK34 at 28 days.

The reaction degree of metakaolin RDfivk is presented inFigure4 for all mixtures. The time
evolution of the reaction degree depended on the H20/Na20 ratio. At H20/Na20 ratios of 21 and 24,
the degree of reaction nearly stabilized after 7 daysereas at higher ratios, the degree of reaction
significantly increased between 7 and 250 days. This shows that a higher amount of water delays the
dissolution of the precursor without blocking the reaction progress. A significant amount of the
amorphous faction of metakaolin did not react even under highly alkaline conditions. About 20% of
metakaolin did not react in MK21 and MK24 grouts after 250 days from an 29Si NMR perspective

100

80 |

60 |

40 |

RDmk (%)

20

10 100
Time (days)

Figure4. Reaction degree as a function of ngalculated fron?°Si NMR spectroscopy.

Compressive strength decreased withGNaO ratio (Figure5). The grout MK34 (defined by
HO/N&O of 34) did not develogignificant strength after 90 days. The minimum goessivestrength
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required in grouting specifications is 5 MPa at 28 days, which suggests that metakaolin is not suitable
for applications requiring high water to solid ratios. The decrease in mechanical strength ca be due to
the decrease in reactivity girecursor or change in structure of the reaction products depending on
the amount of water available in the system and the concentration of alkali cgti}€]. Based on

the analysis of nuclear magnetic resonance (NBfiRktra, the decrease in compressive strength with
increasing bD/N&O ratio from 21 to 34 can be attributed to the influence of water on the reactivity

of the precursor rather than the change of products structure.
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Figure5.Evolution of compressive strength as a function gdHN&0.

CONCLUSION

The H20O/Na2@atio is likely to affect strength at two levels: the properties of binding phase and initial
porosity. Results showed that the properties of binding phase (i.e. geopolymase) were not
affected by the amount of water. The variations of strength can be explained by higher porosity related
to higher water content and lower reactivity of metakaolin. The adjustment of water content remains
critical to find a tradeoff betwen workability and strength when designing geopolymer grout. The
introduction of admixtures or additions to increase the strength at a given H20/Na20O ratio can
constitute a major challenge to strengthen the position of geopolymers among possible chaices fo
construction materials especially as grout systems.
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1 Highlight 2 Rheology of alkakctivated slag concrete mixtures is assessed.
9 Highlight 2 HerschelBulkley model is applied teveal the nodinear rheological behavior.
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INTRODUCTION

Alkalractivaed material (AAM) is regarded as a green alternative binding material to replace Portland
cement in concrete. With a proper mix design, AAM may provide equivalent or even better mechanical
and longterm properties [X3]. Compared to PC materials, the mator is applied as an additional
phase in AAMs to raise the alkalinity of the solvent and promote the dissolution of precursors [4,5],
which makes the solitiquid interactions rather complex in the system. Accordingly, the flow of AAMs

is not properly uderstood, with distinctive rheological behaviors being reported [6,7]. Moreover,
existing literature has been focused more on paste and mortar levels, while studies on the rheology of
AAM concrete are limited to date.

Therefore, this study aims to assehg trheological properties of alkadictivated slag (AAS) concrete.
Stress growth and flow curve tests have been conducted with the ICAR Plus rheometer. Results have
revealed the effect of silicate modulus (Ms) and sodium concentration (Na20% by massur§qre

on the rheology of AAS concrete.

MATERIALS AND METH®D
Ground granulated blast furnace slag (BFS, ECO2CEM from Ecocem Benelux B.V.,) with a specific gravity
2F HOydp FYR F YSRAFY LINIGAOES aAil S oORphanical2z ¥ y ®H
composition determined by-Kay fluorescence (XRF) and loss on ignition (LOI) are listed in Table 1.

Table4. Chemical composition of BFS and LOI (wt.%)

Precursor # A/ 3/ V1 - C/ 3 4/ +/ &% -1/ :/v Other LOR
BFS 409 31.1 137 9.6 231 126 069 040 031 0.12 0.05 0.10
2LOl measured by TG analysis at950

Sodium hydroxide and sodium silicate were used as activators in this study. Rgea@dmtsodium
hydroxide anhydrous peblr were provided by Brenntag N.V., and the sodium silicate solution (15%
Na20, 30% SiO2, and 55% water) was provided by PQ Corporation. River sand and gravel were used as
the aggregate to prepare AAS concretes. The aggregates wedgearbefore mixing.

