<]
TUDelft

Delft University of Technology

Creep of alkali-activated fly ash and slag concrete
Unveiling multiscale dynamics

Kostiuchenko, A.

DOI
10.4233/uuid:d279ecab-9136-475a-91fa-f4215dd8b4c5

Publication date
2024

Document Version
Final published version

Citation (APA)

Kostiuchenko, A. (2024). Creep of alkali-activated fly ash and slag concrete: Unveiling multiscale dynamics.
[Dissertation (TU Delft), Delft University of Technology]. https://doi.org/10.4233/uuid:d279ecab-9136-475a-
91fa-f4215dd8b4c5

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.4233/uuid:d279ecab-9136-475a-91fa-f4215dd8b4c5
https://doi.org/10.4233/uuid:d279ecab-9136-475a-91fa-f4215dd8b4c5
https://doi.org/10.4233/uuid:d279ecab-9136-475a-91fa-f4215dd8b4c5

CREEP OF ALKALI-ACTIVATED SLAG AND FLY ASH CONCRETE
UNVEILING MULTISCALE DYNAMICS

ALBINA KOSTIUCHENKO



CREEP OF ALKALI-ACTIVATED FLY ASH AND SLAG CONCRETE

UNVEILING MULTISCALE DYNAMICS



CREEP OF ALKALI-ACTIVATED FLY ASH AND SLAG CONCRETE

UNVEILING MULTISCALE DYNAMICS

DISSERTATION

for the purpose of obtaining the degree of doctor
at Delft University of Technology
by the authority of the Rector Magnificus Prof.dr.ir. T.H.].]. van der Hagen
chair of the Board for Doctorates
to be defended publicly on
Tuesday 18 June 2024 at 12:30 o'clock

by

ALBINA KOSTIUCHENKO

Master of Science in Applied Physics,
ITMO University, St-Petersburg,
born in St-Petersburg, Russia



This dissertation has been approved by the promotors:
Prof. dr. ir. K. van Breugel

Dr.G.Ye

Composition of the doctoral committee:

Rector Magnificus, chairperson

Prof. dr. ir. K. van Breugel, Delft University of Technology, promotor
Dr. G. Ye, Delft University of Technology, promotor
Independent Members:

Prof. dr. ir. E. Schlangen, Delft University of Technology

Dr. ir. M. Lukovic Delft University of Technology

Prof. dr. K. Kovler Technion, Israel

Prof. dr. ing. F. Dehn KIT, Germany

Prof. dr. ir. M. Hendriks Delft University of Technology

Keywords: alkali-activated materials; concrete creep; slag; fly ash;

visco-elastic properties; creep mechanism; multi-scale research; modelling; EuroCode

Printed by: Ipskamp Printing, The Netherlands
Thesis format by: Albina Kostiuchenko

Cover design: Albina Kostiuchenko

Copyright © 2024 by A. Kostiuchenko

All rights reserved. This copy of the thesis has been supplied on condition that anyone who
consults it is understood to recognize that its copyright rests with its author and that no quotation
from the thesis and no information derived from it may be published without the author’s prior
consent.

An electronic version of this dissertation is available at

http://repository.tudelft.nl/



http://repository.tudelft.nl/




Acknowledgements

I express my sincere appreciation to the Dutch Research Council (NWO-TTW), the
industry partner Cementbouw and Dutch Ministry of Infrastructure and the Environment
(Rijkswaterstaat) for financing the research project, "Shrinkage and creep of geopolymer
concrete, from Lab to construction”, which forms the basis of this thesis.

[ am deeply grateful to my supervisors, Dr. Guang Ye, Dr. Ton van Beek and Prof.dr.ir.
Klaas van Breugel, for entrusting me with this project. Their invaluable guidance,
insightful discussions, unwavering patience, and the independence they afforded me
during the research were instrumental in overcoming challenges and successfully
completing this research.

I express my heartfelt thanks to Dr. Jorge Sanchez Dolado and Dr. Eduardo Duque-
Redondo for their continuous support throughout the work on Molecular dynamics
simulations. Additionally, my gratitude extends to Prof.dr.ir. Erik Schlangen, Dr. Mladena
Lukovi¢ and Dr. Branko Savija for their invaluable teachings and discussions.

[ am thankful to the research project committee members Dr. Sonja Fennis, Dr. Steffen
Griinewald, Dr. Hans Galjaard, Frans Temmermans, Richard Giesen, and Dr. Paul
Schuddeboom, for their insightful discussions and feedback provided during our regular
progress meetings.

My sincere thanks go to the entire staff of the Stevin Lab and the Microlab at TU Delft for
their collaboration and support during the experiments. | am particularly grateful to
Maiko for patiently imparting concrete operation techniques, to Tom for assisting in the
casting and demoulding process, and to Fred and Kees for their expert guidance in setting
up the experimental creep rig and conducting tests. Special appreciation to John and Arjan
for their assistance in the Microlab, and to Iris and Jacqueline for their support with
administrative processes.

[ express my gratitude to my PhD colleagues and visitors, Marija, Boyu, Hongzhi, Yidong,
Yun, Jiayi, Anne Linde, Claudia, Stefan, Luis, and Guilherme, for their support and pleasant
collaboration. I reserve special thanks to Dr. Zhenming Li and Dr. Shizhe Zhang for their
invaluable collaboration and stimulating discussions, extending beyond scientific topics.

Lastly, | am deeply indebted to my family and friends for their enduring encouragement
and unwavering support throughout this journey. Their belief in me has been a constant
source of strength.



Contents

ACKNOWIEAZEIMENTS ... \Y
I E 0 ) L o] (=TT IX
TS o) =1 o] 0 374 = U 0 o PN XII
(04 0T Vo1 7<) ol B 0 0 o 76 10 ot [ ) o PO 13
1.1 GeNETaliii s ——— 13
1.2 Creep and shrinkage measurement in building materials ........cccoounenererneenceneneens 14
1.3 Investigation and modelling of creep 0f AAC ... 16
1.4  Specific features of alkali activated binders.......cnnnnnns 16
1.5  Aim, objectives and strategy of the project......... . 17
1.6 Research scope and methodolOgy ... 18
1.7 ThesSiS OULHNE ..o s 19
Chapter 2 Literature FEVIEW ... ssssessssssesssssssssssssssssssssssssssssssssss s sssssssssssssssesssssaes 21
2.1 INrOAUCHION. . bbb 21
2.2 Alkali activated materials in CONStrUCLION ... 22
072 S & ] 0 ) N 22
2.2.2  MIXEUTE AESIZI coueuerercereerceseeeeseeseeseeeesssssessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnes 23
P00 T 110 Fo0T) 416 U U0 (o) o L3P 26

2.3 Mechanical properties 0f AAC ... sssssesssses 27
2.3.1 Compressive STrENGLN ... 27
2.3.2  Splitting tensile StreNGth.......oe s 28
205 TOS T 01 B T3 0 (0 44 o 16 L0 LT 28

2.4  Time-dependent deformation of concrete - Creep......ensensernesssessesseenns 28
2.4.1 The creep PheNOMENON .....occieiecerrerees it senasnss 28
2.4.2 The origin of creep - Activation energy approach ........ceeneneereenerneeneereeseeseenes 30
R G 08 T3 0 B Lo < 30

2.5  Creep in heterogeneous cement-based SYStEMS........ccocrrereereererreerernesseesessessessessesseenes 31
2.5.1 Proposed creep MecChaniSImsS ... 31
2.5.2 MPS (microprestress solidification) theory ... 32
2.5.3 XMPS (extended microprestress solidification) theory ... 33

2.6 Nano- and molecular scale models Of CTEEP .......cvurerrrreererneerereeneesesee s 33
2.6.1 Nanoscale mechanism Of CONCIEte CrEEP .....ccmrrerrererrernersesrerseesssesessserssssessesssess 33
2.6.2 Molecular dynamic (MD) simulations Of CreEP .....oueereereereereereerersersersessesseesesseens 34

2.7 Creep and ShIINKAZE.....ccoeieerei e sss s ssessssssssas 35



2.7.1  SHIINKAGE STIAIN ..ottt ee et ss st 35

2.7.2  Shrinkage and shrinkage-induced phenomena in cement-based materials .36

2.7.3 Shrinkage in alkali-activated SYStEIMS ... 37
2.7.4 Creep in alkali-activated CONCIEte.......cummrimrninis s 38
2.8  Code-type CreeP MOAELS ....cvererereriericinririeisesessisssess st sssens 42
2.8. 1 EUTOCOAE 2.t ess st 43
2.8.2 MOAEl COAL 2010 c.eueuireerrerreesresseeeesseresssessesssessssssessesssssssssesssessssssessesssssssssssssessssssessssssssnes 44
2.9 L Lo E R ) o 44
2.10  Concluding remMarkKs ... sssssssses 45
Chapter 3 Mechanical properties of alkali-activated concrete.........oovmrnnessssnessensnens 47
1 700 SR 91 oo Yo 10 (ot 1o FO0UT oo OO OO OO OO TP OPPTRTPOON 47
3.2 Materials and Methods. ... 48
3.2.1 Raw materials and miXture deSIgN ......cuerereereereenrereenemreeseeseesessesssssessesssssssssssesseses 48
3.2.2 Specimen preparation and curing CONAitions ... 51
3.2.3 TSt METNOAS .o 53
3.3 ResSuUlts and diSCUSSION ...cceiercercereireereeseissiseesesssssesssesesssssessssss s sssssss st ssssssssssssssssssssssnsans 54
3.3.1 Compressive STrENGLN ... 54
3.3.2  ElQSTIC MOAUIES.... e seeessese s ssss s s s s sssssssns 56
3.3.3 Splitting tensile Strength......... s 58
3.4  Observations and CONCIUSIONS. .....coereereereeseereeneeserseeserssesersssssssessesssssessessssssssssssssssssssssas 60
Chapter 4 Experimental study on creep and free shrinkage of AAC ......cooeenenercenercenennens 61
3 S 01 T L ot () o U0 OO OO 61
4.2 Materials and MethOds. ... ssssnns 62
4.2.1 Materials and specimen Preparation ... 62
4.2.2 Test methods — Shrinkage and Creep ... 63
4.3 ResSults and diSCUSSION ...ceececererreererseeseree e ssssnas 68
4.3.1 Drying ShrinKage....coomeeicesiese s sssseens 68
4.3.2 CreeP tESE TESUILS ... s 72
4.4 Observations and CONCIUSIONS ... ssss s ssssssssns 79
Chapter 5 Creep mechanisms of alkali-activated pastes.......nnnenes 81
5.1 oL 0T 10 ot T ) o VAT OO 81
5.2 Materials and MEthOdS....... st 82
ST S Y U= i =) OO 82
5.2.2 1Y =3 (o o (3O PO 83
5.3 ReSUlts and diSCUSSION ...ttt sssssssns 87



5.3.1  XRD Of AAM PASEES ...ruieierereeeeeeseaeeessessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssass 87

5.3.2  NaNOINAENTATION ..cuceuiecececeeeeeereeeeereesssesssssessssssssssssssss s ssssssss s sssssssssssssssssssssssaes 88
5.3.2 Nitrogen adSOrption tEST.....ore s 91
5.3.3 Mechanical strength vs. POroSity ... 93
5.3.4 D) Yot D 1] () o P 95

54  Observations and CONCIUSIONS. ......corereniereeneereeneeseeseesesseesesssssssssssesssssesssssssss s sssssssssssas 96
Chapter 6 Molecular dynamic simulations of creep of C(-A)-S-H gel.....ccconneorenrenrereennenns 99
0.1  INETOAUCHION oottt bbbttt 99
0.2 METROAS ettt 100
[T/ S Y [0 U=Tod 01 E= ] o o0 ot D) T 100
6.2.2 Computational Methods. ... s 104

6.3 Results and diSCUSSION ...ceeeeeereereererree e ssss e sessesssssesssssenns 106
6.3.1 Role of mean chain length (MCL) on simulated creep .......cooumerererseereneens 106
6.3.2 Role of aluminium-to-silicon (Al/Si) ratio on simulated creep ........covuun 108
6.3.3 Role of interlayer water on simulated Creep ... 109

6.4  Observations and CONCIUSIONS ... sesses s ssssssssssses 110
Chapter 7 Creep MOdelliNg ... sssssesaes 113
7.1 0L 0T L0 ot [ ) o VAT 113
7.2 Theoretical model and activation energy approach. ......ccnenevnnenensessenennnns 114
7.2.1 Theoretical MOAELS ... esnnes 114
7.2.2 Creep modelling using activation energy approach........neneoneneenes 116

7.3 Code-type MOAEIlING. ..o ssases s 118
7.3.1 Eurocode 2 approXimation .......eresmsmensnemessnesssssssesssssssssssssssssssssssssssssssssssssans 118
7.3.2 Proposed modifications of EC2 creep model for AAC .......coonenreenerneessesennens 121

W% S 010 0 1od 11 13 10) -3 OO 125
Chapter 8 Conclusions and recOmMMmMENAations ... sssssssssssssssssssss 127
8.1 RetrOSPECHION ... ——————— 127
8.2  Conclusions and recOMMENdations ... sesessesssesessessessessessessessees 130
8.3 FUItET T@SEAICH ...ttt 132

R (=) (=) 8 Lol TP 135
N 000000 U oS 151
SAMENVATEING ..oocvercecrce e 153
F D 2 D T D)L 157
CURRICULUM VITAE ...rirtiseeseeseessesessessessesssss st ssssssssssssssssssssessssssssssssssssssassssessssssssssssssssssasessssanes 159

VIII



List of variables

Roman lower case letters

b porosity constant
dso the particle size [um]
f strength of the material [MPa]
fo compressive strength [MPa]
for the intrinsic strength of non-porous material [MPa]
fem compressive strength of concrete [MPa]
fsp splitting strength [MPa]
ho the fictitious thickness of concrete member [mm]
k the Boltzmann constant [J/K]
n(B/F) power factor depended on the precursor ratio [-]
no material constant [-]

porosity of the material [%]
p* proportionality factor [-]
po the hypothetical value of capillary porosity [%]
t the duration of the test [days]
t’ the age of concrete when the sustained load is applied [days]
to characteristic time of the shrinkage function [days]
to* the characteristic time of creep coefficient function [days]
to’ the characteristic time of creep strain function [days]
u the perimeter of the concrete member in contact

with the atmosphere [mm] [mm]

Roman capital case letters

1/C the simulated creep constant [GPa1]

A the cross-sectional area of concrete sample [mm?]
A* the pre-exponent factor in activation [mol-1s-1]
B strength constant [MPa]

B’ fitting parameter [-]

B” fitting parameter [-]

C the empirical ageing factor

IX



E elastic modulus [GPa]

E2sd the 28 days elastic modulus [GPa]

Eci the elastic modulus measured during the creep tests  [GPa]

Ei the elastic properties of the diamond nanoindenter [GPa]

G shear modulus [GPa]

J(tt) creep compliance function at time ¢t induced by a unit stress o
acting from time ¢’

K bulk modulus [GPa]

L(t) the length of the concrete specimen (prism) [mm]

Ly length of the concrete specimen at the start of the test [mm)]

N the number loading cycles [-]

No characteristic ‘time’ (specific number of loading cycles) [-]

Na the Avogadro constant [mol-1]

Q activation energy [K]]

R the gas constant [J-K-1-mol-1]

SBET the specific surface area [mm?]

T temperature [K]

Greek lower case letters

o1, 02, 03 parameters calculated from the compressive strength fem
B(t) creep coefficient factor related the age of concrete

at time of loading to [-]
B(fem) creep coefficient factor related to

the compressive strength of concrete [-]
Be(tt) factor that describes the development of creep with time
Bu a creep coefficient factor related to

the relative humidity RH [days]
Bru the factor depending on the relative humidity [-]
Y unit-cell angle [°]
g(N) creep deformation (modelling) [-]
g(tt) the total measured strain [-]
£0 the ultimate value of shrinkage strain [-]
el the (initial) elastic strain [-]
Eci the instantaneous elastic strain observed

in the creep tests [-]
esn(t, th) the free shrinkage strain of a concrete specimen [-]

X



(P0,AAC

Pru

o, 00

instantaneous strain

basic creep strain

the total shrinkage strain

basic creep coefficient

ultimate creep coefficient

the notional creep coefficient

the AAC creep coefficient factor

the factor for the effect of relative humidity RH
Poisson’s ratio

applied stress

the shear stress

XI



List of abbreviations

AAC

AAM

ACI

ASTM

BET model
BJH model
CASH/C-A-S-H
CSH/C-S-H

EC

ESEM

FA

FF
GGBFS/GBFS/BFS
GULP

HD- /LD-gel
IR analysis
LAMMPS

1/b

MCL

MD

MIP

MC2010
NASH/N-A-S-H
NMR spectroscopy
OPC/PC

PBC

RH

RILEM

XMPS/MPS theory
XRD
XRF

alkali-activated concrete

alkali-activated materials

American Concrete Institute

American Society for Testing and Materials
Brunauer-Emmet-Teller model
Barret-Joyner-Halenda model

calcium aluminosilicate hydrate

calcium silicate hydrate

Eurocode

environmental scanning electron microscope
fly ash

force field

ground granulated blast furnace slag

General Utility Lattice Program

high density/low density gel

infrared analysis

Large-scale Atomic/Molecular Massively Parallel
Simulator

liquid-to-binder ratio

mean chain length

molecular dynamics

mercury intrusion porosimetry

the fib Model Code 2010

sodium aluminosilicate hydrate

nuclear magnetic resonance spectroscopy
(ordinary) Portland cement

periodic boundary conditions

relative humidity

Reunion Internationale des Laboratoires et Experts
des Materiaux

(extended) micro-prestress solidification theory
X-ray diffraction

X-ray fluorescence

XII



Chapter 1

Introduction

1.1 General

In 2019 the European Commission presented The European Green Deal - a roadmap for
making the EU's economy sustainable by turning climate and environmental challenges
into opportunities across all policy areas and with an aim of turning Europe into the first
climate-neutral continent by 2050 [1]. The industry of construction materials has been
forced to mitigate the environmental impact of concrete production. This includes not
only better performance of products, but also replacement of traditional ordinary
Portland cement (OPC) with low-clinker cement and innovative binders made of locally
available materials. In many industrial regions, particularly those recognized for their
steel production and coal-fired power generation, alkali-activated materials (AAM) made
from industrial by-products have emerged as a very promising contribution to the
development of such a new generation of construction materials [2].

The chemical reaction between a solid aluminosilicate precursor and an alkaline activator
is well known and has already been applied for a long time. The first mention of "slag-
soda based cement" refers to 1895 [3]. Purdon registered the first patent of clinker-free
cement consisting of slag and sodium hydroxide in 1940 [4]. The intensive research from
1957 [5] till now made tremendous progress in understanding and controlling
engineering properties of AAM [6]. The accumulated experience has created appealing
premises for applying alkali-activated concrete (AAC) in construction practice. Modern
AAC mixtures show excellent engineering performance and leave much lower carbon
trace compared to OPC concrete [7].

Despite its various advantages, AAC is still far from widespread in the market. The
introduction of any new construction material requires full certification based on
confirmed and reproducible mechanical testing results. Presently, the current version of
EuroCode 2 (EN 1995-1-1) [8] does not offer special recommendation for AAC usage.
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Furthermore, producers continue to face a lack of experimental data and reliable
predictive models concerning the long-term mechanical properties related to volume and
shape stability, in particular creep and shrinkage phenomena.

Creep and shrinkage are an issue for ensuring the durability and long-term serviceability
of concrete structures. These strains can cause non-negligible deflections in bridges,
intolerable shortening of structural elements, surface cracking, and subsequent fracture
leading to water penetration and corrosion of reinforcement. Additionally, creep and
shrinkage can compromise structural safety by inducing prestressing force losses or
stress redistribution, potentially resulting in fracture and loss of structural integrity. For
instance, the tragedy of Koror-Babeldaob Bridge in Palau in 1996 was most likely
triggered by creep-induced buckling [9].

This study is meant to contribute to the construction industry’s acceptance of locally
sourced AAC. The thesis seeks to advance the current knowledge about concrete creep,
analyze the distinctive features of AAC, and propose a model for predicting the long-term
creep in AAC.

1.2 Creep and shrinkage measurement in building materials

Creep is defined as the increasing deformation of structures under the influence of any
sort of sustained loading - tension, bending, compression (Figure 1.1). Creep
deformations continue to develop even after several years of operation of the structure.
The creep that occurs at constant temperature and moisture content of concrete is called
basic creep. Simultaneous drying causes additional creep, called the drying creep (or
Pickett effect)[10, 124].

Shrinkage also includes a time dependent deformation, which reduces the volume of
concrete, without the presence of external forces. Free shrinkage is considered to be the
sum of autogenous shrinkage and drying shrinkage. Autogenous shrinkage of cement-
based systems occurs mainly due to the reaction process during the first weeks after
casting and continue up to several months due to creep and self-desiccation [11, 89, 250,
251]. In contrast, drying shrinkage and/or swelling are the result of moisture exchange
with the environment [11, 121, 252].

The measured total deformation g(t,t’) of a concrete sample under sustained compressive
loading, constant temperature and relative humidity conditions can be divided into three
linear components: creep strain €c(t,t’) from the time of loading t' until time t, the total
shrinkage strain ecs(t,t’), and the instantaneous elastic deformation €ei(t’) at the time of
application of the load. In formula form:

Ecc(t,t') = E(t,t') - Scs(t,t’) - Sel(t,) (11)

14



1 Eel

Ecc + Ecs
time, to tlme t I

initial stage elastic strain time-dependent strain

—

Strain

&, - elastic strain

t' Time

Figure 1.1 Compression creep phenomena illustration. €.(t’) stands for the instantaneous elastic
deformation at the time of application of the load, &..(t,t’) is the creep strain from time of loading t'
until time moment t, s(t,t’) is the total shrinkage strain.

The magnitude of creep is normally described using the creep coefficient ¢(t,t’) and the
creep compliance function J(t’t). The creep coefficient ¢ is the creep strain relative to the
initial elastic strain:

Scc(tt)
P(t,1) =5 (1.2)

The value of creep compliance function J(t,t’) is defined as the sum of elastic and creep
strains at time t induced by a unit stress o acting from time t’. For t > t’ it holds (if t<t”
the value of ] must be zero)[10]:

](t, tl) — Scc(t:t');'sel(t') (13)

The creep strain of the tested concrete mixture can be influenced by many factors, such
as shape and size of the samples, ratio between compressive strength and applied load,
concrete age at time of loading, curing conditions and time, temperature, relative
humidity, etc.

15



1.3 Investigation and modelling of creep of AAC

Concrete creep is an extremely broad and complex research topic. Creep mechanisms are
still incompletely explored, even after centuries of investigations. Most researchers agree
that one of the reasons of concrete creep is the viscoelasticity of the cement paste in the
concrete. This assumption, supported by accumulated experimental data, enabled the
development of fundamental theories of basic creep and the formulation of various
models.

In all modern creep theories a relationship between material structure and time
dependent behaviour is assumed. In fact, however, the heterogeneous and hierarchical
structure of cement-based materials makes concrete creep a multiscale phenomenon,
governed by several concurrent mechanisms, such as solidification, grain sliding,
dissolution-precipitation, etc. The chemical composition and specific features of the
structure of alkali-activated binders imply distinct thermodynamics and kinetics of creep
mechanisms, which are not described yet.

The description of each individual mechanism that may contribute to the total creep
strain and the kinetics in a single model is extremely complicated. A practical creep
prediction model should be simple enough for analysing structural problems. However,
theoretical models offer many advantages in terms of physics involved and serve as an
essential background for the formulation of a more accurate predictive model.

1.4 Specific features of alkali activated binders

AAMs are obtained by the chemical reaction between reactive aluminosilicate materials
(precursors) and an alkaline activator. AAMs were chosen as a possible alternative for
OPC in some applications because of many advantages: short setting time, high
compressive strength, high fire and acid attack resistance [12, 20, 22].

Unlike hydrated OPC, which primarily forms C-S-H (CaO-SiO2-H20) gel as its main
hydration product, alkali-activated materials yield a wide range of reaction products.
Typical reaction product of aluminosilicate precursors with high calcium content is C-(A)-
S-H (Ca0-(Al203)-Si02-H20) gel, while a low calcium content generates N-A-S-H gel (Naz0-
Al203-Si02-H20) with a pseudo-zeolitic structure (Figure 1.2). The reaction products of a
blended system are more complicated. Moreover, the microstructure, morphology and
properties of the particular AAC depend on the type of precursor, the amount and
concentration of the alkaline solution used for the activator, and the curing temperature.
Differences in the structure of reaction product may result in differences in the time
dependent behaviour.

16
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(a) C-S-H gel structure (b) N-A-S-H gel structure (pseudo-zeolitic)

Figure 1.2 Schematic illustration of (a) C-S-H gel structure and (b) N-A-S-H gel structure. Captured
from [13].

1.5 Aim, objectives and strategy of the project

The aim of this project is to investigate the shape stability (i.e., creep) of AAC: to clarify
creep mechanisms in AAC and to develop recommendations for a creep prediction model
for AAC.

In order to reach this aim the following three tasks were defined (Figure 1.3):
1. Measuring creep of alkali-activated concrete.

Creep tests on concrete specimens were performed in accordance with the standard
recommendations [14]. In order to study various influencing factors, the nature and
type of precursors, curing conditions and age of samples were considered. The
correlations between the influencing factors and creep strains were analysed
qualitatively and quantitatively. The results were compared with the results for
ordinary concrete of the same strength class.

2. Investigation of creep mechanisms in alkali-activated paste.

For investigating the mechanisms behind the creep in alkali-activated paste, nano- and
microscale analyses were performed: molecular dynamics simulations,
characterization of main reaction products by X-ray diffraction (XRD),
nanoindentation, porosity measurement by nitrogen adsorption. New insights should
be gained about the governing mechanisms of creep in AAC based on the obtained
data.

3. Formulation of a creep model for AAC.

An engineering model for the creep coefficient of AAC will be developed similar to
existing models for OPC concrete, taking into account influencing factors and the
fundamental material phenomena of AAC.

17



2. Theoretical and
experimental
investigations of
creep mechanisms

1. Data
accumulation and
trends analysis

3. Creep model
for AAC

Figure 1.3 lllustration of the project strategy - schematic.

1.6 Research scope and methodology

This study involves the use of both scientific and engineering research methods, as well
as experimental and theoretical approaches. For the experimental research, we chose
typical precursors, viz.: granulated blast furnace slag (GBFS) and fly ash (FA). Sodium
hydroxide and sodium silicate solutions were used as activator. The mixture design of the
binders studied in this thesis was developed by Nedeljkovi¢ [15].

This thesis focuses on investigating and multiscale modelling of the creep process in
alkali-activated construction materials. The material behaviour was investigated from the
molecular scale (the reaction products level) to the microscale processes (on the paste
level) and then to the macroscale (on the concrete level).

The molecular scale simulations were focused on the creep behaviour of the main
crystalline reaction products: C-S-H and C-A-S-H structures. The effects of water
molecules and Al atoms within the molecular structure were considered.

With the microscale tests the evolution of the microstructure and elastic properties of
alkali-activated binder as a function of the precursors’ ratio were investigated.

The macroscale tests aimed to measure the evolution of mechanical properties and long-
term creep deformation. The experiments were performed under isothermal conditions.
The load level during creep tests was set at no more than 40% of compressive strength at
28 days of age, and measurements were performed for one year or more after loading.

18



1.7

Thesis outline

The chapters are organized according to the project strategy.

The thesis begins with a review of existing theories about creep in concrete (Chapter 2).
The text that follows is divided into six chapters:

Chapters 3 and 4 report the results of tests on mechanical properties and creep
and drying shrinkage tests on the selected alkali-activated concrete mixtures.
Tests on mechanical properties concern compressive, tensile splitting strength
and elastic modulus on the concrete samples of different ages. The results were
used for analysis of the influence on creep of the main affecting factors -
precursors’ composition and curing conditions.

Chapter 5 summarizes the findings of the microscale experimental investigation of
the creep mechanism of alkali-activated binder. The nanoindentation, nitrogen
adsorption and XRD technique were used to measure mechanical properties and
porosity of alkali-activated pastes.

Chapter 6 deals with the investigation of the creep phenomenon on the molecular
scale. Molecular dynamic simulations of main reaction products of slag-based AAC
- C-S-H and C-A-S-H gels - were performed to study the presumed origin of creep
at the molecular scale.

Chapter 7 is dedicated to the modelling of the creep behaviour and formulation of
the creep model for AAC.

The final Chapter 8 summarizes the research results, gives the conclusions and
some recommendations for the EuroCode 2 standards and application of AAC.
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Chapter 2

Literature review

2.1 Introduction

Time-dependent deformation in concrete structures, such as those due to creep and
shrinkage, are hard to avoid. Creep deformations naturally occur under stress generated
by permanent loads, such as the dead load of a structure. Creep strains can trigger changes
in the stress state and redistribution of initial stresses [10, 121, 125]. The altered stress
state may reach a critical level, threatening the integrity of the structure. Stress-induced
cracks often occur, leading to mechanical damage of structures. Similar problems appear
in bridges. A significant number of bridges showing long-term excessive deflections were
documented in the RILEM data bank established by RILEM Committee TC-Multi-Decade
Creep [16]. The particularly remarkable case was the deflection of Koror-Babeldaob (KB)
Bridge in Palau, which collapsed in 1996, probably as a consequence of creep [16, 17].

These examples of the consequences of creep raise the question how to ensure the long-
term serviceability of structures. The conventional method of predicting the long-term
mechanical behaviour of a structure involves the use of design codes such as the
EuroCodes. EuroCodes specify structural design requirements in the European Union.
These codes incorporate models of time-dependent phenomena, including creep. As
mentioned in Chapter 1, EuroCode 2 (EC 2) describes creep of concrete using a creep
coefficient, which is a function of time and age of the concrete at the moment of loading,
taking into account a number of input parameters: temperature, humidity, cross-section
area, and compressive strength of the concrete mixture at the age of 28 days [8]. However,
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EC 2 was developed for OPC concrete and cannot be applied to any other material without
adjustments. The use of EuroCode 2 for AAC without adjustment may lead to
overestimation or underestimation of observed creep strains depending on the mixture
design [18].

This chapter aims to review the most recent research findings on concrete creep with the
certain focus on the differences of creep in AAC and OPC concrete to clarify the
mechanisms of creep in AAC. The following information highlights recent scientific results
regarding mixture design, reaction products, microstructure and mechanical properties
of AAM applicable in structural design. The literature survey is considered
comprehensive enough for serving as the current state-of-the-art on the time-dependent
behaviour of AAC.

2.2 Alkali activated materials in construction

2.2.1 History

Ancient concrete structures preserved up to the present, which thus have demonstrated
excellent durability, were found to contain alkali metal compounds in their cement
composition [19, 20]. Unfortunately, the precise recipes of these concrete mixtures have
been lost over time. The earliest documented data on a binder mixture containing highly
alkaline components, such as granulated blast furnace slag, slaked lime and caustic soda,
date from 1895 [3]. Later in the 1900s, H. Kiihl presented studies on mixtures of ground
slag and a solution of caustic potash [21], and in 1940, A. Purdon published the first
extensive laboratory research on cements without OPC clinker, consisting of slag and
alkali solution [4].

These preliminary studies inspired Victor Glukhovsky in the 1950s to formulate the
hypothesis that compounds of the elements of the first group of the periodic table (alkali
metals: Li, Na, K, Rb, Cs) have hydraulic binding properties similar to those of the elements
of the second group alkaline (earth metals: Mg, Ca, Sr, Ba) [5]. This hypothesis became a
significant step towards the modern scientific approach to alkali-activated materials
(AAM). More recent experimental observations [22] have shown that alkali metal
hydroxides and salts of alkali metals interact with clay minerals and aluminosilicate
glasses to form water-resistant alkaline and alkaline-earth aluminosilicate hydration
products that resemble natural minerals of zeolite and micac.

In the late 1970s, the French chemical engineer Joseph Davidovits reignited interest in
this area by developing alkali-activated binders based on metakaolin, and coined the term
“geopolymer” for his products [23]. The high early-age strength that can be achieved by
certain combinations of alkali-activation chemistry has drawn interest from the industry,
and researchers around the world have developed more detailed scientific foundations
for understanding alkali-activation technology [6, 10, 20, 24-30].

Alkali-activated concrete (AAC) is similar to OPC concrete in terms of production process
and testing methods, but it also has an essential difference - the replacement of the cement
hydration with the alkali activation. In other words, instead of mixing cement with water,

22



a solid aluminosilicate (the ‘precursor’) is mixed with an alkali solution (‘activator’)
(Figure 2.1) [6]. Different precursors and activators in various proportion have been
tested to optimize the material design [6]. The concrete mixture must be sufficiently
workable, while also achieving the required strength within 7 days after casting.
Moreover, the long-term mechanical properties and durability of the concrete mixtures
must meet standard requirements and norms. For application in the construction
industry certain conditions also have to be met, such as the local availability of raw
materials in sufficient quantities and acceptable levels of pH of the activation solution.
Consequently, the list of raw materials suitable for construction purposes is relatively
short, but researchers continue to explore new solutions in this area [31].

Aluminosilicate Powder

Alkaline Solution ™7 Metakaolin

KOH/NaOH ( A +

Na,Si0./K,Si0;

—
D |-
, _ ‘ N sl
T o
Fly Ash A Alkali-activated

material

Slag

Figure 2.1 Schematic representation of AAM synthesis. Mixing of alkaline solution (activator) and
aluminosilicate powder (precursor). Captured from Falah et al.[32].

2.2.2 Mixture design

2.2.2.1 Precursors

AAC mixtures are classified into two main groups, based on the calcium content in the
precursors [12]:

1. High-calcium (Ca) precursors with a Ca/(Si+Al) molar ratio of approximately 1 or
greater.

These materials typically contain calcium and aluminum oxides. The most common
Ca-rich precursor is slag, which is a non-metallic spin-off material produced during
the production of steel [25]. The chemistry and particle size distribution of slag can
vary depending on the type and quality of ore [33], [34]. BFS consists essentially of
silicates, aluminosilicates and calcium-alumina-silicates. Nedeljkovic [35] showed
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favourable use of high-Ca precursors at a moderately alkaline pH and curing the
specimens at ambient temperature.

2. Low Ca precursors with Ca/(Si+Al) ratio lower than 1.

These materials do contain low amount (below 10%) of calcium oxide, but instead
contain a high amount of aluminosilicates. They are known as geopolymers,
geocements or polysialates [36]. The mineralogical structure of the reaction products
is similar to zeolites. The most common materials of this class for construction
application are metakaolin and fly ash [12].

Metakaolin is a dehydroxylated form of the clay mineral kaolinite produced by controlled
thermal treatment of kaolinitic clay at temperatures between 500 °C and 900 °C [37]. The
notable use of metakaolin is due to its high reactivity [38] and low CO2z-emissions during
the production process of the binder [34]. However, Kuenzel [39] showed that a high
aluminium oxide (Al203) content leads to high shrinkage. Another disadvantage is its
price, which is usually higher than that of other industrial by-products, such as fly ash
[40].

Fly ash (FA) is a by-product of burning coal in thermoelectric power generation. It mainly
consists of fine spherical aluminosilicate particles (<1-100um) containing aluminum,
silicon, calcium, iron, magnesium chemical components, and carbon wastes [22, 23, 41].
Class F (Ca0 <7.5%) FA in ASTM C618 or Class V (CaO <10%) in EN 450-1 is an often
recommended raw material for synthesizing geopolymers because of its low price and
attractive morphology [42, 51]. However, fly ash has extremely low reactivity at ambient
temperature and therefore requires high-temperature curing, which consumes a lot of
energy (see Section 2.2.3).

2.2.2.2 Activator
The second component of the alkali activation reaction is the alkaline solution (activator).

Alkaline activation is a chemical reaction that occurs when precursors (FA, GGBFS) are
mixed with alkaline components (activators). The alkaline activator is commonly based
on a compound of very active elements of the first or the second group in the periodic
system (Na, K, Ca) [15]. The mechanism of alkaline activation starts with breaking of Si-
0-Al bonds of the three-dimensional alumina-silicate network of SiOs and AlO4
tetrahedrons in a strong alkaline environment (pH value above 13) [15]. The type and
alkalinity of the activator greatly influence the microstructure of the solidified paste [12].

In his review, Krivenko [25] reported an extensive array of potential activators. However,
more recent findings by Provis and Bernal [12] have shown that coupled alkaline
activators consisting of sodium hydroxide solution (NaOH) and sodium silicate (Na2SiO3)
are the most versatile. These activators are very efficient in activating both precursors
with high and low calcium content.

2.2.2.3 Reaction products

The dependence of the composition and structure of reaction products on the chemistry
and proportion of the precursors and activator used has also been subject of many studies
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[12, 43, 44]. It has been shown that the use of NaOH solution resulted in products with
higher Ca/Si ratio and a more pronounced crystallinity of the structure than the gel
formed in reactions with sodium silicate hydrates [45].

The main reaction products of hardened pastes made from Ca-rich precursors
(Ca0>10%) were found to be similar to those in OPC: mainly C-S-H and C-A-S-H gels [46-
50]. Figure 2.2 illustrates the C-A-S-H gel structure [48]. Similar to C-S-H gel, the C-A-S-H
gel structure consists of layers of silicate chains linked tetrahedrically with a Dreierketten
structure. The interlayer region contains Ca2* cations, alkalis and water. The water is
chemically incorporated into the gel structure. Al3* replaces Si#** in the bridging sites [49].
Accordingly, OH- groups and alkaline cations balance the generated net negative charge
[50].
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Figure 2.2 lllustration of molecular scale tobermorite-like C-A-S-H gel structure.
Captured from [48].

chains

Davidovits [51] described the reaction between low-Ca precursors, such as fly ash, and
alkali solution, and called it geopolymerization, which is different from the hydration of
OPC. The main reaction product of fly ash geopolymerization is a sodium aluminosilicate
hydrate, i.e. N-A-S-H. In general, the structure looks like the three-dimensional network
of Si04- and AlO4- tetrahedrons sharing the oxygen atoms [52, 53] (Figure 2.3). The final
configuration of the N-A-S-H gel was found to depend on the particular activator and
curing conditions [43, 54].
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Figure 2.3 Molecular scale geopolymer structure with Na-polysialate. Na-poly(sialates) consist of
an amorphous network of tetrahedral SiO4 and tetrahedral AlO,bonded with Na* ions. Captured
from [53].

In most cases, the concrete mixture contains two or more types of precursors to achieve
the desired properties. Many studies have been devoted to investigating the gel formation
and structure of pastes made from mixtures of blast furnace slag, fly ash and metakaoline
in different proportions [52, 55, 56]. Figure 2.4 shows a ternary diagram of alkali-
activated gels as a function of the relative content of Ca0, SiO2 and Al20s.
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N-A-5-(H)-type gel
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/
/
7
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Figure 2.4 Ternary diagram with the elements CaO0, SiOz and Al;03, and the gels formed in the
alkali-activated reaction. Captured from [41] with reference to Ismail et al [52].