Details of five AAS concrete mixtures tested in this study are given in Table 2.
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Table5. Mixture proportions of AAS concretes.

Mix BFS Activator w/b  Aggregate (kg/r$)
(kg/m’) "~ NaOH  Sodiumsilicate NaO Ms Extra water 04 28 816
(kg/m®)  solution (kg/n¥) (kg/m3) mm mm mm

M1 400 13.55 10.00 3% 0.25 182.62 0.43 701 482 572
M2 400 11.61 20.00 3% 0.5 178.28 701 482 572
M3 400 7.74 40.00 3% 1.0 169.58 699 480 570
M4 400 15.48 26.67 4% 0.5 177.70 689 474 563
M5 400 19.35 33.33 5% 0.5 177.13 685 471 559

AAS concrete mixtures were prepared by mixing solid components with the activators in a planetary
mixer. A dry mixing was first performed on the solid components (including precursor, fine and coarse
aggregates) fo2 minutes. Afterwards, the activator was added and mixed for another 3 minutes to
derive a homogeneous fresh concrete.

Rheological tests consisting of stress growth and flow curve steps were performed with an ICAR Plus
rheometer. The rheometer van is cosisng of 4 blades with 130 mm diameter and 130 mm height,
while the cylindrical rheometer container has 390 mm depth and 286 mm inner diameter. In the
beginning, about 20 L of fresh AAS concrete was loaded into the container. Afterwards, the rheometer
vanewas inserted, and the fresh concrete was left at rest for about 1 min since the end of remixing
until the rheological test.

Stress growth test was first conducted at about 5 min after the contact between the activator and solid
precursors with a constanbtational speed of 0.025 rev/s for 60 s. The maximum torque observed
along the test was then converted into the static yield stress according to Eq. (1) [8].

t — 1)

where_sis the static yield stress (Pd), is the maximum torque in Nn is the diameter of the vane
m, andh is the height of the vane in m.

Flow curve tests were subsequently condrgtt The fresh concrete was subjected to a 60 sghrear

at 0.6 rev/s, followed by ascending and descending shear steps. The rotational speed was varied
between 0.05 and 0.6 rps with a step size of 0.05 rps, where each step lasted for 10 s to reach an
equiibrium state. The torque at each speed was recorded as the average value of the last 5 s.
Downward portions of the torqueotational speed relationship were fitted based on the Herschel
Bulkley model to derive the flow curves. Rheological parameters deniged based on the extension

of ReinerRiwlin equations [9,10].

RESULT & DISCUSSION

The static yield stress determined by stress growth tests is displayed in Fig. 1 (a). In 3% Na20 mixtures,
the static yield stress of M2 and M3 declined 19.8% and 60d#pared to M1 respectively, which
indicates a fluidizing effect of higher Ms in activators. Similar trends have been observed by improving
the sodium concentration. This might be ascribed to the reduction in solid concentration by applying
more liquid actvator content in the binder phase [11].

Downward portions of flow curves are illustrated in Figure 1 (b) and (c), and the rheological parameters
obtained by fitting the HerschdBulkley model are summarized in Table 3. It was found that the
evolution of dyramic yield stress and plastic viscosity in AAS concrete was following the same trend as
the static yield stress, which was reduced with increased Ms and sodium concentrations in the
activator. It is noteworthy that a shear thinning behavior was obsemédl with a flow index smaller

than 1. In specific, the slope of the torque profile first declined with an increased rotational speed, but
later almost linearly increased at higher shear speed regions. It is indicated clusters formed in AAS
mixtures were gadually broken down [12], and remained a steady flow with higher rotational speeds
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[13,14]. Further, shear thickening was observed in M5 by applying higher Ms in the activator. This can

be ascribed to the viscous nature of high Ms activators [6], whicheps more particles to form
clusters and block the flow [15]. Similarly, the sh#ackening also became more pronounced with

higher sodium concentrations in the activator.