2.2.3 Curing conditions

After casting, fresh concrete is exposed to prevailing curing conditions. Concrete curing
implies maintaining a pre-defined environment (temperature and relative humidity) to
ensure desired evolution of the reaction process at early ages. The concrete surface may
be sealed with a plastic film (or by other means) to create a physical barrier to
evaporation of moisture from the hardening mixture; or left exposed to free moisture
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exchange with the environment. The curing period may vary from several hours to several
days. Inappropriate curing conditions may result in carbonation at the concrete surface
at a very early stage [57, 58], leading to a decrease of mechanical properties and
durability.

The low-calcium alkali-activated pastes harden slowly at ambient temperature. Several
studies [15, 28, 59] stated that curing at elevated temperature is necessary for fly ash-
based AAC to achieve sufficient reaction rates and mechanical strength development.

Collins et al. [60] and some other research groups [61, 62] investigated the effect of the
type of curing on the strength of alkali-activated slag-based concrete. The authors
reported that concrete or paste exposed to air curing (RH$80%), compared to sealed
curing at the same temperature and during the same period of time, resulted in a coarser
pore size distribution in the material, microcracking of the specimens and a decrease of
the compressive strength.

2.3 Mechanical properties of AAC

2.3.1 Compressive strength

Among other mechanical properties, the compressive strength is the most frequently
used one by researchers and engineers, as it determines the class of concrete and has
often been used as a key parameter for estimating various properties of the concrete. The
compressive strength depends on several factors, such as the type and fineness of the
aggregates, the liquid-to-binder ratio, reaction products and curing regime [63, 64, 65].

Slag-based AAC has very high early-age strength and rapid strength development
compared to OPC concrete. Deng et al. [66] outlines that the 1-day compressive strength
can reach 60 MPa and the 1 year compressive strength can exceed 100 MPa.

However, slag-based concrete is sensitive to curing conditions. Collins et al. [60] reported
that the compressive strength of slag-based AAC specimens subjected to bath (moist)
curing continued to increase until 400 days, whereas the same specimens sealed with
plastic film gained little strength, even after 91 days. Specimens subjected to bath curing
showed visible microcracking and strength reduction after exposure to ambient
conditions (23 °C and 50% RH).

Many studies have shown that partial replacement of slag by fly ash results in a lower
compressive strength [67, 68]. The experimental results obtained by Nedeljkovic [15]
showed that the 28-day compressive strength decreased from 85 MPa to 58 MPa as the
replacement ratio of slag with fly ash increased from 30% to 70%. This difference in
strength with the replacement of slag by fly ash is attributed to the low reactivity of FA
and a consequently slower formation of reaction products. The hollow unreacted
particles of FA create pores in the microstructure due to its too slow precipitation of
reaction products to fill the hollow space [52, 67].
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2.3.2 Splitting tensile strength

The splitting (tensile) strength is another mechanical property of the concrete used in
structural design. The splitting strength can be measured by a splitting tensile test.
However, often the splitting strength is estimated through the relationship with the
compressive strength fo [62, 63, 69]. The EuroCode 2 estimates the splitting strength fsp
with the formula f;p = 0.33*%fp066(6). The ACI building code 318 proposes the linear
relationship with the square root of the compressive strength fsp = 0.55*f,05.

Studies show both underestimation and overestimation of the splitting strength of alkali-
activated slag-based concrete by the code-type models [62, 69]. Sofi et al. [70] found that
the measured splitting tensile strength of slag-fly ash based concrete was overestimated
by the ACI Building Code 318. They proposed that a more accurate prediction could be
achieved by establishing a relationship with a lower coefficient of proportionality: fs =
0.48*fo%-5. Similar results with correction of the coefficient of proportionality to 0.45 were
found by Lee and Lee [26]: fsp = 0.45%f005.

2.3.3 Elastic modulus

The elastic modulus of concrete is an important parameter for describing the elastic and
viscoelastic properties of material. The E-modulus is determined by the microstructure
and chemical composition of the binder [63], and is also affected by the type and amount
of the coarse aggregate in concrete [71].

Several studies have reported values of the elastic modulus of slag-based AAC [72, 73].
The E-modulus at 28 days was in the same order of magnitude as that of OPC concrete:
15-40 GPa [52]. Some studies, however, reported the modulus of elasticity of slag-based
AAC to be marginally lower than that of OPC concrete [60].

Fly ash-based AAC exhibit lower elastic modulus than slag-based AAC [65, 74]. This can
be simply explained by the porous microstructure of the binder and mechanical
properties of the gels: the Young’s modulus of C-S-H and C-A-S-H of the alkali-activated
slag is much higher than that of the N-A-S-H gel formed from alkali-activated fly ash [75,
76]. Hence, the partial replacement of slag with fly ash in the concrete mix design also
reduces the resulting modulus of elasticity. Prinsse et al. [77] found that blending slag
with 50% fly ash reduced the 28-days modulus of elasticity of concrete by almost 15%.

2.4 Time-dependent deformation of concrete - Creep

2.4.1 The creep phenomenon

On loading concrete does not only exhibit a direct elastic deformation, but on top of that
also a time-dependent deformation, known as creep (Figure 2.5).

Creep has three stages, defined according to the creep rate: primary, secondary and
tertiary creep (Figure 2.6) [10]. Primary creep starts rapidly with high strain rate that
decreases with time. Secondary creep progresses at a constant low rate. Tertiary creep is
characterized by an accelerated rate of deformation, which terminates when the material
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fails (breaks or ruptures). The period until transition into the tertiary stage is very long

and does generally not take place during a normal creep tests.

Creep is a fundamental property of concrete that characterizes its capacity to undergo
deformation under a constant load over a long period of time. The creep that occurs at
constant moisture content of concrete is called basic creep. For stress levels (up to 40% of
the strength) and at constant moisture content, creep depends linearly on the applied
stress oo and can be explained by linear viscoelasticity of the binder [8, 10, 181, 182, 253].

loading

tl

Figure 2.5 Schematic of evolution of basic creep strain with time. o - loading, €. the instantaneous
elastic deformation at the time of application of the load t', .. is the creep strain from time t'.
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Figure 2.6 Schematic illustration of the creep stages from the time moment t’ (including initial

elastic strain &.y).
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2.4.2 The origin of creep - Activation energy approach

In 1889 Arrhenius proposed that certain reactions or processes must be supplied with
activation energy in order to proceed [78]. This concept has been applied to describe the
time-dependent behaviour of numerous materials, including creep in concrete. It has
been postulated that numerous 'centres' at which activation processes occur exist within
creeping material [79, 80]. One of the major advantages of this approach is that it does
not require the detailed information about the material structure. ‘Centres’ need only be
thought of as regions within a specimen where transformation of the material into a more
stable configuration occurs, in other words, where the reduction of stress occurs, which
leads to creep strain after overcoming an energy barrier (activation energy Q) (Figure
2.7).

Applied stress

AU - potential
of applied
stress

Energy
barrier

»  Process progress

Figure 2.7 Energy landscape of a particular ‘centre’ with two states. In basal conditions, the states
are separated by an energy barrier of height (Q). When an external stress (o) is applied the energy
barrier is lowered from (Q) to (Q-AU).

The description of this process as a function of time, ¢, can vary depending on how the
stress is distributed within the material and how it evolves. The simplest case is an
exponential decay law expressed as:

fe(®) o< exp (—+) 21)

where fi(t) is a time-dependent function and t is known as the characteristic time. This
approach can be used to describe both stress relaxation and creep strain evolution [81,
106].

2.4.3 Creeprate

Many empirical functions have been proposed to fit experimental data of creep evolution
[82, 83]. The starting point is the assumption that the creep rate can be described through
multiplication of two separate functions of applied stress and ambient temperature.
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Ecr = fo(ao)fT(T) (2.2)

The widely used functions of stress are power law [79], power law including the creep
limit [84], exponential law [85], and hyperbolic sine law [86]. For low stress values the
stress function can be described by the linear dependence on the stress [87]:

fo(a0) = €& Z_Z (2.3)

where &, and no are material constants, that can be experimentally obtained from creep
tests.

The dependence on the temperature is usually expressed by the Arrhenius law:

fr(T) = exp[-Q/kT] (2.4)

where Q and k denote the activation energy and the Boltzmann constant, respectively.

2.5 Creep in heterogeneous cement-based systems

2.5.1 Proposed creep mechanisms

Various mechanisms have been adopted for explaining the time-dependent behaviour of
heterogeneous systems, such as concrete [88-90]. Currently, however, there is no single
comprehensive theory that can unify and define the relationship between these different
mechanisms operating simultaneously or sequentially. Bazant [88] mentioned 7
mechanisms causing or influencing concrete creep:

Plastic flow.

Consolidation theory.

Load-bearing hindered adsorbed water.

Bond breakage in slip and its reformation.

Nonlinear deformations and cracking as a contribution to Pickett effect.

Solidification theory for short-term aging [91].

Microprestress of creep sites in cement gel microstructure, causing the Pickett effect
and long-term aging [92].

N s wh

The heterogeneous structure of concrete leads to complex stress and strain distributions
throughout its volume. At different locations within a concrete body different
mechanisms with different kinetics may be dominant. When subjected to an external load,
however, the concrete responds macroscopically as a single system, and the resulting
evolution of strain can be monitored and can generally be described by an exponential
law.

The last two mechanisms from the list above are sufficient in most cases to adequately
describe most of the experimental measurement of creep in hardening concrete [88].
These two mechanisms became the foundation of the micro-prestress solidification (MPS)
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theory of creep [92]. The MPS theory gave satisfactory predictions of the long-term creep
of concrete [93]. The studies of Vandamme et al. [94] and Sinko et al. [95, 96] allowed to
develop the extended MPS (XMPS) [97], which further improved the reproduction of the
creep process.

2.5.2 MPS (microprestress solidification) theory

The ideas on microstructure evolution that anticipated microprestress-solidification
(MPS) theory were firstly suggested by Ghosh in 1971 [98, 99]. Later, BaZant proposed
the hypothesis on concrete aging [100, 101] and formulated a solidification theory [91,
102]. The solidification theory of concrete creep is a fundamental concept in the study of
the long-term behaviour of concrete. The solidification theory reflects the hydration
process of OPC concrete, which leads to the formation of new gel layers in the pores. It is
assumed that the mechanism of creep of solidifying gel is non-aging viscoelasticity.

MPS theory [92] is an extension of the above-mentioned solidification theory. According
to the MPS theory the microprestress is caused by high local shrinkage, and suggests that
locally acting stresses within the material, known as microprestresses, can relax over time
due to a process called viscous shear slip. This occurs when opposite walls of nanopores
in the concrete slide pass each other, breaking the bonds or bridges that cross these pores
and form them again in a slightly different arrangement.

To simplify mathematical description, the total strain € of concrete under the sustained
stress o can be expressed as the sum of the instantaneous strain €a, the viscoelastic strain
gv, the purely viscous strain €r, the shrinkage strain esh, and the thermal strain er. Thus,
the total strain can be expressed as [92]: € = €a + €v + €f + €sh + €T. In this way the separation
of solidification and microprestress greatly simplifies the related rheological model of
creep, which is illustrated in Figure 2.8. The instantaneous strain is modelled by the
elastic element, the viscoelastic strain (solidification) is modelled by a series of Kelvin-
Voigt elements. The purely viscous strain is modelled by an aging dashpot, the flow
(purely viscous) strain is modelled by a viscous flow element coupled in series to the
elastic spring, the solidifying Kelvin chain and a viscous dashpot with age-dependent
viscosity, the shrinkage strain rate is proportional to the RH and the thermal strain is
proportional to the thermal coefficient ar.

According to MPS theory the creep compliance function J(t,t’) can be written as [104]:

J(t, t) = quit v +C,(t,1) (2.5)

where qi=1/Eo represents the elastic term (the spring with elastic modulus Eo in Figure
2.8); C,(£1) is the solidifying viscoelastic term, which is the volume growth function
describing the solidification process (the Kelvin chain with elements, consisting of springs
with elastic moduli Ej and dashpots with viscosities nj in Figure 2.8); Jv represents the

irrecoverable viscous flow term (the dashpot with age-dependent viscosity S in Figure
2.8).
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With an adequate experiment data set, the model parameters (E;, i, S) can be determined
by fitting; in the absence of experiment data, they can be roughly estimated via empirical
formulas for OPC concrete [104, 105].
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Figure 2.8 Rheological model of creep according microprestress solidification (MPS) theory. A
nonaging spring unit representing instantaneous elastic strain g.; a solidifying kelvin chain unit
representing the viscoelastic response with aging &,; a dashpot unit with viscosity dependent on

microprestress &g a shrinkage unit representing shrinkage strain &s,; and a thermal unit for
thermal strain er. The units are connected in series, with the identical stress . Captured from
Jirdsek et al. [103].

2.5.3 XMPS (extended microprestress solidification) theory

Extended microprestress solidification (XMPS) theory is an extension of the MPS theory
described in the previous section. The XMPS theory, including the rheological model, was
described by Rahimi-Aghdam et al. [97]. In the XMPS theory, the authors distinguish
between nanoscale and macroscale viscosities. In the XMPS the flow term in equation
(2.5) is a function of the macroscale viscosity, which serves as a parameter for the
microlevel theory, given the rheological nature of the model. Macroscale viscosity
depends not only on the microprestress but is also affected by the moisture, which is
stated in the pores. [97]. To account for the effect of temperature on relative humidity in
the pores, they use a humidity-dependent hygrothermic coefficient k = dh/dT [106, 107,
108].

2.6 Nano- and molecular scale models of creep

2.6.1 Nanoscale mechanism of concrete creep

The nanoscale mechanisms of creep in concrete are rooted in the colloidal nanostructure
of the paste. Hardened cement paste in OPC concrete forms a non-homogeneous
nanoporous network of colloidal particles of mostly calcium silicate hydrate (C-S-H),
which consists of domains of low and high packing density. These regions are often
referred to as LD-C-S-H (low density) and HD-C-S-H (high density), respectively [109,
110].
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Three mechanisms have been proposed to explain creep behaviour in the paste of OPC
concrete on the nanoscale: shear deformation of the individual C-S-H colloidal particles
[111], sliding of the C-S-H colloidal particles [112], and the formation of micro- and
nanocracks in the paste [113].

Haist et al. [114] showed that, as far as creep is concerned, LD- and HD-C-S-H phases
behave as single granular phases. For both types of C-S-H phases, the major creep
mechanism is the viscous slippage between C-S-H nanoparticles [112] separated by
nanoconfined water layers (see Figure 2.9). The authors suggest that when there is
enough water between globules, the sliding of the globules becomes the primary creep
mechanism. In this scenario, the role played by microcracking of the paste and
deformation of the individual C-S-H particles in the total creep deformation is negligible
[90].
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Figure 2.9 Sketch of the microstructure transformation of hardened cement paste during creep:
HD- and LD-C-S-H phases in (a) the unloaded stage and (b) the loaded stage; (c) zoom area in (b)
of a C-S-H layered nanoparticle. Captured from Haist et al. [114].

2.6.2 Molecular dynamic (MD) simulations of creep

The molecular structure of reaction products dictates the mechanical behaviour of the
paste. However, it is extremely hard to test specimens at the molecular level
experimentally. Molecular dynamics (MD) is one of the best tools available to numerically
simulate and analyse the evolution of a nanostructure and used for modeling and
investigation of time-dependent properties, like creep, at the molecular scale.

H. Manzano et al [115] and A. Morshedifard et al. [116] performed MD simulations of
strain evolution of hydrated cement paste under shear stress. The simulation results
reproduced the logarithmic creep response of cement paste. The authors attributed the
strain of the C-S-H molecular structure to the sliding of C-S-H molecular layers and
concluded that C-S-H particles themselves might be the cause of creep deformation.

A few publications on the molecular structure of C-A-S-H [117, 118] and N-A-S-H gel [119,
120] also presented the results of MD simulations. However, the authors primarily
focused on creating realistic and accurate models of the molecular structure of AAM, and
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do not address the time-dependent behaviour of the material. Studies on the nanoscale
origin of creep in AAM are still missing.

2.7 Creep and shrinkage

2.7.1 Shrinkage strain

In practice creep deformations are almost always accompanied and influenced by
shrinkage of the concrete. Shrinkage strains may come from self-desiccation of the
concrete during hardening, known as autogenous shrinkage, or from moisture loss to the
environment, i.e. drying shrinkage. Shrinkage of the paste will cause internal stresses in
the concrete, maybe followed by microcracking. The shrinkage-induced stresses and
microcracking will affect the stress-dependent creep strains of the concrete.

Shrinkage is the reduction in volume of the concrete due to the consumption or loss of
water [121]. The shrinkage strain &cs can be described by an increasing function of time,
reaching an upper limit with a gradually decreasing rate. The shrinkage evolution is
directly related to the moisture content of the material. A typical drying shrinkage curve
is shown in Figure 2.10.

Note that the shrinkage curve of Figure 2.10 indicates that further shrinkage ceases after
a relatively short period. However, the duration of this period depends on the geometry
of the concrete element. In the case of particularly thick concrete elements, drying
shrinkage start slowly and can continue for years.

4 &cs

€ — shrinkage strain

v

ty (start of drying) t

Figure 2.10 Typical shape of the evolution of shrinkage caused by drying. ty is the moment of the
test initiation and & is the shrinkage strain.

Concrete exposed to moisture may exhibit less creep, while concrete that is subject to
drying conditions will experience extra creep [122]. This additional creep is called drying

35



creep [10]. The intense drying and consequent high stress levels can cause a non-linear
relationship between the load and the resulting strain function [73].

2.7.2 Shrinkage and shrinkage-induced phenomena in cement-based materials

As mentioned in the previous section shrinkage of cement-based materials may be caused
by moisture loss to the environment (drying shrinkage) or hydration-induced self-
desiccation. The latter type of shrinkage is known as autogenous shrinkage. Both types of
shrinkage will result in internal stresses and eventually microcracking.

2.7.2.1 Autogenous shrinkage

During the first phase of the hydration process of cement-based materials so called
autogenous shrinkage may occur. Autogenous shrinkage is caused by the self-desiccation
process, which happens when the water in the concrete mix is consumed by the reaction
and can continue for several weeks after the concrete has hardened. If the specimen is
sealed it is the only type of shrinkage taking place [10]. For normal strength OPC concrete
with high water-cement ratio (above 0.55) and no admixtures, autogenous shrinkage is
usually negligibly small [10]. However, for high strength concretes with a very low water-
cement ratio (0.4 or less) and various admixtures, as well as for AAC, autogenous
shrinkage makes significant contribution to overall deformation [11].

Autogenous shrinkage can affect the creep behaviour of concrete in several ways. It
causes the development of internal stresses within the concrete, which will cause creep
of the material [11, 123]. Moreover, internal stresses may exceed the elastic limit and
therefore cause nanocracks in the paste, which, subsequently, affect its mechanical
properties impacting the creep behaviour of concrete.

2.7.2.2 Drying shrinkage and drying creep (Pickett effect)

Drying shrinkage often represents the substantial part of total shrinkage in concrete.
While various factors can affect the shrinkage of concrete, numerous studies have shown
that the main contribution to shrinkage comes from the concrete binder [121]. Coarse
aggregates are generally considered to be non-shrinking. Drying shrinkage in ordinary
Portland cement (OPC) concrete is caused by evaporation of water from the capillary
pores. Evaporation occurs under ambient conditions with RH below 100%. This leads to
an increase in capillary tension in the remaining pore water.

The drying creep, or Pickett effect, can be attributed to the coexistence of microcracking
and stress-induced shrinkage. Due to the non-uniform distribution of moisture in a
shrinkage specimen, the outer layer of the specimen dries out and contracts more and
earlier than the inner layer, which remains wet and does not shrink. Consequently, during
the initial stages of the drying process, the surface layer experiences tensile stress while
the inner layer is under compression. This tensile stress may lead to the occurrence of
localized microcracks in the surface layer, a phenomenon that has been extensively
studied by various researchers [124-127]. As a result of the nonlinear and irreversible
behaviour of concrete under tensile stress, the microcracks cannot fully close when the
moisture distribution eventually approaches a uniform state. Consequently, the measured
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shrinkage of the specimen is lowered by this effect. On the other hand, in the case of drying
creep specimens, the cross-section of a concrete specimen is subjected to compression,
thereby diminishing stress gradients and microcracking on planes perpendicular to the
direction of compression. Consequently, the observed shrinkage of the specimen is less
reduced by microcracking. This indicates that the drying creep must be greater than the
combined values of the separately observed basic creep and shrinkage.

2.7.3 Shrinkage in alkali-activated systems

2.7.3.1 Shrinkage mechanisms and parameters

The list of the most important mechanisms governing the shrinkage of AAM is the same
as for OPC concrete. These mechanisms can be divided into the following four types, i.e.
capillary stress, which is referred to the evaporation of the liquid phase in capillary pores
during drying to form a liquid-vapour meniscus; "surface tension" or "Gibbs-Bangham
effect”: the force’s effect, which raises due to the diffusion of physically adsorbed water
within the pore volume; disjoining pressure originating from the cohesion between the
pore water and the pore wall surface; loss of interlayer water [56, 128].

The difference in shrinkage between AAC and OPC concrete has been attributed in recent
publications to differences in the pore structure and reaction products of the pastes. The
significantly higher shrinkage in alkali-activated systems was primarily attributed to the
absence of certain crystal phases in the hydration products and the high ratio of
mesopores in the pastes [11, 28, 32, 128].

2.7.3.2 Autogenous shrinkage of AAC

Collins and Sanjayan [129] attributed the significant autogenous shrinkage of alkali-
activated slag (AAS) paste to its finer pore structure. Their experiments showed that when
Na2SiOs activated the AAS paste, approximately 80% of the pores were mesopores (1.25-
25 nm), while ordinary Portland cement (OPC) paste contained only about 36%
mesopores and a higher percentage of macropores (25-5000 nm). The fine pore structure
of AAS resulted in a small radius of meniscus in the paste [130], causing high pore
pressure. The presence of a substantial volume of mesopores in AAS was also confirmed
by Lee et al. [131]. Additionally, Ballekere Kumarappa et al. [132] reported that AAS
exhibited higher surface tension compared to OPC due to the abundance of ions, leading
to increased pore pressure. Ye and Radlinska [133] proposed that the collapse and
redistribution of the aluminium-modified calcium silicate hydrate (C-A-S-H) gel, caused
by the incorporation of alkali cations, contributed to the high shrinkage of AAS, exhibiting
visco-elastic and visco-plastic behaviour at the macroscopic scale.

Some authors suggested that, beyond self-desiccation, the higher value of autogenous
shrinkage in AAS compared to high-strength OPC concrete could also be linked to the
silica polymerization reaction during the formation of C-A-S-H gels (Uppalapati and Cizer
[134], Ma and Dehn [135]). Nonetheless, references [117, 136] indicate that the degree of
Si polymerization in C-A-S-H is largely in the Q2 form, akin to Si in C-S-H. Consequently,
the hypothesis rooted in silica polymerization appears inadequate in explaining the
significantly higher autogenous shrinkage observed in AAM compared to OPC.
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2.7.4 Creep in alkali-activated concrete

As itwas already mentioned, there is very limited research reported and explained for the
creep phenomenon in AAC. However, over the last three decades, several studies have
been conducted on the creep behaviour of AAC considering multiple influencing factors
[18,133, 135,139, 245-249]. The investigations involved different material compositions
[18, 135, 245, 246-248], curing [139, 248] and loading conditions [135, 249] and
differences of creep mechanism in conventional concrete and slag-based concrete [18,
133, 162].

2.7.4.1 Raw materials and activator

The broad availability of raw materials for AAC presents both advantages and
disadvantages. Variations in properties among the raw materials from different sources
make accurately assessing the creep of related concrete mixtures challenging, allowing
only a general analysis.

Collins and Sanjayan [245] investigated the creep characteristics of alkali-activated slag-
based concrete. Their findings indicated that AAC exhibited a higher creep strain
compared to OPC concrete. They also observed that the creep development of slag-based
AAC and fly ash-based AAC was similar, with slow growth in the early stage and
accelerated growth later on (see Figure 2.11).
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Figure 2.11 Overall strain due to creep following 112 days loading of slag-based AAC (AAS) and
OPC concrete. Captured from [245].

Ma and Dehn [135] observed the creep of sealed and unsealed slag-based AAC cylinders
under sustained loads with varying stress ratios. They found that the creep coefficients of
AAS for both types of samples (sealed and unsealed) were greater than those of
conventional OPC concrete with equivalent compressive strength (see Figure 2.14).

Un [18] investigated the creep characteristics of an AAC containing 5% fly ash and 95%
slag. The findings distinctly demonstrate the differing creep behaviours between AAC and
OPC concrete (see Figure 2.12). The creep progression of the OPC concrete sample
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exhibited rapid development in the initial phase, followed by a tendency towards stability
in the later stages with minimal creep increment. While the early-stage creep in AAC
specimens was lower than in OPC concrete, the rate of creep in later-stage AAC did not
decline rapidly, and the creep tendency in AAC continued to increase even after one year
of loading.
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Figure 2.12 Creep coefficient of AAC and OPC concrete: (a) up to age of 500 days, (b) in first three
months of loading. Captured from [18].

[slam et al. [246] investigated the impact of activator dosage on the creep of low calcium
fly ash-based AAC. By altering the mass ratio of activator and fly ash while keeping the
activator modulus and other material quantities constant, their findings indicate that as
the quantity of alkali activator rises, the compressive strength and elastic modulus of the
sample at the age of loading initiation. Utilizing an excess of alkali activator can be likened
to introducing surplus water into the matrix, elevating the water-binder ratio of the entire
system. This leads to a reduction in compressive strength and elastic modulus of the
sample, as well as an increase in creep. Concurrently, Islam explored the correlation
between specimen creep and compressive strength. The specimen's creep diminishes
with higher compressive strength, aligning with the observations made by Gunasekera et
al. [247] and Wallah et al. [248].

2.7.4.2 Curing and loading conditions

Concrete creep has been observed to rely on various external factors, such as curing
conditions and the level of loading. Multiple studies have indicated that curing conditions
greatly affect the creep characteristics of alkali activated cementitious materials.

Castel [139] comprehensively studied the effect of curing temperature and humidity on
the creep of fly ash and slag-based AAC (85.2% fly ash and 14.8% slag). The batch of
specimens was sealed and stored at 40 °C in an oven for 3 days and then stored in a
controlled room at 23 “C and 60 % RH. The second batch was sealed and stored at 40 °C
in an oven for 1 day and then cured in 80 ‘C water bath for further 7 days. After curing
the specimens during the 90-day loading period (see Figure 2.13). The loading conditions
did not allow to compare the creep test results quantitatively. However the results
indicated that after 90 days of loading the total and creep strain of the first type specimens
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Figure 2.13 Creep coefficients experimentally measured and predicted by model of EN 1992-1-
1:2004. Captured from [139].

was much higher than that of the second type of specimens. This follows the observation
that the higher the compressive strength leads to the smaller the creep.

Wallah [248] studied the creep properties of fly ash-based AAC under two curing
conditions: dry and steam. His findings indicate that after 7 days of curing, the
compressive strength of the specimens subjected to steam curing is approximately 15%
weaker than those in dry curing, while the elastic modulus is roughly 8% lower compared
to the dry-cured specimens. Then the specimens underwent loading for a duration of one
year. The specific creep value of fly ash-based AAC, following one year of loading,
displayed an inverse relationship with compressive strength. Higher compressive
strength correlated with lower specific creep values, affirming the previously mentioned
conclusion. The outcomes highlight that the application of steam curing diminishes
concrete strength and augments the creep factor. However, a more detailed investigation
and explanation of this phenomenon are necessary.

The study of Zhou et al. [249] focused on the comparison of creep of slag-based AAC under
a stress-strength ratios from 0.15 up to 0.75. Within this range, the creep of AAC concrete
displays a convergent nonlinear phase and a non-convergent phase, but lacks a distinct
linear phase. This observed phenomenon is believed to differ from that observed in OPC
concrete, which exhibits a linear creep phase typically occurring at a stress-strength ratio
of 0.4. The transition points between the convergent nonlinear creep and non-convergent
creep of slag-based AAC lie above 0.6 and around 0.75, similar to those observed in OPC
concrete. AAC generally maintains a consistent creep coefficient within the stress-
strength ratio range of 0.15-0.6, offering a straightforward method for predicting creep.
Ma and Dehn [135] also delved into AAC creep under different stress-strength ratios
(0.35 and 0.5) and varying relative humidity conditions (65% and sealed) for
approximately 180 days (see Figure 2.14). They compared their test outcomes with the
results from the creep model of CEB-FIP 2010 [140, 141] and noted that the
experimentally determined creep coefficient of AAC is higher than what the related model
predicts.
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Figure 2.14 Creep coefficient of sealed (a) and unsealed (b) slag-based AAC. Captured from [135].

2.7.4.3 Creep mechanisms in AAC

The primary creep mechanisms observed in OPC concrete are likely to be present in AAC
as well. However, the distinct microstructure and mechanical properties of AAC suggest
particular aspects in the physics of creep. In a study by Un [18], it was noted that
prolonged loading on alkali-activated binders results in increased phase slippage and
alters the microstructure towards denser phases, leading to amplified creep deformation.
Additionally, significant drying creep is induced by the movement of water within the
pore network. Moreover, AAC exhibits higher sensitivity to changes in temperature
compared to OPC, owing to its increased visco-flow behaviour and additional
polymerization at elevated temperatures, as previously mentioned.

According to [133], the noticeable viscous deformation observed in slag-based AAC
origins from the rearrangement of C-A-S-H gel microstructure. The higher viscoelasticity
of C-A-S-H gel, compared to C-S-H gel, is attributed to the structural integration of alkali
cations in C-A-S-H. This integration reduces the orderly arrangement of C-A-S-H layers,
interpreting the gel more susceptible to break and rearrangement [133].
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The significant creep in slag-based AAC systems also contributes substantially to their
shrinkage, involving both elastic and non-elastic deformations [162] (see Figure 2.15). Li
et al. [162] using experimentally determined Relative Humidity (RH), elastic modulus,
and saturation degree as parameters, calculated the elastic deformation of alkali-
activated slag-based paste under capillary pressure. Their findings suggested that this
constituted less than 25% of the total autogenous shrinkage. The author also conducted
computational simulations to validate their understanding of the creep mechanism in
slag-based AAC. Li et al. [162] employed an empirical equation to estimate the creep
coefficient based on Degree of Reaction (DoR) and water/binder ratio, aggregating the
increments of creep formed during each time interval. This approach yielded accurate
forecasts of autogenous shrinkage in alkali-activated slag-based pastes, suggesting that
this model effectively captures the genuine creep mechanism occurring within these
systems.
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Figure 2.15 Schematic representation of the model used in [162] to simulate the creep compliance
of AAS paste. Captured from [162].

To conclude, over the last three decades, many experimental studies have explored the
creep behaviour of AAC, taking into account various influencing factors such as material
compositions, curing conditions and loading level. Due to the distinct nano- and
microstructures of AAC compared to OPC concrete, the creep behaviour in AAC differs
from that in OPC, however, the particular origin of the difference remains unexplored.
Considering the current outcomes of the research, more research on creep of AAC for
multiple scales is needed.

2.8 Code-type creep models

The complexity of creep mechanisms in concrete and the large number of parameters that
affect the evolution of creep make it difficult to predict the overall time-dependent
behaviour of concrete. However, code-based models have been developed to provide
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guidance for general design purposes. These models do not explicitly describe creep
mechanisms, but instead are calibrated based on the specific concrete strength class and
other key parameters. In this section, two code-type models are presented, namely
EuroCode 2 [8] and fib Model Code 2010 [137].

2.8.1 EuroCode 2

EuroCode 2 (EC2) (EN 1995-1-1) gives formulas for estimating creep evolution. These
formulas can be used when high accuracy in the estimation of time-dependent
deformations is not required. The EC2 standard [8] presents basic equations for
determining creep coefficient evolution over time based on creep strain data for different
strength classes of concrete, different humidity, nominal dimensions of concrete elements
and types of cements. The creep coefficient @(t,t) is calculated by multiplying the notional
creep coefficient, ¢, with a factor that describes the development of creep with time,

Bc(t,t’):

o(tt) = @y Bc(6,t) (2.6)
with

©o = Py B(fem) (L) (2.7)
and

Be(t.t)=((t - t')/(Bru + t - t'))03 (2.8)

where @, is the factor for the effect of relative humidity, B(fcm) is the factor based on the

compressive strength of concrete, fom, B(t’) is the factor for the age of concrete at time of
loading and fBrn is the factor depending on the relative humidity.

Direct comparison of EC2 for creep and shrinkage in OPC concrete and AAC is hard
because of the large number of input parameters (ambient humidity, the dimensions of
the element, the composition of the concrete, the maturity of the concrete when the load
is first applied, and the duration and magnitude of the loading). However, estimations of
parameter values for typical concrete mixtures are presented in several studies [138,
139]. For instance, Castel et al. [139] studied the time-dependent strains of an AAC
mixture cured at 40 °C and at 80 °C with a binder composed of 85.2 % low calcium FA and
14.8 % BFS. The experimental results were compared to predictions made using EC2, Eq.
(2.6)-(2.8). Creep strains were similar or less than those predicted by EC2 for OPC
concrete when the AAC was cured for 3 days at 40 °C. However, creep strains of the
specimens cured at 80 °C during 7 days were almost negligible.

Negahban et al. [137] published a one-year study of restrained shrinkage and creep
behaviours of ambient temperature-cured OPC and slag/fly ash AAC. An assessment of
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the suitability of existing prediction models, including EC2 and Model Code 2010, by the
authors showed that the existing models under/overestimated the short- and long-term
creep coefficient. Based on the findings, the creep development of OPC concrete slowed
down after 4 months, while AAC did not show similar behaviour.

2.8.2 Model Code 2010

The fib Model Code 2010 (MC2010) treats the creep coefficient, @(t,t’), as a sum of two
components: @uc(t,t’) for the basic creep coefficient and @dc(t,t’) for the drying creep
coefficient. The MC2010 also uses compressive strength as an input parameter. The
detailed explanation of the model can be found in [140, 141]. Briefly, the components are
calculated as follows:

ot t) =, )+, (tt) (2.9)
with
Ppe (& 1) = Boc(fem) - Boc(tt) (2.10)
and
Puc(t, 1) = @y (fem) - BRH) - B(E) - By (8,1 (2.11)

where factors Bbc(fem) and Bac(fem) are functions of the compressive strength of concrete
at an age of 28 days, Buc(t,t’) and Bdc(t,t’) are time-dependent factors, f(RH) is a factor
related to the relative humidity and size of concrete element and B(t’) is a factor for the
age of loading.

The MC2010 was initially developed for describing the behaviour of OPC concrete. Du et
al. [142] made a study on creep of a column made of AAC and made a comparison of the
creep strain and the approximation according MC2010. The authors found that MC2010
overestimates the creep deformations of the column made of AAC. They concluded that
the inability of MC2010 to predict the creep of AAC elements is most likely due to the
different reaction process and microstructure of alkali activated paste compared to
cement paste.

2.9 Discussion

The use of AAC as a building material requires reliable predictions of long-term
mechanical properties, such as creep and relaxation. This is crucial for ensuring the
required levels of serviceability and durability of structures made of AAC. In other words,
the ability of AAC to withstand long-term sustained loads and resist prestress losses in
concrete members has to be known. However, current findings on the creep behaviour of
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AAC still have some gaps that need to be addressed.

From the literature survey on creep of AAC we learn that two main questions have to be
addressed:

1. What is the magnitude of creep in AAC, and how do internal and external factors, such
as binder mixture design and curing conditions, affect the evolution of creep in AAC?

2. What is the mechanism of creep in AAC, and how does the specific microstructure of
alkali-activated binders, including porosity and pore geometry, nanoscale mechanical
properties, and molecular bonding of reaction products, influence the differences
between creep evolutions in AAC and in OPC concrete?

While existing literature provides some relationships between creep values of AAC and
the main influencing factors, experimental research on this topic is rather scattered and
a comprehensive explanation of creep behaviour of AAC is still lacking. To gain a better
understanding of creep behaviour in AAC, tests of characteristic mechanical properties,
including creep and shrinkage, should be conducted.

The research on creep mechanisms in AAC is limited due to the complexity of conducting
experiments on paste at small scales. Analysing creep mechanisms in AAC in relation to
the microstructure and nanoscale properties of alkali-activated pastes can help to identify
similarities and differences between the creep mechanisms observed in OPC concrete and
AAC.

Finally, while the code-type models can reproduce the general trend of creep
deformations of elements and structures made of OPC-based materials, they fail to do so
for structures and elements in AAC-based concrete.

2.10 Concluding remarks

This chapter provides a literature survey on the current findings related to concrete
creep. It starts with a brief overview of AAM suitable for construction, followed by a
discussion of the mechanical properties of AAC, and a description of the main creep
theories. Finally, the chapter describes engineering models for predicting long-term
concrete creep.

The survey indicates that a significant amount of data has been accumulated over the past
few decades about mechanical properties of AAM, but little is known about creep. AAM’s
show many similarities with cementitious materials in terms of microstructure and short-
term mechanical properties. As said, however, there is a relatively low number of
reported studies on long-term mechanical properties and creep tests of AAC, and a deep
understanding of the microstructure evolution and multi-scale physics of creep
mechanisms in AAC has not yet been reached. Currently used formula for predicting long-
term creep deformations of AAM-based elements overestimate or underestimate the
actual creep strain, indicating a lack of knowledge about the important governing
parameters.
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Based on the presented review the following concluding remarks can be made:

1. Creep of concrete is affected by a range of extrinsic and intrinsic factors, including
mixture design and curing conditions. The correlations between external parameters,
mechanical properties, and creep evolution in AAC are not yet clearly defined.
Consequently, it is necessary to conduct creep tests and mechanical properties tests,
such as compressive strength, elastic modulus and splitting tensile strength, to
investigate and understand these relationships.

2. Many similarities between the microstructure of AAM and cement paste suggest that
the creep mechanisms proposed for OPC concrete may also be applicable for AAC.
However, the specific chemical composition and pore structure of AAM, as well as its
effect on the macroscale mechanical properties, should be considered to provide a
complete description of creep mechanisms in AAC. Further multiscale research on
mechanical properties and creep is needed to take another step towards a better
understanding and complete description of multiscale physics of creep behaviour.