(a)

(b)
1500 3

1000

i

Staticyield stress (Pa)
Torque (Nm)

500

Torgque (Nm)

©

=]

in

M4 M5 0 01 02 03 04 05 06 07

Rotational speed (rps)

0

0

0.1 02 03 04 05 06 07
Rotational speed (1ps)

Figure 1Rheology of AAS concrete. (a) Static yield stress. (b) (c).

Table6. Dynamic rheological parameters of AAS concretes fitted with Her&illkley model.

Mix Dynamic yield stress (Pa) Consistency factor (Pds Flow index R

M1 114.72 78.22 0.92 0.9988

M2 111.11 54.10 0.98 0.9986

M3 78.70 40.01 1.14 0.9993

M4 71.74 45.27 1.02 0.9976

M5 31.33 34.50 1.08 0.9984
CONCLUSION

This study aims to evaluate the rheological behavior of afidivated slag concretes with different
compositions of activators. Results show that increases in silicate nmediis) and sodium

concentration (Na20% by mass of precursor) have resulted in the reduction of yield stress and

viscosity, indicating a fluidizing effect. Moreover, sh#tackening was observed in AAS concrete,

which become more pronounced with higher aike doses in the activator.
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HIGHLIGHTS

9 Substitution of GGBS by calcined clay results in higher early age btodradkakactivated GGBS
mortar.

1 Replacement of GGBS with CAC elongate the setting times ofaaiitadited GGBS mortar.
Keywords: alkaklactivated mortar, GGBS, metakaolin, calcined clay, fly ash, CAC

INTRODUCTION

Alkaliactivated concrete (AAC) is dered as an alternative for ordinary Portland cement (OPC)
concrete, due to its lower carbon footprint and energy consumption. Moreover, similar or higher
performance of AAC is persuading researchers and engineers to bring it into practice. In thdg type
concrete ground granulated blast furnace slag (GGBS) for having higher potential of reactivity is the
most used precursor among all common precursors [1,2]. However, due to the limited resources of
GGBS, as well as not superior performance of AAC vB8San terms of carbonation, incorporating

other supplementary cementitious materials, as well as binders can improve its behavior and reduce
the costs. Due to the higher costs of AAC than OPC concrete in normal strength classes, using AAC in
medium and hjher strength concrete classes can be more beneficial [4]. For this purpose, using
cheaper materials as activators or precursors are highly attended [4].

Substitution of GGBS with fly ash in aHeatiivated fly ash/GGBS mortar, activated by sodium based
activators, results in reduction of tensile strength, compressive strength and increase of setting times
[4]. Calcined clay is considered as source of aluminosilicate and due to the lower cost of production,
as well as CO2 production and vast availabilidpagly is considered as a suitable alternative binder

[2]. Alkaliactivated metakaloin has longer setting times than pure alketivated GGBS paste and by
increasing the replacement percentage of GGBS with metakaolin it will be shortened signifigantly [
Increasing the substitution parentage of metakaolin with GGBS will also reduce the compressive
strength [3]. Calcium alumina cement (CAC) as the most importanpadtandit cement, despite its
higher price than Portland cement is being used to impréive resistance of concrete mixture to
chemical attack [5]. It also can be resulted in rapid hardening and increasing the 28 days compressive
strength of concrete [6].

MATERIALS AND TESTING PROCEDURES

In this study, a primary alkadictivated mortar mix ensisting of GGBS as precursor and ternary
activator compound including NaOH solution (16M), Na20.nSiO2 (n=1.7) und K20.nSiO2 (n=2.1) with
water to binder ratio of 0.5, was considered as a reference mixture. Mortar specimens were produced

in prismatic mold and cured for 28 days in cling film in (20£2)°C according to EN. 186other

mixtures fly ash (F), calcined clay (CC), metakaolin (M) and CAC were substituted by 20% of GGBS
presented in Table 1. Compressive strength, as well as tensile bendingdftiassms were tested

after 1, 2, 3, 7 and 28 days according to EN-1L.96orresponding pastes of mixtures in Table 1 were
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also produced according to EN 136or testing the setting times of the above mixtures. Moreover,
consistency of fresh mortar (flotable) according to EN 10i5for mortar workability evaluation was
carried out.

Table 1 Mortar mixture proportions

Mixture | Sand | Water | GGBS | Metakaoli | Fly | CAC CcC NaOH | N&O. | KOn
n ash nsSiQ SiQ
(@ | (ml) ) @ | ) ) @) @)
)
100GGBS| 1350 | 181.1 450 30.3 20 30
80GGBS 1350 | 181.1 360 90 30.3 20 30
20F
80GGBS 1350 | 181.1 360 90 30.3 20 30
20M
80GGB
2OCAC 1350 | 181.1 360 90 30.3 20 30
80GGBS
20CC 1350 | 181.1 360 90 30.3 20 30

RESULT & DISCUSSION

Figure 1 shows the satigs of the alkalactivated pastes produced according to Table 1. Replacement
of fly ash, metakaolin and calcined clay with 20% GGBS resulted in reduction of both initial and final
setting times. Nonetheless, substitution of CAC by 20% GGBS in 80GGH&2@ckCrease of initial
setting time about 54 minutes and the final setting time for 81 minutes.

300
250
‘s 200
% 150
E 100
50

Initial setting time Final setting time

Figure6. Initial and final setting times of mortar pasts

Flow table test results of mixtures during the first 45 minutes afterduction are demonstrated in

Figure 2. 80GGBS20F showed the highest flow range during the test period, incorporation of fly ash
due its later reaction. On the other hand, 80GGBS20M indicated lower workability than 100GGBS
during the testing procedure. hE lowest workability among all mixtures were observed in
80GGBS20CC, which can be due to the higher reactivity potential of calcined clay, because of higher
aluminum oxide content. Although 80GGBS20CAC had 3 cm lower flow than 100GGBS after 5 minutes,
it demonstrated lower reduction in flow drop than 100GGBS, whereas after 45 minutes both
demonstrated similar flow of 13 cm.
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Figure7. Flow table test results of mortar mixtures

Tensile strength results of mixtures in Figure 3 shioat except B0GGBS20CAC which hadviRPa

tensile strength after 3 days, other four mixtures showed considerably higher tensile strength over
4.8MPa after 3 days. 80GGBS20CC which was consisted of GGBS combined with calcined clay
experienced slight reddion of tensile strength after 3 days, while it obtained the highest tensile
strength among others at this age. Despite B0GGBS20CAC experienced the lowest tensile strength at
early ages, obtained almost 6\Pa after 7 days that was similar to the 100G@&&&hed 7.8MPa

after 28 days as the highest strength among all five mixtures.

//.

—o

—8—100GGBS
80GGBS20F
80GGBS20M
80GGBS20CC

—8—80GGBS20CAC

Tensile strength [MPa]

O P N W » U1 O N ©

14 21 28
Age (day)

Figure8 .Tensile strength of mortar mixtures

Compressive strength results of the mortar mixtures are illustrated in Figure 4. All mixes except
80GGB20CAC showed proper compressive strength of abowdP2 after one day, and specifically
80GGBS20CAC experienced highest strength BIP8 Compressive strength of B0GGBS20CAC could
not reach this value even after 3 days, However, its trend of catchimgessive strength accelerated

after two days, whereas it reached 84Pa after 7 days achieving the highest compressive strength at
this age and later among all mixes. The compressive strength of B0GGBS20CAC rehiibacfbr

28 days which was 1@Pa hgher than 100GGBS. This behavior is due to the higher content of Al203
in CAC, that results in decreasing reaction rate of AAC with GGBS in early ages [7]. Lower compressive
strength of B0GGBS20F due to the replacement of fly ash needs ambieqit3btcuring over 100°C

to compensate the loss of strength [8]. The blended GGBS with metakaolin mixture resulted in lowering
the compressive strength. This behavior could be as result of new porous structure generation
regarding the thermal processing of metalkia [9].
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Figure9 Compressive strength of mortar mixtures

CONCLUSION

Evaluation of experimental results obtained in this study shows that partly substitution of CAC with
GGBS in alkadictivated GGBS concrete, not only increasaspressive as well as tensile strength in

later ages, provide more stable workability and longer setting times in order to be used in ready mix
concrete. For the further study, partly substitution of CAC and calcined clay with GGBS can provide a
better performance in terms of workability and early age strength of mortar.

ACKNOWLEDGEMENT

The authors acknowledged the partly financial support of INTERREG in the framework of URBCON
project cooperated with the University of Kaiserslautern.