3. Areliable engineering creep prediction model for AAC is not yet available. The existing
models for OPC concretes, i.e. EuroCode 2 and ModelCode 2010, do not correctly
predict the creep of AAC. The correlation between creep and mechanical properties,
as assumed for OPC concrete, should be adjusted for AAC. A modified model should be
developed based on the results of creep tests on AAC.
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Chapter 3

Mechanical properties of alkali-activated
concrete

3.1 Introduction

As discussed in Chapter 2, it appears to be possible to correlate the creep of OPC-based
concrete with its mechanical properties, such as compressive strength, splitting tensile
strength and elastic modulus. It is assumed that this could also be the case for AAC-based
concrete. For this reason, the investigation of concrete creep starts with an evaluation of
the mechanical properties of alkali-activated concrete (AAC). Moreover, knowledge of the
mechanical properties is necessary for conducting standard creep tests [143]: the
compressive strength must be known to ensure that the sustained load during the creep
test stays within a pre-defined range. To ensure a linear relationship between applied
stress and creep strain, the stress should not exceed 40% of the compressive strength
[10]. Besides the compressive strength the modulus of elasticity is needed for calculating
the initial elastic strain, which is required for subsequent estimation of the creep
coefficient and creep compliance functions. The tensile splitting strength is used to judge
whether cracking is likely to occur or not.

The mechanical properties of alkali-activated concrete (AAC) greatly depend on the
properties of the prime materials (precursors and activators) and the curing conditions
[27, 48]. The precursor ratio (i.e. slag/fly ash ratio) and curing conditions affect the
resulting material microstructure, changes in the state of water, including drying
shrinkage and possible formation of microcracks. The long-term mechanical properties
of concrete specimens are also influenced by the storage conditions. For industrial
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ordinary Portland cement! (OPC) based concrete systems the development of mechanical
properties, including the effect of curing conditions, are well-investigated [122, 144]. For
AAC systems, however, such information is still scarce [145].

This chapter deals with the evolution of the compressive strength, splitting tensile
strength and elastic modulus of AAC mixtures and discusses the influence of the precursor
ratio, curing and storage conditions on this evolution. For the concrete mixtures blast
furnace slag and fly ash, blended in different proportions, are used as precursors [146].
Tests were performed according to standard recommendations for testing OPC concrete
[14]. For comparison also PC-based concrete mixtures will be considered. Finally, the
results were evaluated qualitatively and quantitatively.

3.2 Materials and methods

3.2.1 Raw materials and mixture design

3.2.1.1 Precursors

Blast furnace slag (BFS) from Ecocem Benelux BV, and fly ash (FA) from Vliegasunie BV
were used in this study as precursors. The chemical compositions of BFS and FA were
determined by X-ray fluorescence (XRF) and shown in Table 3.1.

The hydraulic activity of BFS can be identified by the extended basicity coefficient (Kb =
(Ca0+Mg0)/(Si02)) [147]. European Standard EN 197-1 [148] requires Kb>1. In general,
glassy BFS with 0.5<Ca0/Si02<2 and 0.1<Al203/Si02<0.6 is considered as suitable for
alkali-activation [149, 150]. The BFS used in this research showed Kb=1.6, Ca0/Si02=1.3
and Al20/Si02=0.4.

Table 3.1. XRF-test results for used raw materials, viz. slag and fly ash.

Weight [%]
Oxide Si0; AlLO3 Ca0O MgO Fe O3 SO; K>O TiO; Other  LOI
Slag 31.77 13.25 40.50 9.27 0521 1.49 0.34 0.97 0.21 1.3
Fly ash 56.8 23.8 4.8 1.5 7.2 0.3 1.6 1.2 1.6 1.2

LOI = Loss on ignition.

The FA used in this research was low calcium fly ash, categorized as Class F according to
the ASTM C618[151].

1 In the most recent publications and latest standards the term ordinary Portland cement (OPC) was replaced with
the term Portland cement (PC).
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The mineralogical compositions of BFS and FA were studied with X-ray diffraction (XRD).
The XRD results (see Figure 3.1) for BFS exhibit a broad hump around 31° 2-theta without
pronounced peaks, indicating dominant microcrystalline and amorphous phases. The
XRD pattern of FA revealed the presence of more mineralogical phases, namely quartz (Q)
(Si02), mullite (M) (3(Al203)-2(Si02)) and hematite (Hm) (a-Fe203). Analysis using the
Rietveld method determined the amorphous content of FA to be 71%. By subtracting the
crystalline phases of SiO2 and Al203 from their total amounts, the reactive SiO2 and Al203
were determined at 37% and 15%, respectively [152].

Q
— Fly ash
—— Slag
M
M Q
MM M
aujm @ M

2-theta(®)

Figure 3.1 XRD results of BFS and the FA. The crystalline phases are marked as quartz (Q) (Si0;),
mullite (M) (3(Al;03) 2(Si0z)) and hematite (Hm) (Fe;03).

Figure 3.2 shows the particle size distribution curves of BFS and FA, measured with
EyeTech Laser diffraction analyser, Ankersmid. The dso is the particle size in microns that
divides the distribution with half above and half below this diameter. The particle size of
BFS used in this research ranges from 0.1 to 50 um, with a dso equal to 18.3 um. The
particle size of the FA is between 0.14 and 138 um, with a dso of 48.1 pm.

Because of their low specific surface area, coarse powders appear to react more slowly
than fine powders. Powders with particles larger than 20 pm show only little activity,
whereas powders with many particles smaller than 2 um react completely within 24 h
because of the large specific surface of these small particles [153].
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Figure 3.2 Particle size distributions of GGBFS and FA measured with laser diffraction analyser.

3.2.1.2 Alkali activator

The alkali activator was synthesized by mixing a NaOH solution and a sodium silicate
(NazSiOs3) solution in 1:1 weight proportion. NaOH solution was prepared by mixing dry
pellets of sodium hydroxide with distillate water to obtain a concentration of 4 moles per
litre. The solution was then left at room temperature for 12 hours until it cooled down
and the pellets dissolved completely. Sodium silicate solution from Brenntag was used in
the ready-made form. The chemical composition of sodium silicate solution was: 27.5 wt.
% Si02, 8.25 wt.% Naz0, 64.25 wt.% H:20.

3.2.1.3 Mixture design

The detailed mixture design of the AAC mixtures is given in Table 3.2. Three mixtures
were investigated in this study: S100, S70 and S50. S100 is the BFS-based concrete. This
S100 mixture showed high early-age strength, but short setting time and, in fact,
insufficient workability [146]. To delay the setting time and strength development
process, FA-blending was used. Blended BFS/FA mixtures, with the ratios 70:30 and
50:50 wt.%, were named S70 and S50, respectively. The sole alkali-activated FA mixture
was not included in the research plan due to its low chemical reaction rate and, therefore,
its relatively long setting time at ambient temperature [65]. For example, an initial setting
time of 14 hours was reported for the alkali-activated FA paste with liquid-to-binder ratio
(I/b)=0.5 [15]. To investigate the effect of the precursors’ ratio, other influencing
parameters were kept constant: the total amount of binder for all three mixtures was fixed
on the same level - 400 kg/m3, and liquid /binder (1/b) ratio was equal 0.5.
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Table 3.2. Mixture design of AAC.

Component S100 S70 S50
[kg/m?] [kg/m?] [kg/m?]
Slag 400 280 200
Fly ash 0 120 200
Activator 200 200 200
Liquid/binder (1/b) ratio 0.5 0.5 0.5
Aggregate (0-4 mm) 789 789 789
Aggregate (4-8 mm) 440 440 440
Aggregate (8-16 mm) 525 525 525

The alkalinity (pH) of the activator was 14.4, measured with the 827 Metrohm pH meter
[15]. The content of Na20 and modulus of activator significantly affect the strength
development, as it was discussed in Chapter 2. Optimal values of the alkali modulus
(Si02/Na20 mole ratio) of the activator are in the range of 0.75-1.5 [154]. The alkali
modulus of the activation solution in this study was 1.5. More details about the choice of
the activator can be found in the work [15].

Cement-based concrete C65, made with CEM I and CEM III, was chosen as a reference.
This reference concrete had a similar strength as selected AAC mixtures and rapid
strength gain. The mixture design of C65 is given in Table 3.3. Total amount of cement
was 480 kg/m3. Note, that the volume ratio of paste to aggregate is 20% higher that of the
AAC mixtures. However, assessing mixtures based on their compressive strength is more
relevant. This is primarily due to the fact that the industrial models such as EC2 utilize
compressive strength rather than 1/b ratio or amount of binder as an input parameter.

Table 3.3. Mixture design of cement-based concrete C65.

Component Mass
[kg/m?]
CEM III 260
CEMI 220
Water * 183
Aggregate (0-4 mm) 772
Aggregate (4-8 mm) 882
Admixture 4.08

*) w/cratio 0.381

3.2.2 Specimen preparation and curing conditions

Concrete prisms (100 x 100 x 400 mm3) for elastic modulus tests and cubes (150 x150
x 150 mm3) for compressive and splitting tensile strength tests were cast in steel moulds.
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Right after casting the specimen were covered with plastic films to prevent water
evaporation and hardened at room temperature of approximately 20 °C for 24 hours.
Then the specimens were demoulded and transferred to curing conditions.

3.2.2.1 Curing until 28 days

The specimens were moved into special conditions for curing: either sealed or moist until
the age of 28 days. One batch of the samples was sealed with plastic film and stored at a
temperature of 20+2 °C (denoted as sealed curing; see Figure 3.3). Another batch of
specimens was kept in the fog room, where the relative humidity (RH) is 100% and
temperature is also 20£2 °C (denoted as Fog room (moist) curing in Figure 3.3).

3.2.2.2 Storage after curing

After 28 days of curing, some specimens remain stored at the same conditions, some
samples were unsealed or moved from the fog room, to be stored in a room with relative
humidity of 55+5% and a temperature of 202 °C for testing the mechanical properties
(indicated as RH 55% in Figure 3.3). The mechanical properties were determined at 28
days, 90 days, 180 days and 365 days. The curing regimes, storage conditions and timeline
are shown schematically in Figure 3.3.

Fog room

RH 55% storage

Fog room (moist) curing l Fog room storage .

Casting -
o — 28 days 90 days 0.5 year 1year t

Sealed curing Sealed storage -

24 hours, T RH 55% storage R

demoulding =

| Curing regime | Storage regime |

Figure 3.3 Curing regimes, storage conditions and the timeline of tests. Photos of the specimens
show the real curing or storage conditions.
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3.2.3 Test methods

3.2.3.1 Compressive and splitting tensile strength

The compressive and splitting tensile strength were tested on concrete cubes (150 x150
x 150 mm3) according to the standard recommendations NEN-EN 12390-3 and NEN-EN
12390-6 [155], respectively. The loading rate for the compressive strength test was 13.5
kN/s, and for the splitting tensile strength test 1.1 kN/s. The strength of the concrete at a
specific age was determined by calculating the average value from three samples.

3.2.3.2 E-modulus

The elastic modulus of the concrete was tested according to ASTM C469 [156] by
Tonibank hydraulic Instron. The strain evolution was measured by linear variable
differential transducers (LVDTSs) aligned vertically on the four sides of the concrete prism
(100 x 100 x 400 mm?3) (Figure 3.4). The elastic modulus of each sample was determined
from the stress-strain curve obtained after three loading-unloading cycles. The load
varied from 10% to 30% of the compressive strength of the concrete. The loading rate
was 1.1 kN/s.

Figure 3.4 Elastic modulus test. The changes of the specimen dimensions during the loading process
were measured precisely. For this purpose the linear variable differential transducers (LVDTs)
were aligned vertically on the four sides of the concrete prism.
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3.3 Results and discussion

3.3.1 Compressive strength

3.3.1.1 Compressive strength of moist and sealed cured concrete

The evolution of compressive strength of the samples cured and stored under either moist
or sealed conditions up to 1 year after casting is shown in Figure 3.5. For all the mixtures
it holds that sealed curing resulted in a higher compressive strength than moist curing.
Obviously AAC concrete does not behave differently from OPC-concrete: many
researchers have also confirmed that moist-cured (wet) concrete exhibits lower strength
than sealed-cured (normal) concrete[157-159]. Hordijk [158] and Ross [159] offered a
possible explanation based on the Munich Model proposed by Wittmann [160, 161].
According to Wittmann's theory, the presence of water in the small pores of saturated
concrete increases the distances between the CSH-molecules, thereby reducing the
internal Van-der-Waals forces responsible for the structural integrity. Consequently, a
lower force is required to fracture the structure, resulting in reduced static strength.

Noteworthy is the slight decrease of the strength of S100 mixture in the particular time
range: between 90 days and 180 days for moistly cured specimens, and from 180 days
and 365 days for sealed cured specimens. The possible reason for this may be the higher
amount of microcracks [60] induced by autogenous shrinkage, which are not visible to
the naked eye. Note, that this effect is related to the specimen properties, but not to the
material itself.
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Figure 3.5 Evolution of compressive strength of the samples stored at (a) moist (fog room) and
(b) sealed conditions.
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3.3.1.2 Effect of precursor composition on compressive strength

From Figures 3.5 and 3.6 it can be inferred that the compressive strength of AAC mixtures
strongly depends on the slag-to-fly ash ratio. This is convincingly shown in Figure 3.6. The
28 days compressive strength of S50 mixture is 20-25% lower than that of S100. These
results agree with studies of Nedeljkovi¢ et al. [146] and Prinsse et al. [77].
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Figure 3.6 Evolution of compressive strength as function of precursor composition (a) moist (fog
room) and (b) sealed conditions.

The lower compressive strength of the S50 mixture was explained by the different
microstructure of the paste. The amount of solid gel formed during the first weeks is
generally lower when slag is replaced by fly ash [162], since fly ash is less reactive than
slag. Atalater stage, typically in the period between 28 and 90 days, FA particles gradually
dissolve and more solid gel is formed over time, accompanied by an increase in
compressive strength [163].

Second possible reason can be, as was discussed in Chapter 2, a higher FA percentage in
the mixture is associated with a decrease of Ca in the reactive system, which leads to
formation of less C-A-S-H and more C-N-A-S-H gel. Then, according [164], there is less
dense microstructure.

3.3.1.3 Effect of drying at 55% RH after 28 days on compressive strength

The evolution of compressive strength of samples stored at 55% relative humidity after
initial fog room and sealed curing is shown in the Figure 3.7. The results showed slightly
lower compressive strength compared to the samples cured continuously (Figure 3.5).
Like in case of cured specimens, one possible reason for this may be the appearance of
microcracks [60]. Additionally, the influence of eigenstresses probably contribute to this
effect: the absence of hygral equilibrium leads to moisture gradients across the cross-
section, resulting in internal stresses [255].
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Minor reason could be more intensive leaching, although this leaching happens only in
the surface zone [165]. Moreover, drying out of the concrete slowed down the reaction
process, particularly in the drying outer zone of the specimens. Concretes containing the
slower reacting slag and fly ash suffer more from drying than OPC-based concretes.
Hence, the S70 and S50 concrete specimens did not reach the same strength as the
samples stored in moist and sealed conditions.
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Figure 3.7 Evolution of compressive strength of the samples stored at 55% RH after 28 days
different initial curing. Before 28 days: (a) moist (fog room) and (b) sealed curing.

The curing regime during the initial 28 days did not impact the long-term compressive
strength stored at 55% relative humidity. The variation in compressive strength between
AAC specimens following the initial sealed and moist curing at 180 and 365 days was less
than 10%. These results align with the results reported by Lee et al. [26].

3.3.2 Elastic modules

3.3.2.1 Evolution of elastic modulus of moist and sealed cured specimens

The evolution of the elastic modulus of the samples stored under moist and sealed
conditions until the age of 365 days is shown in Figure 3.8. The figure shows that the
elastic modulus of PC concrete increases with time. This happens due to hydration
process [10, 71, 122].
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Figure 3.8. The elastic modulus after 28 days, 0.5 and 1 year of storage at (a) moist (fog room) and
(b) sealed conditions.

Figure 3.8 also indicates minor (a few percent of the average) increase of the E-modulus
of AAC specimens stored in moist conditions and minor decrease of the E-modulus of S70
and S100 specimens stored in sealed conditions for 180 or 365 days. From this it can be
inferred that the long-term (180 or 365 days) storage of the concrete specimens at
ambient moisture marginally affects their elastic modulus. The leaching of the concrete in
the moist environment seems to affect only the outer layer of the samples and does not
significantly affect the elastic modulus of AAC.

3.3.2.2 Evolution of elastic modulus of specimen exposed to 55% RH after 28 days

The evolution of the elastic modulus of the samples stored at 55% relative humidity after
initial 28 days moist or sealed curing is shown in Figure 3.9. The figure shows that, also
when exposed to 55% RH, the elastic modulus of the reference PC concrete increases with
time. For AAC-specimens, however, a decrease of the E-modulus after exposure of the
specimens to 55% RH was found for both moist and sealed initial curing conditions.
Similar results have been reported by Prinsse [77], who also measured the elastic
modulus of AAC after 28 days of curing and storage at 55% RH.
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Figure 3.9 The evolution of elastic modulus of the samples stored at 55% RH after 28 days. Before
28 days: (a) moist (fog room) and (b) sealed curing.

The severe drop of the ambient relative humidity from above 95% to 55% most probably
induced substantial drying shrinkage and microcracking, thus damaging the concrete
samples. This is in line with the conclusions drawn by Collins et al. [60]. Moreover,
microcracks might have been induced also caused by high autogenous shrinkage [26,
162].

Figure 3.9 shows that the evolution of the elastic modulus of AAC specimen exposed to
55% RH (after 28 days) is significantly different from the behaviour of AAC samples
stored under moist and sealed conditions (as shown in Figure 3.8). The E-modulus of AAC
decreased by at least 20% during the first 90 days. This effect was observed for all slag-
fly ash ratios and both types of initial curing conditions.

A notable decrease of the elastic modulus of AAC falls on the period from 28 to 90 days.
This trend appears independent of the initial curing conditions. Similar results were
reported by Lee et al. [26], who concluded that significant shrinkage led to the
development of micro-cracks in the fly ash/slag AAC. As a consequence, both the elastic
modulus and the long-term compressive strength were observed to decrease.

3.3.3 Splitting tensile strength

The evolution of splitting tensile strength of the samples exposed to 55% relative
humidity after initial moist or sealed curing during 28 days are shown in the Figure 3.10.
The evolution of the splitting tensile strength of AAC was, like that of the elastic modulus,
substantially different from that of the reference concrete. The reference C65 samples
showed an almost constant splitting tensile strength with time for initially moist cured
specimen and a slight decrease for initially sealed cured specimens. It can be assumed
that the decreasing trend of the tensile strength of AAC mixtures is caused by microcracks
in the outer zone of the specimens. Additionally, the influence of eigenstresses may
contribute to this effect [255].
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Figure 3.10. The evolution of splitting tensile strength of the samples stored at 55% RH after 28
days. Before 28 days: (a) moist (fog room) and (b) sealed curing.

The 28 days and 365 days splitting tensile strength strongly depend on the slag-fly ash
ratio in the mixture (Figure 3.11). This correlates with the results of the compressive
strength tests. The trend was the same for both initially sealed and moist cured samples.
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Figure 3.11 Evolution of splitting strength as function of precursor composition. Exposure
condition RH 55% after 28 days. Before 28 days: (a) moist (fog room) and (b) sealed curing.