REFERENCES

[1] Passuell®\., Rodriguez E. D., Hirt E., Longhi M., Bernal S. A., Provis J. L. et al. Evaluation of the
potential improvement in the environmental footprint of geopolymers using watgsgved
activators. Journal of Cleaner Production, 2017; 166,680
https://doi.org/10.1016/j.jclepro.2017.08.007.

[2] Bature A. S., Khorami M., Ganjian E., Tyrer M. Influence of alkali solution on compressive
strength of calcined clay and GGBS alkali activated mortar. Proceeding of 38th Cement and
Concrete Science Conference, 2018 (16).

[3] Oyr M., Samson G., Gao X. X. Thermomechanical performance of blended met&@Bith
alkalractivated foam concrete. Construction and building materials, 2017; 150982

[4] Vinai R., Rafeet A., Soutsos M., Sha W. Guidelines for mix proportioning of @G&hbased
alkalractivated concretes. Construction and building materials, 2017; 147t430

[5] Newman J., Choo B. S.. Advanced Concrete Technology: Constituents properties. Butterworth
Heinemann, 2003.

[6] Cao Y.F., Tao Z., Pan Z., Murphy T., Wuhrer R. &ftedtium aluminate cement on workability
and compressive strength of fly ash geopolymer mortar cured at ambient temperature.
Mechanics of Structures and Materials: Advancement and Challenges. Taylor & Francis Group,
London, 2017.

[7] Ben Haha M., Lothenbadh, Le Saout G., Winnefeld F. Influence of slag chemistry on the
hydration of alkakactivated blastfurnace slag Part II: Effect of AI203.Cement and concrete
research, 2012; 42:783.

[8] Humad A. M., Kothari A., Provis. J. L., Cwirzen A. The effecttduibtese slag/fly ash ratio on
setting, Strength and shrinkage of alkattivated pastes and concretes. Frontiers in materials,

89 | DURSAAM 2023 Symposiarivix design and microstructer



20109.

[9] Rashad A. M. Alkadictivated metakaoli: A short guide for civil enginedn overview.
Construction and building mateis, 2013; 41:75¥65.

90 | DURSAAM 2023 Symposiarivix design and microstructer



Calcinedclay minerals as precursors for geopolymers and the
influence d solubility on mixing ratios

N. Werlind, F. Dathé, F. Dehhand K. Emmerich

Institute for Concrete Structures and Building Materials (IMB/MPA/CMM), Karlsruhe Institute of
Technology (KIT), Karlsruli&zRMANY..
(Email: nadja.werling@kit.edu, felix.dathe@kit.edu, frank.dehn@ZKit.éd@itja.emmerich@Kkit.edu

HIGHLIGHTS

T Calcined clay minerals foegpolymer production

1 Solubility in NaOH metakaolinite > metasmectite > metaillite

1 Micromechanical properties of geopolymers produced with different calcined clay minerals

Keywords:geopolymers, calcined clay minerals, thermal and alkaline activation

INTRODICTION

Geopolymers produced with calcined clay minerals are a potential construction material of the future.
The CO2 emissions of the construction industry could be reduced significang\3(40 reduction of
emitted CO2; McLellan et al., 2011; Davidqv&813). Geopolymers are inorganic binders with-a 3
dimensional network of Si[OH]4 and Al[OHHligomers. They are formed by the reaction of
aluminosilicates with a highly alkaline activator solution. Calcined clay minerals are suitable as
precursors sine they contain large amounts of silicon (Si) and aluminum (Al). NaOH or KOH can be
used as activator solutions. Natural clays, like so called common clays, could reduce the costs of
geopolymer production. Common clays are very heterogeneous concerninghdse composition,
structure and particle morphology of the clay minerals. Nevertheless, they are suitable as geopolymer
precursors due to their chemical and mineralogical composition. So far, mainly metakaolinite was
studied as a precursor. But, metakaitié would lead to higher costs compared to cement. The aim of
this project was to study the relationship between material properties and process parameters which
influence the geopolymer properties. The thermal and alkaline activation of different ategyas and

the resulting properties of geopolymer mortars and concretes is not yet fully understood. Therefore,
a combination of investigations on model clay minerals and mortars/concretes prepared with calcined
common clay precursors was targeted. Théokeing focuses on the experiments conducted with the
model clay minerals. Raw materials containing dioctahedral clay minerals, with Si:Al ratios between
1:1 and 2:1 were used as precursors exclusively. For this project three different clay minerals
(akaolnite, a smectite, an illite) were investigated. The discoveries of the analysis of the three clay
minerals, concerning the solubility of calcined clay minerals and micromechanical properties of the
geopolymers, were used for a prediction of the behavibmixtures of clay minerals, like in natural
common clays.