The data show a pronounced decrease in the splitting tensile strength with time for all
AAC mixtures when exposed to 55% RH after both initial curing regimes (moist and
sealed). This decrease was probably caused by internal microcracking caused by
autogenous shrinkage of the cement paste. Stiff aggregates particles can act as local
restraints to this type of shrinkage of the surrounding paste [166], resulting in
microcracking in the concrete [162]. Moreover, some visual cracks were observed on the
surface of the samples.
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3.4 Observations and conclusions

This chapter dealt with the effect of type of precursor and curing conditions on the
mechanical properties of AAC. The selected AAC mixtures for this study consisted of blast
furnace slag and coal fly ash, mixed in various proportions. Ordinary C65 concrete, made
of CEMI and CEMIII, was taken as reference. Moist and sealed curing conditions, followed
by moist, sealed and 55% RH storage conditions were chosen to study the effect of
exposure conditions (see Figure 3.3). Based on the experimental results the following
conclusions were drawn:

1.

The AAC mixtures showed to reach the same strength as a reference ordinary (OPC)
concrete, but lower values of the elastic modulus and splitting tensile strength.

Mixing slag with fly ash decreased the overall compressive strength, splitting tensile
strength and elastic modulus of concrete samples cured under both moist and sealed
curing conditions during first 28 days after casting.

The AAC specimens cured in sealed conditions during the 28 days showed higher
compressive strength, elastic modulus and splitting strength compared to the same
specimens cured in the fog room. However, relatively slow-reacting AAC mixtures
(S70 and S50) continued to react after 28 days forming their final microstructure.
Therefore the effect of the initial curing regime was not pronounced for the
specimens stored at 55% RH for the long-term.

The evolution of compressive strength was different from the evolution of the elastic
modulus and splitting tensile strength of the AAC. The compressive strength
increased with time up to the maximum value, then it remained stable with a slight
tendency to decrease. The elastic modulus and splitting tensile strength of AAC
specimens showed maximum values at the age of 28 days. Then the values of these
mechanical properties decreased by 20-30% by the age of 90 days if stored at 55%
RH. In contrast, the elastic modulus and the splitting tensile strength of the reference
concrete C65 were stable with time while stored at 55% RH.
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Chapter 4

Experimental study on creep and free
shrinkage of AAC

4.1 Introduction

Time-dependent properties of concrete elements and concrete structures, such as creep
and shrinkage, depend on many external factors and intrinsic properties [10]. External
factors are the curing regime and exposure conditions, such as the ambient temperature,
relative humidity, load level, duration of the loading, etc. The intrinsic properties concern
the material characteristics, which are dictated by the concrete mixture (See Chapter 2).

The correlations between external factors and intrinsic properties on the one hand and
the time-dependent behaviour of Portland Cement (PC) concrete on the other have been
investigated for decades [10, 167, 168]. However, the time-dependent behaviour of alkali-
activated concrete (AAC) has not been sufficiently studied yet. Only a few more or less
comprehensive studies about the time-dependent properties of AAC have been published
in past few decades [18, 133, 139, 169], as reviewed in Chapter 2.

Because of limited knowledge, accurate prediction models of time dependent behaviour
in AACs have not yet been developed. The fib ModelCode 2010 [137] and EuroCode 2020
[8] provide formulas for the creep coefficient of PC concrete of any strength class, but fail
to deliver accurate predictions for creep of AAC. Discrepancies are caused by the fact that
the specific correlations between the input parameters (28-day compressive strength,
elastic modulus) and creep coefficient of AAC are not the same as for PC concrete.

The aim of this chapter is to investigate the long-term creep and free shrinkage strain
evolution of AAC experimentally and evaluate possible correlations between the obtained
creep coefficient and the mechanical properties determined in Chapter 3.
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Creep and shrinkage tests will be performed to measure the strain evolution and examine
the influence of the main affecting factors, i.e. precursor ratio and curing conditions. With
the measured total deformation, free shrinkage and elastic modulus of the AAC concretes,
the creep coefficients will be calculated and compared with those of a reference PC-based
concrete. The correlations between the creep coefficient, compressive strength and
elastic modulus of the concrete mixtures will be analysed and discussed.

4.2 Materials and Methods

4.2.1 Materials and specimen preparation

The precursors used for studying time-dependent properties of AAMs were blast furnace
slag (BFS) and fly ash (FA), the same as those used for the mechanical property tests
described in Chapter 3. The properties of the raw materials were shown earlier in Table
3.1, while the mixture designs were shown in Tables 3.2 and 3.3. The AAM mixtures S100,
S70 and S50 were studied. Concrete mixture C65 was taken as a reference. Note, that the
volume ratio of paste to aggregate of the reference mixture differs from that of the AAC
mixtures. The compositions of the four mixtures are summarized in Table 4.1(a).

Table 4.1(a) Summary of mixture compositions

Mixtures

Components unit C65 (Ref)  S100 S70 S50
CEM III kg/m3 260 -- -- --
CEMI kg/m3 220 -- -- --
Water kg/m3 183 -- -- --
Admixture kg/m3 4.08 -- -- --
Slag (BFS) kg/m3 -- 400 280 200
Fly ash (FA) kg/m3 -- -- 120 200
Activator kg/m3 -- 200 200 200
Liquid/binder (1/b) ratio -- 0.381 0.5 0.5 0.5
Aggregate (0-4 mm) kg/m3 772 789 789 789
Aggregate (4-8 mm) kg/m3 882 440 440 440
Aggregate (8-16 mm) kg/m3 -- 525 525 525
Table 4.1(b) Precursor ratio of mixtures used
Mass ratio of components Mixtures

unit C65 (Ref) S50 S70 S100

BFS/(FA+BFS+CEM) - 0 0.5 0.7 1
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For the tests, concrete prisms (100 x 100 x 400 mm3) were cast in steel moulds. The
samples were demoulded 24 hours after casting and then cured for 28 days under sealed
and moist curing regimes. These regimes were chosen to evaluate the effect of ambient
humidity on the evolution of the properties of the concrete specimens. After demoulding,
one series of specimens was sealed with plastic film and was kept in a room with
temperature of 20£2 °C (sealed curing). Another series was cured in the fog room, where
a relative humidity of 100% was maintained (moist curing). After 28 days curing, some
specimens were left under the curing conditions, while other specimens were moved and
stored in a room with a relative humidity of 55+5% and a temperature of 23+2 °C for
testing the creep, shrinkage and mechanical properties. The curing conditions and the
timeline, discussed already in Chapter 3, are illustrated in Figure 4.1.

Fog room (moist) curing Exposure - RH 55%

° t

Casting Start of creep and shrinkage tests

Exposure - RH 55%

Sealed curing

.

24 hours,
28 days

demolding

Figure 4.1 Schematic illustration of timeline for creep (and shrinkage) tests (including curing
regimes).

4.2.2 Test methods — Shrinkage and creep

4.2.2.1 Free shrinkage tests

Standard drying shrinkage tests were conducted using concrete prisms according to
AS1012.13-2015 recommendations [143] (Figure 4.2, right). It should be mentioned that
in case relatively young concrete is exposed to drying, the concrete may still experience
some autogenous shrinkage [170]. Although it remains a topic of debate for slow-reacting
AAC systems [171], it is expected that by 28 days most of the autogenous shrinkage has
already occurred [170]. It is assumed, therefore, that shrinkage of the drying specimens,
starting after 28 days, is hardly affected by autogenous shrinkage. And as long as
autogenous shrinkage continues to occur, its contribution to the measured drying
shrinkage is considered negligible.

The shrinkage strain was calculated from the measured length changes of test prisms
using the following formula:

L()-L(tr)

SO L) =L (41)

€sh (t, tl) =
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where g, (t, t") is the free shrinkage strain of a concrete specimen, L(t) is the length of
the concrete specimen (prism), L, is the length of the concrete specimen at the start of
the test. In our tests L, = 200 mm.

Figure 4.2 Photos of the ongoing creep test (left) and shrinkage test (right).

The measurements were performed using dial gauge. Dial gauge/indicator is a measuring
instrument with which small displacements of a spindle are magnified by suitable
mechanical means to a pointer rotating in front of a circular dial with a graduated scale
with an accuracy of 0.01+0.005 mm (Figure 4.2, right). The first measurement was taken
right after exposure of the specimens to the test conditions. Then, the measurements were
taken every day until 28 days, then every week until 12 weeks, and then once a month.

The tests were performed under controlled laboratory conditions: relative humidity of
55+5% and temperature 20+2 °C.

4.2.2.2 Creep tests

The creep tests are executed according to the Australian Standard AS 1012.16— 1996 2,
a standard that is used worldwide for AAC testing [14]. The test set up is shown in Figure
4.2 (left). During the test the samples were not sealed, therefore shrinkage also took place.
Free shrinkage was measured separately on drying prisms, as described in 4.2.2.1.

The applied loading regime and typical total strain, basic creep and shrinkage strain
curves are shown in Figure 4.3. The applied stress did not exceed 40% of the 28 days
compressive strength.

The creep tests were used to determine the evolution of basic creep strain ecc(t,t’) and
creep coefficient function ¢ (¢,t") of the loaded concrete specimens. The basic creep of
concrete is the time-dependent deformation that occurs when concrete is subjected to
loading without drying.
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Figure 4.3 Load during the creep test (top) and strain response (bottom). oy is applied load, total
strain g(tt’) consists of: &.(t,t’) is the basic creep, exn(t,t’) is the free shrinkage strain, .(t’) is the
elastic strain measured on loading of a specimen at time t’.

4.2.2.3 Creep coefficient
Creep coefficient function ¢ (t,t") is defined as the basic creep &«(t,t’) normalized to the
elastic strain &i(t’) measured on loading of a specimen at time t’. For the creep function

¢(t,t") it holds:

(4.2)

r Ecc(tt)
t,t')) =———
ot t") ot(®)
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The elastic modulus Eci(t’) at the moment of loading is obtained from:

Ea(t) = : (4.3)

where oy is the applied stress and ei(t”) the measured elastic strain.

4.2.2.4 Non-sealed creep tests

Creep tests were conducted under the same conditions as the free shrinkage tests: relative
humidity of 55+5% and temperature 23+2 °C. This test procedure implies that the total
measured strain includes direct elastic strain, basic creep, drying shrinkage and drying
creep. In this study basic creep and drying creep are taken together, while drying
shrinkage is measured on unloaded shrinkage specimens. Thus, the basic creep strain can
be obtained from the total measured strain using the formula (see also Figure 4.3,
bottom):

gcc(tt) = e(t,t)) - €el(t)) — esn(tt)) (4.4)

where &cc(t,t") is the basic creep strain (here including drying creep), €(tt") the total
measured strain, €i(t") the elastic strain at the moment of application of the load and
esn(tt) the free shrinkage strain, t’ the time of loading and t the time of executing the
measurements.

4.2.2.5 Executing creep and shrinkage tests

The compressive load for the tests was provided by an electric pump. The test device
consisted of a system of valves and an oil-and-gas element. The load was transferred onto
the specimen using a fixing plate, hydraulic jack and a loading plate (Figures 4.4 and 4.5).
The stress level was controlled through sensors with an accuracy of +0.05 kN, which were
installed in the test set-up. Before executing the test, several identical specimens were
preloaded three times up to 100 kN to calibrate the set-up.

An automatic control system (Figure 4.4) was used for in-situ strain measurements.
Potentiometers were used to measure longitudinal strains on each specimen. A special
monitoring and data acquisition system was developed to collect and store the test data.
The data from each sensor was transmitted simultaneously through a multiplexer for all
potentiometers. An analogue-to-digital converters (A/D) transmitted the data to a
personal computer, which recorded it in the data storage.

As indicated in the previous section, the creep samples were not sealed. Hence, the
measured strain was not only creep strain, but the joint effect of creep and (free)
shrinkage. To determine free drying shrinkage, shrinkage tests were performed on prisms
identical to the loaded prims and made from the same casting batch. The creep strain was
then calculated with Eq. 4.4.

66



Pressure

Hydraulic jack

Loading jack

potentiometers

Strain

(Load)
- -
L N
L
i Qil
e D
e MUX M -
m {multiplexer) " (Analogue/Digital
converter)
Concrete
sample —
| . AD
Strain (Analogue/Digital
measurement converter)

Figure 4.4 Schematic arrangement of the creep testing setup with an automatic control system.

//)|

\\A|

Pump
pressure

Fixing plate

Locking bolts

Figure 4.5 Compressive loading frame (set-up, see also Figure 4.2).

67




4.3 Results and discussion

4.3.1 Drying shrinkage

4.3.1.1 Overview of measured shrinkage curves

The results of free shrinkage tests during 365 days of the four mixtures presented in Table
4.1 are shown in Figure 4.6. For the mixtures S100 and S50, Figure 4.7 shows the results
of free shrinkage during 900 days. The results are in good agreement with those
presented by Humad [172, 173], who also measured drying shrinkage of AAM concrete
mixtures based on FA and BFS.

The strain data was approximated with an exponential function, i.e. Eq. 4.5:

€ (t)=¢€o (1 - exp(-t/to)) (4.5)

where ¢y is the ultimate value of shrinkage strain and to is characteristic time of the
approximation function. The parameters of the approximation function (4.5) are
summarized in Table 4.2. The larger the characteristic time to, the slower the shrinkage
deformation will reach its ultimate value. Note, that tois not a material property, but a
parameter that determines the shape of the shrinkage curve of the drying specimen.

Table 4.2. Free shrinkage test results. Values of & and to.

Precursors’ Ultimate Characteristic
composition shrinkage strain time
(see Table 4.1(b)) €0 to
[%] [days]

Tested BFS/ moist sealed moist sealed
mixture ~ (FA+BFS+CEM(I+III)) curing curing curing curing
C65 0 0.039 0.031 67.5 81.9
S50 0.5 0.056 0.045 25.0 37.6
S70 0.7 0.058 0.043 379 77.7
S100 1.0 0.054 0.047 65.0 88.3

Shrinkage data have shown some variations and irregularities (see Figure 4.7). Plausible
reasons for these irregularities are the changes in temperature and relative humidity
during the test, which were in-situ monitored. Most likely, a sudden drop of temperature
caused rapid contraction and resulted in a sudden drop in shrinkage, while a sudden rise
of temperature or humidity caused expansion and leaded to a spike in shrinkage.

In general, the shrinkage strains in AAC were significantly higher than those of the
reference PC concrete, even when accounting for the lower amount of paste in C65
mixture. Mixing slag with fly ash in an AAC mixture increased shrinkage, but the difference
was not dramatic. Both AAC and PC concrete specimens cured under moist condition
during the first 28 days showed larger drying shrinkage than specimens cured under
sealed condition due to larger amount of accumulated internal moisture.
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4.3.1.2 Influence of precursor ratio on drying shrinkage

The maximum or ultimate strain & and characteristic time to of the shrinkage curves are
summarized in Table 4.2. The ultimate free shrinkage & of AAC did not significantly vary
with changing precursor ratio, i.e. the ratio between BFS and FA. However, the
characteristic time #9 of the shrinkage curves decreased with increasing FA content in the
mixture, which implies rapid shrinkage development. The characteristic time of the
shrinkage curves of S50 specimens was about 60% lower than that of S100 specimens.
This was found for specimens cured under both sealed or moist conditions.

The ultimate shrinkage o of the AAC mixtures was higher than that of the reference C65
concrete. The characteristic time 7y of the shrinkage curve of the C65 specimen was very
close to that of the S100 specimens. Similar observations have been presented in
literature [171, 174, 175].

Shrinkage of AAC is known to be correlated with the pore size distribution. Collins et al.
[129] have shown that the higher shrinkage strain in slag-based AAC, compared with that
of PC concrete, can be related to the pore size distribution of the alkali-activated binder.
For alkali-activated slag pastes, the percentage of pores within the mesoscale range
(1.25-25 nm) is 74.0-82.0%, while the percentage of mesopores in OPC pastes is only
24.7-36.4% [128].

4.3.1.3 Influence of curing conditions on shrinkage

The ultimate shrinkage strain & of moist cured specimens is higher than that of sealed
cured specimens (Table 4.2). The difference was about 15% for the S100 mixture and
about 29% for the S50 mixture.

The characteristic time # was shorter for specimens cured under moist conditions (the
shrinkage strain reached ultimate value more rapidly): 26% higher for the S100 mixture
and 34% higher for the S50 mixture (Table 4.2).

This gap relates to the smaller volume of capillary pores in sealed cured samples, which
contain evaporable water. Therefore, the weight loss (the loss of evaporable water) in
sealed-cured specimens is much lower than in moist-cured specimens [176]. For the same
reason, the weight loss is higher for blended AAC mixtures, like S50, than in pure slag-
based mixtures, like S100 [177], as shown in Figure 4.8.
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Figure 4.8 Weight loss for one S50 and one §100 AAC sample that have been wet-cured (20 °C and
95% RH) for 92 days. After this, the samples were exposed to laboratory conditions (20 °C and 55%
RH). Also plotted is weight loss for a CEM 111/B concrete sample (with the same dimensions), wet-
cured for 28 days and then exposed to drying, data from Mors (2011). Captured from [177].

4.3.1.4 Drying shrinkage versus mechanical properties

Curing conditions prior to drying affected the evolution of both drying shrinkage and the
mechanical properties. It is not surprising, therefore, that in the past correlations were
assumed between shrinkage and mechanical properties like strength and modulus of
elasticity. The ultimate values of shrinkage strain were reached much later than at 28
days; nevertheless, we use the 28 days strength as a reference mechanical characteristic
of the concrete mixture.

Figures 4.9 and 4.10 show the ultimate shrinkage strains of specimens that were either
moist or sealed cured prior to drying (Table 4.2) as a function of the 28 days compressive
strength and elastic modulus, respectively. The 28 days compressive strength and elastic
modulus of the mixtures have already been presented and discussed in Chapter 3.

In the strength range of about 65 MPa to over 85 MPa no clear correlation between 28
days strength and ultimate shrinkage was observed, either for initially sealed or the moist
cured specimen. That correlation would be anticipated in the case of conventional
concrete. The ultimate shrinkage of the reference mixture C65 was significantly lower
than that of the AAC mixtures with the same 28 days compressive strength (Figure 4.9).
A similar picture holds for the correlation between the 28 days elastic modulus and the
ultimate shrinkage (Figure 4.10). Also here the reference mixture C65 behaves differently
from the AAC mixtures. This observation confirms the previously mentioned fact that
some correlations between drying shrinkage and mechanical properties, which were
found to be valid in case of Portland cement concretes, do not apply to AAC mixtures due
to the differences of the characteristic times.
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Figure 4.10 Ultimate shrinkage strain € obtained after shrinkage data approximation versus the
28 days elastic modulus of the tested concrete.

4.3.2 Creep test results

4.3.2.1 Lload stress level and instantaneous elastic strain

A compressive creep test is the standard test for determining the creep properties of a
concrete mixture [10, 14, 168]. A typical creep curve was previously shown in Figure 4.3.
As already mentioned, the load (stress) level for the creep tests should not exceed 40% of
the 28 days compressive strength, to avoid a non-linear stress-strain relationship.
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The creep strain of a loaded specimen is determined by subtracting the instantaneous
elastic strain and the free shrinkage strain from the total measured strain, according Eq.
4.4. This procedure implies that creep and free shrinkage strains are considered
independent values for which the principle of superposition holds. The applied stress o,
the instantaneous elastic strain & observed in the creep tests and the elastic modulus Ec;,
measured during the creep tests, and the 28 days elastic modulus E2s4, measured in
Chapter 3 for the four mixtures C65, S100, S70 and S50, are all summarized in Table 4.3.

The difference between the instantaneous elastic modulus Ec and the measured 28 days
elastic modulus Ezsq (as shown in Chapter 3) is less than 10%. This is in agreement with
results of Un [18].