MATERIALS & METHODS

The clays KBE (kaolin), Ceratosil (bentonite), and Arginotec INX (illitic clay) were used to investigate
the three different clay minerals. Each of the clays contained ona akay mineral, namely a kaolinite,

a ciscisvacant dioctahedral smectite, and a tramascant dioctahedral illite (a detailed
characterization of the materials can be found in Werling et al., 2022). As ancillary phases mainly
guartz, silica polymorphs, drfeldspars could be detected. As alkaline activator solutions NaOH was
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used with concentrations in the range of 0.01 mol/L to 10.79 mol/L. The use of commercial waterglass
(sodium silicate solutions) was avoided, since it would impair the environmentaéfibeof
geopolymers. Therefore, an industrially produced crystalline aluminum hydroxide powder (Hydrafil®,
HPF¢ The Minerals Engineers, Frechen, Germany) and an amorphous SiO2 powder (Amogjl®, HPF
The Minerals Engineers, Frechen, Germany) were usedifosting the Si:Al ratio in geopolymers. For

all solubility experiments a solid/liquid (calcined clay mineral/activator) ratio of 0.02 was set. The
solid/liquid ratio for geopolymer production was in the range of §.8.44. Simultaneous thermal
analysis Xray diffraction, inductively coupled plasma optical emission spectroscopy, mercury
intrusion porosimetry and nanoindentation were used (Werling et al., 2022).

RESULT & DISCUSSION

The dissolution behavior of the calcined clay minerals in highly alksdingons (pH > 14) forms the
basis for the polymerization of the binder.

It was shown that the solution of silicon (Si) and aluminum (Al) occurred congruently for the kaolinite
for different concentrations of NaOH (Fig. 1; Werling et al., 2020). Ini@aldit was shown that the
solubility of kaolinite increased with the concentration of the activator solution (Fig. 1). The uncalcined
material showed hardly any solubility (< 5%) regardless of the reaction time and concentration of the
activator solution It was determined that 700 °C was the optimum calcination temperature for the
kaolinite studied. At this calcination temperature, a solubility of 77% after 24 h and 88% after 7 d could
be achieved after thermal activation. Complete dissolution of kaelisbuld not be achieved,
irrespective of the reaction time.
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Figure 1.Solubility of Si (equal for Al) of metakaolinite in NaOH (10.79 mol/L, 4 mol/L, 0.01 mol/L) as a function
of calcination temperature (reaction time 24 h) (left; from Werling et al2®0Solubility of Si and Al of
metakaolinite (reaction time 24 h, NaOH 10.79 mol/L) (right; from Werling et al., 2022).

As before, it was shown that the solubility of the dioctahedral smectite and illite increased with the
concentration of the activatordution (Fig. 2). For the selected smectite, the uncalcined material
showed the lowest solubility. However, in contrast to the kaolinite, a significant decrease in solubility
was visible at too high calcination temperature (900 °C; Fig. 2). The decreadeliitity at too high
calcination temperatures is an expected phenomenon due to recrystallization of high temperature
phases (Khalifa et al., 2020). However, the temperature at which recrystallization begins is individual
to each clay mineral and cannio¢ confidently deduced from the study of a model clay mineral for the
different groups. Maximum solubility for the smectite studied was achieved at a calcination
temperature of 750 °C (63.5% Si after 24 h, 84.1% Si after 7 d). The solubility of thislmeaieri
incongruent for Si and Al. The maximum solubility for Al was 67.9% after 7 d, which was lower than for
Si.
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Figure2. Solubility of Si (equal for Al) of metasmectite in NaOH (10.79 mol/L, 4 mol/L, 0.01 mol/L) as a
function of calcination temperaturéeaction time 24 h; left). Solubility of Si and Al of metasmectite (reaction
time 24 h, NaOH 10.79 mol/L; right) (from Werling et al., 2022).

For the illite, the lowest solubility was found for the uncalcined material and the material calcined at
900 °QFig. 3). As for the smectite, the maximum solubility was obtained at a calcination temperature
of 750 °C (44% after 24 h, 62% after 7 days). However, in contrast to the calcined smectite, the solution
of Si and Al occurred congruently in the illite. Bynparing the materials, it was shown that the
solubility of clay minerals decreases in the order metakaolinite > metasmectite > metaillite. The
optimum activation temperature of the smectite as well as the illite was 750 °C despite strongly
different dehydoxylation temperatures (Werling et al., 2022) of thex@&ant smectite and the trans
vacant illite.
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FHgure 3. Solubility of Si (equal for Al) of metaillite in NaOH (10.79 mol/L, 4 mol/L, 0.01 mol/L) as a function of
calcination temperature (reaction tien24 h; left). Solubility of Si and Al of metasmectite (reaction time 24 h,
NaOH 10.79 mol/L; right) (from Werling et al., 2022).

In order to investigate the mechanical properties of geopolymers, produced from the calcined clay
minerals of the preliminargolubility investigations, nanoindentation measurements were carried out.
This method allows determination of the hardness and Young's modulus of the geopolymers even on
small test specimens. This is particularly important to study the contribution adrdiff meta clay
minerals in calcined common clays. For geopolymer preparation, stoichiometric blends were
calculated with varying Si:Al ratios and a fixed Na:Al ratio of 1:1. The natural Si:Al ratio of 1:1 of
kaolinite (from KBH) was increased by the aiidn of amorphous SiO2 in some of the blends to
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investigate the impact of the Si:Al ratio on the hardness of the geopolymer. The natural Si:Al ratio of
2:1 of smectite (from Ceratosil WG) and illite (from Arginotec INX) was either decreased to 1:1 by
addition of AI(OH)3 powder or increased to 3:1 by amorphous SiO2. When preliminary tests were
carried out, some of the calculated mixtures turned out to be unprocessable. The most common
reason for failed processing was the high viscosity of the mixture, makiitmogeneous mixing
impossible. The geopolymers that had been shown to be processable during the preliminary tests
(solid/liquid ratio 0.8¢ 1.44) were subsequently prepared for nanoindentation. Hardness was
investigated on geopolymer discs3.5cm:hel Ki F p YY0O LINBLI NBR FTNRY GKS
clay minerals. Since a very smooth surface is required for nanoindentation, the geopolymers were
ground and polished after complete hardening. In addition to the investigations of the mechanical
propetties, the porosity of the geopolymers (crushed fragments; 2 mm) was determined by
mercury intrusion porosimetry. It could be shown for both hardness (10 P& GPa) and porosity
(20.3¢ 31.6%) that the values of the produced geopolymers were irstitae order of magnitude as

for cement paste. Moreover, it was shown that not only geopolymers prepared with metakaolinite
showed hardness and porosity in this order of magnitude, but also the geopolymers prepared with
metasmectite and metaillite. Thereforé is assumed that not only geopolymers can be produced from
the different metaclay minerals, but also from mixtures of these clay minerals. However, in the future
the manufacturing process has to be improved further, especially the processabilityuisia tactor

with regard to the application of geopolymers produced from calcined clay minerals.

The binders produced in this work may find application in the field of building materials science in the
future. The reduced energy requirement for calcinihg clays and extremely low CO2 emissions from

the clays during calcination can contribute to the targeted CO2 neutrality of the cement industry by
2050 (GCCA, 2022). In addition, the high acid resistance and thermal stability of geopolymers is an
enormousadvantage over conventional cementitious systems. However, the use of geopolymers
requires certification and standardization of the investigated materials as building materials.

CONCLUSION

Geopolymers can be produced from the different metaclay mineeaid, also from mixtures of clay
minerals. The production was possible with each calcined clay mineral tested. For geopolymer
production it has to be taken into account that the Si:Al ratio of the evolving geopolymer will differ
from the stoichiometric ratioof the precursors, due to incomplete and/or incongruent dissolution of
the calcined clay minerals.