Table 4.3. Initial loading level oy and elastic strain &

28 days strength Loading stress Instantaneous Instantaneous Measured elastic
elastic strain elastic modulus modulus
fo Go €el Eci E284"
Tested MPa MPa % GPa GPa
mixture  moist sealed moist sealed moist sealed moist sealed moist sealed
curing curing curing curing curing curing curing curing curing curing
C65 80.1 84.1 239 25.2 0.062 0.060 385 42.0 40.6 40.8
S100 88.3 86.9 35.3 34.7 0.096 0.099 36.8 35.0 39.6 37.7
S70 78.9 78.3 23.7 234 0.065 0.068 36.5 344 37.4 37.1
S50 66.3 69.5 221 23.2 0.070 0.071 331 325 32.7 34.3

*) Measurement data presented in section 3.3.2

4.3.2.2 Measured creep curves

The total strain of the creep specimens was measured as the average strain of two tested
specimens of each mixture. The creep tests lasted for 365 days. The measured total strain
curves are presented in Figure 4.11.

4.3.2.3 Creep coefficient

From the measured total strain and shrinkage curves, the basic creep curves were
obtained using Eq. 4.4. From the thus obtained basic creep the creep coefficient ¢(t,t") has
been calculated with Eq. 4.2. The evolution of the creep coefficients over a period of 28
days and 365 days after application of the load is shown in Figures 4.12 and 4.13,
respectively. Note that in this study the obtained basic creep is in fact the sum of (real)
basic and drying creep (see also section 2.4 and [10]). This approach is considered
acceptable here, since the focus of this study is on the difference between the overall
performance of AAC-mixtures and the reference OPC-concrete.
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The Figures 4.12 and 4.13 show that the creep coefficients of AAC specimens are
significantly higher than those of the reference concrete C65. In contrast to the reference
PC concrete, the creep coefficients of the AAC mixtures continue to increase even after
one year under load (Figure 4.13).

The curves for the creep coefficients were approximated with the exponential function:
o(6)= do (1 - B*exp(-t/tv)) (4.6)

where ¢o is an ultimate creep coefficient, B’ is a fitting parameter close to 1, and ¢’ is the
characteristic time which determines the shape of the creep curve. For long creep times,
the creep coefficient tends to ¢o. Table 4.4 summarizes the results of the ultimate creep
coefficient ¢o and the characteristic time to’. Note, that these parameters are the result of
approximation, therefore the maximum value of measured creep coefficient can be
slightly larger than the value of ¢o.

Table 4.4 Ultimate creep coefficient ¢ and characteristic time t, of four tested mixtures

Precursor composition Ultimate creep coefficient ¢o Characteristic time to’
Tested BFS/ [-] [days]
mixture (FA+BFS+CEM(I+111)) moist sealed moist sealed
curing curing curing curing
C65 0 1.48 1.37 65.76 87.9
S50 0.5 5.96 5.92 53.53 70.64
S70 0.7 5.12 4.38 90.35 96.64
S100 1.0 4.1 4.48 317.03 2223
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As said, the creep of AAC mixtures was much higher than that of the reference mixture
C65. S50 specimens demonstrated ultimate creep coefficients ¢o 4.3 and 4.0 times higher
than C65 specimens cured under sealed and moist conditions, respectively. The
characteristic times of the creep curves of the C65 specimens cured under sealed and
moist conditions were 2.5 and 4.8 times shorter than those of the S100 specimens,
respectively. In other words, the creep strain develops more rapidly in C65 compared to
S100. These results are in agreement with the findings of Un [18]. The possible reason for
this is the difference in microstructure and resulting difference in creep mechanisms. The
difference of creep mechanisms in PC and AAC will be discussed in Chapter 5.

4.3.2.4 Effect of precursor ratio on ultimate creep coefficient ¢o and characteristic time to

The effect of the precursor ratio on the ultimate creep coefficient ¢o and the characteristic
time to is shown in the Figures 4.14 and 4.15, respectively. The figures for mixtures of slag
with fly ash, i.e. the mixtures S50 and S70, show a higher ¢o and a lower ¢’ of the creep
coefficient function than the mixture with only slag, i.e. S100. For AAC mixtures the
parameters ¢o and to’ can be approximated with linear functions of the BFS/
(BFS+FA+CEM) ratio, viz.:

o = -3.15 +7.3%(BFS/(BFS+FA+CEM)) 0.5 < BFS/(BFS+FA+CEM) < 1.0 (4.7)

to’= -170+430*(BFS/(BFS+FA+CEM)) 0.5 < BFS/(BFS+FA+CEM) < 1.0 (4.8)

Figure 4.14 also clearly shows that the ultimate creep coefficient ¢o of AAC mixtures is
significantly higher than that of the reference mixture C65. Furthermore, the ultimate
creep coefficient ¢o of S50 specimens of sealed cured specimens was 5.92, which is 32.1%
higher than the value of 4.48 of S100. For moist cured specimens the ultimate creep
coefficient ¢po of S50 specimens was 5.96, which is 45.4% higher than 4.1 of S100.

The characteristic time to’of AAC specimens decreased when blending slag with fly ash,
similar to the shrinkage evolution (Table 4.4). For sealed cured specimens the to" of S50
mixtures was 70 days, which is 68.2% lower than 222 days of S100 specimens. For moist
cured specimens the to’of S50 specimens was 53 days, 83.1% lower than 317 days of S100
specimens.

76



Ultimate creep coefficient value ¢,

—&— Moist curing
—e— Sealed curing
- - -Linear fit

Ultimate creep coefficient ¢, , -

0 0.2 0!4 016 0:8 ‘;
BFS/(BFS+FA+CEM)

Figure 4.14 Ultimate creep coefficient ¢ obtained after creep test data approximation versus
BFS/(BES+FA+CEM) ratio.

Characteristic time t;’
350 ~ ; 3 3

ol A R

ty = 172 + 428*x

N

a

o
!

[
>
®
©
S
o) i i i , s
£ 200 : : s |
o } ] ] ;S
2 150 4 j j s
9 : : L)
8 ‘ ‘ |
@ 1004 -~ i e A e
e \ : : [ :
o p :
—&— Moist curing
501 —e— Sealed curing
- - - Linear fit
0 T T T T T T T T T T T 1
0 0.2 0.4 0.6 0.8 1

BFS/(BFS+FA+CEM)
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approximation versus BFS/(BFS+FA+CEM) ratio.

The exact reason for the observed influence of the precursor ratio on the rate of creep,
and maybe on the creep mechanism of AAC mixtures, is not clear yet. The creep
mechanism of AAC will be considered in the next chapters. What we do know, however,
is that by mixing slag with fly ash mixtures are obtained with lower 28-days compressive
strength. The 28 days compressive strength of S50 mixture were 20-25% lower than that
of S100 mixtures (Figures 3.5, 3.6). The increase of the creep coefficient with the decrease
of the 28 days compressive strength in AAC was also mentioned in the study of Hojati
[178].
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4.3.2.5 Creep coefficient and creep compliance vs. mechanical properties

For creep analysis of real concrete structures, one can use the single material
characteristic - the compliance function J(t, t) = [1 + ¢(¢, t)]/E(t") (1/MPa), where t’is the
age of concrete when the constant stress (load) is applied [1]. In this study t’" is 28 days.
Figures 4.16 and 4.17 show the ultimate creep coefficient ¢o and the ultimate creep
compliance J(po) of the specimens cured in moist and sealed conditions versus the 28 days
compressive strength and elastic modulus, respectively. The details of the mechanical
properties tests and test results were described in Chapter 3, namely in paragraphs 3.2.3,
3.3.1,3.3.2.
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Figure 4.16 Ultimate creep coefficient (left) and ultimate creep compliance (right) versus the 28
days compressive strength of the tested concrete.
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Figure 4.17 Ultimate creep coefficient (left) and ultimate creep compliance (right) versus the 28
days elastic modulus of the tested concrete.

The diagrams of ¢o and J(¢o) versus 28-day compressive strength and elastic modulus of
the AAC and OPC C65 concrete did not show a clear correlation between the mechanical
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properties and the creep coefficient. In general, the increase of the 28 days compressive
strength and elastic modulus went along with the increase of the creep compliance and
the decrease of the ultimate creep coefficient. All AAC mixtures showed significantly
higher creep coefficients than C65, despite their similar 28-day compressive strength and
elastic modulus. In order to understand the underlying reasons for this behaviour, the
mechanisms of creep and the governing parameters of the creep coefficient function in
AAC need more attention. This will be done in Chapter 5.

4.4  QObservations and conclusions

The aim of this chapter was to experimentally investigate the evolution of long-term creep
of AAC mixtures and to evaluate the correlations between the obtained creep coefficients
and mechanical properties. The creep tests were executed according to standard
recommendations. The effect of raw materials and curing conditions on creep and
shrinkage strain of AAC were investigated. AAC mixtures selected for this study were
made of blast furnace slag (BFS) and coal fly ash (FA), mixed in different proportions. An
ordinary Portland-cement C65 concrete mixture was taken as a reference. The specimens
were cured under moist or sealed conditions until loading. The results were analysed
qualitatively and quantitatively. Based on the observations, the following remarks can be
made:

1. The free shrinkage of AAC specimens, subjected to 55% RH at an age of 28 days, was,
in general, higher than that of the reference C65 concrete. The shrinkage strain
developed rapidly up to the ultimate value and further evolved with low strain rate.
Short-term shrinkage in AAC was larger for the mixtures with a higher percentage of
fly ash. However, the final value of the deformation did not show significant
dependence on the precursor ratio. The curing conditions during the first 28 days,
prior to exposure to the 55% RH, affected the shrinkage evolution. The specimens
cured under moist conditions showed larger shrinkage and shorter characteristic
time than the specimens cured under sealed conditions up to an age of 28 days.

2. An analysis of the diagrams of the ultimate shrinkage strain versus 28-day
compressive strength and elastic modulus of the AAC and OPC concrete was made.
The ultimate shrinkage of the AAC mixtures did not vary significantly with the 28-day
compressive strength or elastic modulus (Figures 5.9 and 5.10), but was higher than
that of the reference OPC concrete.

3. The AAC mixtures showed significantly higher creep than the reference PC concrete
C65. Moreover, unlike C65, the creep curves of the AAC mixtures showed continuous
growth, even after one year under load.

4. The evolution of the creep coefficient in AAC showed clear dependence on the

precursor composition. Blending slag with fly ash resulted in mixtures with higher
ultimate creep ¢o and faster creep deformation (i.e. shorter characteristic time to’). The
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ultimate creep coefficient and characteristic time were plotted as a function of the
precursor mass ratio, showing linear trends.

The diagrams of the ultimate creep coefficient and ultimate creep compliance versus
28-day compressive strength and elastic modulus did not reveal a clear correlation
between mechanical properties and the creep coefficient. Despite similar 28-day
compressive strength and elastic modulus, all AAC mixtures showed significantly
higher creep coefficients than the reference PC concrete. Further investigation is
required to understand the underlying reasons for this behaviour, and a subsequent
chapter will focus on the mechanisms of creep and the governing parameters of the
creep coefficient function in AAC.
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Chapter 5

Creep mechanisms of alkali-activated
pastes

5.1 Introduction

Over the past few decades, numerous studies have focused on the origin of creep in
concrete (see Chapter 2). A previously proposed creep theory, namely the
microprestress-solidification (MPS) theory, suggests that creep behaviour in ordinary
Portland cement (OPC) concrete is due to the viscoelastic properties of the paste. Creep
deformation itself occurs through several mechanisms. Among suggested creep
mechanisms, the dominant ones are sliding of the C-S-H layers over each other and
reduction of microprestress over time through breakage of atomic bonds, impacting the
viscoelasticity of the material [92, 179, 180]. These mechanisms work in parallel.
According to the solidification theory, the decrease of the creep rate over time [181] is
attributed to the evolution of the material’s microstructure, namely, filling of the pores by
an increasing volume fraction of solid reaction products [182, 183], which is accompanied
by an evolution of the material properties.

In general, the creep behaviour in AAC can be explained in the same way as that of OPC
concrete. However, a straightforward application of the MPS theory to AAC does not seem
justified, since the reaction products and microstructure of PC and alkali-activated pastes
differ. The reaction products in alkali-activated pastes largely depend on the type and
ratio of precursors. As discussed in previous chapters, the creep and mechanical
properties of AAC are affected by the slag-to-fly ash ratio in the concrete mixture. This
was found for AAC samples cured under both sealed and moist conditions. However, the
exact reason for the dependency of the mechanical properties on the precursor ratio
requires further investigation.
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Understanding the evolution of material structure and mechanical properties at the paste
level is essential for understanding the mechanism of concrete creep. Therefore,
evaluation of the material nanostructure and nanoscale mechanical properties of the
pastes, such as modulus of elasticity, of different ages is needed.

The aim of this chapter is to conduct exploratory research of the evolution of material
structure and nanoscale elastic modulus of the paste specimens with various FA/BFS
ratios, in order to trace specific creep mechanisms in the alkali-activated pastes. To this
end, nanoindentation, N, adsorption and XRD tests were conducted to study the
nanostructure and nanoscale elastic modulus of alkali activated pastes.

5.2 Materials and methods

5.2.1 Materials

The materials and mixture composition of AAC paste samples considered in this study
have been mentioned in the Chapter 3. Additionally, XRD tests were performed on
mixture S30 with a slag-to-fly ash ratio of 30:70. The chemical compositions of BFS and
FA were already shown in Chapter 3 (Table 3.1). A summary of all the mixture
compositions is shown in Table 5.1. Note that no aggregates were added to the mixtures.

Table 5.1 Mixture compositions of AAM pastes for nanoindentation and XRD tests

Mixtures
Components unit S100 S70 S50 S30
Slag kg/m3 400 280 200 120
Fly ash kg/m3 -- 120 200 280
Activator (NazSiO3+NaOH) kg/m3 200 200 200 200
Liquid/binder (1/b) ratio kg/m3 0.5 0.5 0.5 0.5

Paste samples for the tests were cast in plastic moulds. The samples were kept sealed at
temperature of 21+2 °C for at least 28 days until the tests were performed. After 28 days
the specimens were demoulded. The storage conditions and the timeline are illustrated
in Figure 5.1.
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Figure 5.1. The photo of the alkali-activated paste samples casted in plastic moulds and kept sealed
at temperature of 21+2 °C (top) and the timeline of the tests (bottom,).

5.2.2 Methods

5.2.2.1 X-ray diffraction (XRD)

XRD tests were conducted to study the nanostructure of alkali activated pastes with the
aim to trace possible correlations between creep phenomena and nanoscale properties.
The crystalline phases in the pastes were identified by X-ray diffraction (XRD)
measurements using a Bruker D8 Advanced diffractometer of Bragg-Brentano geometry
and Lynxeye position sensitive detector with Cu Ka radiation, scatter screen height 5 mm,
tube setting 45 kV and 40 mA. The diffractometer employed coupled 6-26 scan technique
in the range 6° - 110° and step size 0.030 ° 26.

The paste samples for XRD tests were prepared in the similar way as for N2 adsorption
tests, which will be described in Section 5.2.2.3. Additionally, the pieces were finely
ground and dried before testing.

5.2.2.2 Nanoindentation

Nanoindentation is a widely used technique to test the micromechanical properties of
cementitious and alkali-activated materials [184-187]. The nanoindentation technique
enables characterization of intrinsic mechanical properties on the micro- and nanoscale.
Nanoindentation tests were conducted using Agilent Nano Indenter G200, equipped with
a Berkovich indenter. The goal of the tests was to determine the elastic modulus (E) of
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different phases of AAM pastes, i.e. C-S-H, C-A-S-H and C-N-A-S-H gels and un-reacted
particles.

Nanoindentation testing involves indenting a specimen surface with a solid diamond
indenter while recording the penetration depth. Typical load-time and load-penetration
diagrams are shown in Figure 5.2. In this study nanoindentation was employed to
examine the distribution of the elastic modulus over the specimen surface. In order to get
a good picture of this distribution, tests were carried out in a series of grids of 15 x 15 =
225 imprints, each covering an area of 300 pm x 300 pm.

2.0 A 2.0
1.5 1.5
3 z
E E
T 1.0 T 1.0
© ©
S S
0.5 0.5
0.0+ 0.0
T T T T T T T T T T
0 %0 100 150 200 Penetration depth (nm) L
Time (s)

Figure 5.2. The load-time (left) and load-penetration (vight) diagrams for a single penetration during
the nanoindentations test.

Prior to nanoindentation, the samples were cut into slices of about 20x20x10 mm3,
grinded and polished to achieve an absolutely smooth surface. For the grinding,
sandpapers of 180, 240, 400, 600 and 800 and 1200 grit were used in series during 5-10
minutes each. Instead of water, ethanol was used as a cooling lubrication liquid to prevent
further reaction of the paste components. After grinding, the samples were polished on a
lapping table with diamond paste (6 pm, 3 pm, 1 pm, and 0.25 pum). Sample preparation
was performed just prior to testing to avoid carbonation of the surface to be tested.

The tests were conducted under load-controlled mode. During the tests the load was
linearly increased until it reached a specified maximum value 2ZmN. When the maximum
level was reached, the load level was held constant for 180 seconds to reach related
maximum penetration depth hmax, and then the sample was linearly unloaded (see Figure
5.2, left).

A standard procedure to analyse the nanoindentation data was proposed by Oliver and
Pharr [188]. It uses the specimen’s response during unloading, - assumed to be purely
elastic -, to calculate the tip-sample contact size at the onset of unloading. This method is
based on Hertz’ theory for elastic contact, which states that the stiffness Sc of the contact
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between two elastic spheres should be evaluated as the initial slope of the unloading
curve (see Figure 5.2), and E-r is the effective elastic modulus of the two spheres.

S and Erare given by Eq. 5.1 and Eq. 5.2, where Pc is contact force, h is relative movement
of the centres of the spheres, h= hmax is the maximum penetration depth, and Ac is the
contact area at the maximum depth hmax.

dp, 2

S, = E:\/_E:ET [A, (5.1)
2

E. = N (5.2)
The effect of non-rigidity of the indenter can be accounted for by the equation:
1 1-v)?2  (1-vy)?
1_aw? a-w 53)
E, E E;

where E and v are the elastic modulus and Poisson’s ratio of the tested material,
respectively. In this study, the Poisson’s ratio v of the tested material was assumed to be
0.2. Ei and vi are the elastic properties of the diamond indenter: Ei = 1141 GPa, vi= 0.07.

5.2.2.3 N; adsorption

The pore structure plays an important role in water transport and dramatically affects
shrinkage and creep properties of a concrete binder [88, 96, 181]. Capillary pores (10 nm
- 10 um) contain adsorbed water that plays an important role in drying shrinkage and
creep, as mentioned in Chapter 2 (Section 2.4.2.2) [189]. The micropores (< 2 nm) are
specifically associated with the gel phase, which are the reaction products of cementitious
materials. With the nitrogen (Nz) adsorption method the pore size distribution in the
paste is determined, considering a wide range of pore sizes, reaching as low as 2 nm.

Inspired by the research of Brunauer, Emmett and Teller [190] on the interaction between
gases and the surface of solids, nitrogen adsorption-desorption isotherms are widely used
to determine the specific surface area of pastes and its pore sizes distribution. The
schematic illustration of the nitrogen (N2) adsorption/desorption procedure is shown in
the Figure 5.3. The interpretation of the Nz isotherms is based on Brunauer-Emmet-Teller
(BET) [190] and Barret-Joyner-Halenda (BJH) models [190].