It is not possible to make general statements regarding activation and processing that are universally
valid for every clay mineral (Khalifa et al.,, 202@%tivation procedures specifically tailored to
individual clay minerals must be identified to achieve the desired geopolymer properties. The
activation procedure for mixtures of clay minerals needs to be adapted based on what is known about
individual clayminerals. Calcined clays have great potential as a starting material fon€@al
building materials. However, there are still a number of difficulties to be solved if this technology is to
be deployed and used in the future. In particular, the deveiept of admixtures for these systems is

an important focus. For the practical use of geopolymers, a way must be found to control the setting
time and flowability without having to accept qualitative losses in material quality. Research should
focus primary on durability and possible damage processes as well as the development of admixtures.
The influences of the variability of the clay minerals in their groups as well as tpeodhyct
proportions in the clay deposits should also be further investigated.
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HIGHLIGHTS

1 Chloride ion transport in alkadictivated slag paste is modeled under the exposure condition of
wetting and drying cycles

1 The microstucture degradation is considered using thermodynamic modelling
1 The influence of microstructure degradation on chloride ingress is displayed

Keywords:chloride transport, wetting and drying cycles, structure degradation

INTRODUCTION

Chloride ions are cortéred one of the main agents that result in the degradation of stegiforced
concrete. The penetrated chloride ions will destroy the protective passivity layer formed on the surface
of embedded steel when a threshold chloride concentration is reachédukagteel bar. Subsequently,

the corrosion of steel rebar initiatg4]. The process of rebar corrosion is particularly accelerated in
environments with wetting and drying cycl¢®]. This is becaus®n the one hand, chloride ion
transport is facilitated due to the cwection in wetting and drying cycles. On the other hand, the
concrete structure degrades in wetting and drying cycles. This paper developed a numerical model to
simulate chloride transport in wetting and drying cycles with the influence of structure datijoa

for alkaltactivated slag (AAS) paste

METHODOLOGY

The chloride transport in dryirgetting cycles is a complex process. It involves liquid water transport,
water vapor transport, liquidkapor phase transition, chloride transport by diffusion ana\extion

and structure degradation. The mechanisms and governing equation for these processes are
presented.

Ligquid water transport

The liquid water transport in unsaturated cementitious materials is avase flow. Such twphase
flow can be describedybRichard equation. With proper substitution and arrangement for Richard
equation, the governing equation of liquid water transport is given as

@z B(0 (s) SE

1
K dp(9)
D - —_—\J
()=S0 (95
where s represents the saturation degree al%'o(s) is liquid water diffusion coefficient'.(r (s) and

p(s) are relative permeability and capillary pressure regpeely, which can be obtained by Van
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Genuchten (VG) modg3],
- (1m)

9= agsr iog

k(g) = 95 @) (2 é"l“)m)z

In Eq.(2), a and m are fitting parameters dependent on the microstructure.

2

Water vapor transport

In cementitious materials, the moisture transfer is induced by water vapor pressure. The governing
equation for the moisture can be expressed by

w: B(B(s) D,0 w ©)

where fg is the volume fraction of gafilled pores w, (kg/m®) is the mass of water in the unit
volume of gasF(s)is the resistance factor and can be calculated by an eogpiequation:
F(s)=Ff" @ ' wherer isthe porosity D, is the water vapor diffusion coefficient ¢/g).

According to E), the vapor flux is then written ad, = +(s) 0, W

Ligquidvapor phase transition

The water liquid transport and water vapor transport in the cementitious materials are not
independent. The phase transition betweémem always exists when liquid and vapor are not in
equilibrium. The equilibrium state equation, which can be obtained by Kelvin equation and-Young
Laplace equation, is derived as

AV
RH =exp%R—“j|_ O(s) 4)

According to mass conservation, the changes of water liquid and water vapor follow
(5)

where and are mass changes of water liquid and water vapor. The phase transition continues
until the equilibrium state equation is met by updated saturatibegree and humidity.

Chloride transport
Chloride transport subjected to dryingetting cycle is controlled by both chloride diffusion in the pore

solution and chloride convection due to liquid water transpdtie chloride flux by diffusion  can
be expressed by

(6)

where is apparent chloride diffusion coefficig relative chloride diffusion coefficient at
saturation degree of s, C is chloride concentration. The chloride convection results from the liquid
water transport and can be expressed by

)

According to the mass conservation of chloride ions, the chloride transport in emgtiong cycles is
presented as
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