85



Pore filling with N,

(+] e e
o © (¢] =]

-5 &

Connected pores e Q )
Sample \ % S 5

\ 2nm
R o

b ]

Isolated pores

Condensation,
Pore size
distribution

Monolayer filling,
BET surface area
determination

Multilayer filling

Figure 5.3 lllustration of the interaction between gases and the surface of solids during the N
adsorption tests. The scheme demonstrate the adsorption and desorption processes during the test.
Captured from [15].

Based on the BET theory the following equation hold (its derivation is explained in [190,
191]):

P 1 M-1(P
Va(Po—P)  ViC + Vi C (P_o) (5.4)

where P is the equilibrium gas (N2) pressure, Po is the saturation pressure of the gas (Nz),
Va is the amount of gas (N2) adsorbed at pressure P, M is a constant and Vm is the amount
of gas (N2) needed to cover the surface with a monolayer of gas (N2) molecules.

Then the specific surface area can be determined by:

Sper = ~AmAN (5.5)
Vo

where Na is the Avogadro constant, Aw is the surface area occupied by a single adsorbed

gas molecule and Vo is the molar volume of gas. Av of nitrogen is assumed equal

16.2x10-20 m2.

The BJH model provides information about the pore size distribution of porous materials.
The distribution can be calculated using a desorption isotherm according to the modified
Kelvin equation (5.6), which provides a correlation between pore diameter and pore
condensation pressure, assuming the cylindrical pore shape.
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() =Z22eed (5.6)

Po RT (rp—t¢)

where P/Po is the relative gas pressure, Yis the surface tension of liquid nitrogen, Vo is the
molar volume of the liquid, 0 is the contact angle between liquid and pore wall (6=0 for
completely filled pore), R is the gas constant, rp is the pore radius of the largest filled pore
and tc is the thickness of the water layer adsorbed at the surface of the solid.

The porosity of pores in the mesopore range measured by nitrogen adsorption gives
similar results to those measured by often used mercury intrusion porosimetry (MIP)
tests [191, 192].

To perform the adsorption test, the paste samples were gently crushed into pieces of
1 mm3 and bathed in isopropanol for one week, to replace the water in the pores by
alcohol. Then, the samples were placed under vacuum at 25 °C for at least four weeks.
Afterwards, about 1-1.5 gram of material was used for the analysis.

The N7 adsorption tests were conducted using Gemini VII 2390 with a relative gas
pressure(P/Py) ranging from 0.05 to 0.99 and a constant temperature of 77K. The relative
pressure is defined as equilibrium vapour pressure normalized by the saturation vapour
pressure. The temperature was set by cooling using liquid nitrogen.

5.3 Results and discussion

5.3.1 XRD of AAM pastes

The crystalline phases and chemical bonding of the paste samples were evaluated using
XRD technique. The results of the tests are shown in the Figures 5.4.

A large portion of the material was amorphous or microcrystalline. Therefore, not all
small peaks of the XRD analysis could be identified. The identified peaks for the tests of
different ages were identical; therefore, we conclude that the crystalline phases did not
change with time. Additionally, it can be assumed that the microstructure of the reaction
products formed after 28 days was amorphous and could, therefore, be observed by
growing halo in the XRD test curves for specimens tested in mature age.

The main compound in S100 was C-S-H (calcium silicate hydrate Ca1.5Si03.5-xH20). Note,
that C-S-H is not commonly accepted as a crystalline phase. However, we can identify
several distinct peaks in the curves, which are characteristic of crystallites. Blending slag
with FA changed the reaction products and, therefore, the amount of the peaks. The
replacement of slag with FA in mixtures S70, S50, S30 led to an observable increase of
Quartz (SiO2) and Mullite (3Al203-2S5i02) phases alongside the C-S-H (Ca1.5Si03.5-xH20).
The presence of these additional phases might contribute to densification or altered pore
structure within the paste, impacting the paste's mechanical properties and long-term
durability due to the distinct characteristics of Quartz and Mullite compared to the C-S-H
compound.
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Figure 5.4 XRD results for S100, S70, §50 and S30 mixtures at age 28 days (the curves of different
ages turned out to be identical peaks).

5.3.2 Nanoindentation

Many studies have shown the importance of microscale mechanisms on the long-term
creep behaviour of concrete. Nanoindentation is a promising technique to examine the
nanoscale elastic properties of the paste and their correlation with the viscoelastic
properties of concrete at the macroscale.

The ESEM (environmental scanning electron microscope) photos (Figure 5.5) of the
surfaces show the locations of nanoindentation tests. The maps of the elastic moduli of
mixtures S100 and S50 at the age of 28 and 365 days are given in Figure 5.7. From these
maps, the effect of the precursor ratio and age of the samples on the elastic modulus of
alkali-activated pastes can be read directly.

The E-modulus of the tested pastes after 365 days of curing varied between 5 and 85 GPa.
Based on nanoindentation results we can identify components with different stiffness
(Figure 5.6). However, for our research, it is easier to disregard the inhomogeneous
structure and work with an average (from 400 imprints) E-modulus of the paste. Note,
that the points related to the unreacted products were excluded from the data set (Figure
5.7).

The mean value of the elastic modulus of 28 days old S50 paste was 22.7 GPa, which is 8%
lower than that of S100 paste (24.7 GPa). The average value of the elastic modulus for
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both mixtures increased with time. At the age of 365 days the difference of the values was
16.8%, viz. 23.2 GPa and 27.9 GPa for S50 and S100 pastes, respectively.

.

p= -
s

Figure 5.5. Environmental scanning electron microscope (ESEM) picture of indented paste surface of
28 days old samples of alkali-activated pastes.

S50 Elastic modulus, GPa

20 mkm

22.7 GPa

S50 Elastic modulus, GPa

Average: 24.7 GPa

S100 Elastic modulus, GPa

365 days

23.2 GPa
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Figure 5.6 Nanoindentation results (elastic modulus) for S100 and S50 pastes in the ages 28 days and
1 year.
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The values of the modulus of elasticity of 28 days old alkali-activated GGBFS and FA were
in agreement with those reported by Nedeljkovic [15] and Ma [186]. Those authors found
an E-modulus of about 30 GPa for slag-based material [15], and in the range between ~11
and ~23 GPa for FA-based pastes [186]. Constantinides and Ulm [193, 194] measured the
elastic modulus of the pastes based on Type I [193] and white Portland cement with a low
aluminates concentration [194], and liquid-binder ratio 0.5. Typical values for the elastic
modulus of the main hydration reaction product of cement, i.e. C-S-H, are ~18.2-21.7 GPa
for low-density (LD) and ~29.1-29.4 GPa for high-density (HD) gel, respectively.
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Figure 5.7 Nanoscale elastic modulus of S100, S50 pastes and HD- and LD- C-S-H gels [193, 194] in
the ages 28 days and 1 year.
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5.3.2 Nitrogen adsorption test

5.3.2.1 BET surface area

The N2 gas adsorption test was performed to characterize the pore structure and specific
surface area of the paste. The BET specific surface area of the mixtures was calculated
using to equation (5.5) [190]. Table 5.2 shows the specific surface area of 28 and 365 days

Table 5.2. BET specific surface area of AAM pastes (m?/g)

Time of Specific surface area [m2 /g] of AAM pastes
testing $100 $70 S50 $30
28 days 5.1 19.4 25.7 33.7
365 days 0.78 0.89 1.6 2.6
. —m— 28 days
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Figure 5.8 Measured BET specific surface area of AAM pastes (m?/g) vs. the precursors’
composition at 28 days and 365 days.

old pastes. The measured BET surface areas presented as function of the BFS/FA ratio of
the precursor are shown in Figure 5.8.

To put the data of Table 5.2 in perspective: typical BET specific surface area of the cement
paste after 28 days is 56.7 to 139.6 m?/g, depending on the water-to-cement ratio (97.7
m?/g for w/c=0.5) [195, 196]. The specific surface area of alkali-activated pastes, with 1/b
ratio 0.5, depends on the precursor composition, i.e. (BFS-FA)/BFS. Mixing slag with fly
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ash at 50% increased the specific surface area of 28 days old paste by a factor five, from
5.13 m?/g for S100 to 25.67 m?/g for S50.

In general, increase of the amount of gel during the reaction process leads to an increase
of the BET surface of the gel pores. In our study a dramatic decrease of the BET surface
area for alkali-activated pastes with time was observed. For S100 the decrease was more
than ~650% (i.e. from 5.1 to 0.78 m?/g), for S50 it was ~1600% (i.e. from 25.7 to 1.6
m?/g) (Table 5.2). This decrease of the BET surface area with time indicates that this
decrease is due to capillary pores (gel pores are disregarded).

5.3.2.2 Pore size distribution

The (cumulative) pore size distributions of 28 and 365 days old pastes are shown in
Figure 5.9, while the critical pore sizes are listed in Table 5.3. It should be noted that
nitrogen adsorption can only provide information about the pore structure of capillary
pores (2-100 nm in this study). The pore volume of AAM pastes decreases with time,
while the amount of pores smaller than 150 nm increases. Refinement of the
nanostructure is the result of alkali activation reaction and increase of product volume,
which affects the viscoelastic properties of the paste.

Table 5.3. Critical pore size (nm) of AAM pastes, measured at age of the paste of 28 and 365 days.

Time of Critical pore size [nm] of AAM pastes
testing S100 S70 S50 S30
28 days 6.03 6.84 7.19 9.19
365 days 2.34 2.5 2.56 4.1
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Figure 5.9 Pore size distributions at the age of 28 days(left) and 365 days(right). (Note: horizontal
axis have different scales)
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5.3.3 Mechanical strength vs. porosity

The strength of a cementitious material is determined by the ‘intrinsic’ strength of the
reaction products and the porosity of the sample [197]. According to this concept, a
cement paste reveals its ‘intrinsic’ strength [198] when there is no porosity at all.

The relationship between strength and porosity of a cementitious material can be
presented by both exponential and logarithmic expressions. An empirical exponential
relationship was originally proposed by Ryshkewitch [199], and later further developed
by Soroka and Sereda [200]. Schiller [201] has presented a fundamental study and proved
that within the practical range of capillary porosity, these expressions lead to almost the
same results.

The aforementioned exponential and logarithmic expressions are:
f=for e (5.8)
f=B-In (% (5.9)

where fand p are strength and porosity of the material, respectively, for is the strength of
the theoretical (intrinsic) non-porous material. b and B are constants, and po is the
hypothetical value of capillary porosity (without considering gel pores <2 nm) at which
the strength practically vanishes.

Figure 5.10 shows a plot of compressive strength vs. porosity of the alkali-activated pastes
[15]. The results were approximated with expressions (5.8) and (5.9). Rossler et al. [202]
performed experiments with a single industrial Portland cement and found the intrinsic
strength fo and the value of porosity po for OPC paste are 636 MPa and 31%, respectively.
It is emphasized again that only capillary porosity is considered, while the gel pores are
not taken into account. The value of fo: for alkali-activated pastes, irrespective of the
precursor composition, was 123.5 MPa, which is much lower than the 636 MPa found for
OPC paste (Figure 5.10). According to the curve fit procedure the value of po would be
159.2% (legend in the Figure 5.10). A porosity po exceeding 100% is not possible and
without physical meaning. Actually, the analytical curve-fitted strength-porosity
equations give reasonable strength predictions for a capillary porosity up to 30%.
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Figure 5.10 Compressive strength vs capillary porosity of the alkali-activated and hydrated cement
pastes. Experimental results were approximated with expressions (5.8) and (5.9) from [199, 201].
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5.3.4 Discussion

XRD test results suggested that the nature of alkali-activated pastes was microcrystalline
and amorphous up to the age of 365 days. Therefore, alkali-activated pastes can be
classified as ‘colloidal gels’. The microstructure of these gels results from the attraction of
colloidal particles dispersed in a liquid, forming a loose network. Creep mechanisms in
amorphous solids, and in particular colloidal gels, have been extensively discussed in
scientific publications [114, 203-208]. However, the description remains controversial
because of the high sensitivity to the volume fraction of colloidal particles and to the
interparticle interactions [114]. If the volume fraction of particles is low, the creep
response of the paste can be described by its linear viscoelastic properties [114, 205].
However, in granular materials with a high particle volume fraction, creep is often
attributed to plastic rearrangements that disrupt the interactions and forces between
particles [209, 210]. The specific mechanisms of creep in systems with high packing
density with insufficient available space for local reorganization of the grain network are
not fully understood. In such systems, creep is often associated with slow, gradual and
time-dependent deformation due to the inability of particles to readily rearrange and
redistribute stress within the densely packed network [211, 212].

Assuming that the creep behaviour of AAC is a consequence of the viscoelastic properties
of the binder [10, 18], the evolution of creep coefficient of AAC correlate with the
viscoelastic properties and packing density of the alkali-activated binder. The
characterization of the pore structure of binder provides valuable insights into the
mechanical properties of the material. The curve-fitted relationships of compressive
strength and total porosity of the alkali-activated pastes suggest a much lower ‘intrinsic’
strength (foz) of AAC than of OPC paste. Manipulating the parameters of mixture design
has the potential to significantly influence foz of the material. However, further
comprehensive research is warranted to elucidate the precise mechanisms underlying
these effects.

The creep behaviour of AAC can also be attributed to rearrangements of particles within
the microstructure. Creep then becomes a complex process of stress-induced local shear
transformation (including gel layers sliding) and atomic diffusion [213, 214]. When these
processes are considered together, the experimentally observed evolution of strain and
properties at the nanoscale can be assumed as the ultimate result of solid particle
diffusion and collective atomic rearrangements (Figure 5.11). The dominant mechanism
of that deformation may vary depending on the magnitude of the load and specific
properties of the molecular interactions [114].
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a. Shear mode deformation b. evolution of defect

Figure 5.11 Two-dimensional representation of shear transformation (a) and local defect diffusion
(b). The circles can represent colloidal particles at the microscale or individual atoms at the
molecular scale [47].

In our alkali-activated systems the replacement of BFS by FA changed the solution
chemistry during the activation reaction, resulting in a highly connected depolymerized
tobermorite-like structure of the gel [215, 216]. This can potentially result in a distinct
redistribution of stress within the molecular structure of the gel, leading to noticeable
differences in strain.

In a tobermorite-like structure not only molecular forces, but also electrostatic forces and
van der Waals forces bind the layers of the gel. The combined effects of the different forces
stabilise the layered structure, increasing the bridging distance between building blocks.
In this case, although the cohesive intralayer binding is strong, the colloidal interactions
are significantly lower, making sliding easier. In addition, the higher amount of free water
in the structure of alkali-activated products also affects the evolution of the creep strain
[211, 217]. Consequently, the deformation capacity of the interparticle bridges may
increase.

These hypotheses about the contribution of molecular-scale mechanisms to creep are
hard to validate experimentally. In-situ monitoring of atomic movements during creep
using experimental methods is hard to perform. However, molecular dynamic (MD)
simulations can be used for molecular-scale simulations of creep mechanisms. MD
simulations of creep in C-S-H and C(-A)-S-H gels will be dealt in Chapter 6.

5.4 Observations and conclusions

1. XRD analysis showed that the crystalline phases of the tested alkali-activated
materials were stable over time. Meanwhile, the results of nanoindentation and N2
adsorption tests indicated the evolution of the microstructure and the presence of
new material filling the pores. Based on these findings, it can be inferred that the
new material has an amorphous structure.

2. The nanoindentation tests have shown that the nanoscale elastic modulus of alkali-
activated pastes depends on the precursor composition. The average values of the
elastic modulus of slag-based S100 and 50% fly ash-blended S50 paste after 28
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days were 24.7 GPa and 22.7 GPa, respectively. For both mixtures, the average
magnitude of the elastic modulus increased with time. After 365 days the elastic
modulus of S100 and S50 were 27.9 GPa and 23.2 GPa, respectively.

Nitrogen adsorption tests have shown that blending slag with fly ash resulted in a
material with higher porosity. It also affected the pore size distribution and
maximum pore size. The overall pore volume decreased with time and an increase
of pores smaller than 150 A was observed. Nonetheless, the typical approximation,
accepted for porous materials, of the relationship between compressive strength
and total porosity (excluding gel pores) [199, 201], has demonstrated a noticeably
lower intrinsic strength for compared to that of the OPC paste. Hence, further
research is imperative to understand the underlying factors contributing to the
disparities in viscoelastic properties between AAC and OPC concrete.

The creep mechanisms in alkali-activated pastes can be considered as a complex
process of stress-induced local shear transformation and atomic diffusion. The
replacement of BFS with FA in the mixture alters the nanoscale material structure
and molecular-scale interactions, which affect the viscoelastic properties of the
alkali-activated paste. The molecular-scale effects are hard to investigate
experimentally; therefore, in the next chapter, computational tools will be used to
perform simulations of molecular-scale creep of the gel (reaction products).

97



98



Chapter 6

Molecular dynamic simulations of creep
of C(-A)-S-H gel.

6.1 Introduction

The mechanism of creep in concrete is still subject of many debates, as we discussed in
previous chapters. It is generally agreed that on the nanoscale concrete creep originates
from the complex viscoelastic behaviour of reaction products in the binder: calcium-
silicate-hydrate (C-S-H) gel for hydrated OPC and calcium aluminium silicate hydrates (C-
A-S-H) gel for alkali activated slag [133, 210, 211]. However, the precise molecular-scale
mechanism of creep remains not completely understood yet. At this time, hypotheses
about the reconfiguration of fundamental building blocks in the reaction products need
to be further substantiated and validated. Certainly, molecular-scale creep mechanisms
in C-S-H and C-A-S-H gels exhibit different visco-elastic properties due to their distinctive
chemical compositions and molecular structures. The C-S-H gel has a precisely studied
crystalline tobermorite structure, in contrast to the aluminium-containing, relatively
amorphous, polymeric arrangement of the C-A-S-H gel. These differences significantly
influence the mechanical characteristics and dynamic response under external loads.

Molecular dynamics (MD) serve as a widely used computational tool for investigating
processes at the molecular scale [218]. MD simulations are a computational methodology
used to mimic the actions of atoms and molecules over time by numerically solving the
equations of motion of the particles in the system. These simulations provide deep
insights into the dynamic behaviour, thermodynamics and properties of molecular
systems. In essence, atomistic simulations aim to numerically unravel and replicate the
trajectory of each individual atom within the material's framework. Consequently, MD
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bridges the gap between molecular-scale motions and the collective behaviour of atoms -
essentially, the evolution of nanostructure and, thereby, nanoscale mechanical properties.
In particular, a sequence of loading-unloading shear stress cycles - via an incremental
stress-marching technique - can effectively mimic time-dependent material responses, i.e.
creep [211].

In this chapter MD simulations will be performed using the incremental stress-marching
technique to investigate creep behaviour of C-S-H and C-A-S-H gels on the nanoscale. This
study aims to evaluate the influence of the parameters of a C-A-S-H gel structure on the
creep strain development. Specifically, the variations of silicate chain length, the
aluminium-to-silicon (Al/Si) ratio, and the amount of interlayer water on creep will be
investigated to validate the hypothesis on nanoscale creep mechanisms formulated in
Chapter 5.

6.2 Methods

6.2.1 Molecular structure

The first step of MD simulations is to create a realistic molecular structure with
representative interatomic interactions that mimics the measured properties of the
material [219]. The smallest volume of a molecular structure that shows the three-
dimensional pattern of the entire system is called a unit cell. In the simulation process,
periodic boundary conditions (PBC) were applied in order to approximate an infinite
system.

The main reaction product of cement hydration is C-S-H gel. C-S-H exhibits some degree
of crystallinity, as shown by X-ray diffraction methods [218]. The atomic arrangement of
a C-S-H structure resembles the naturally existing tobermorite mineral [220]. This
material has a layered structure, in which calcium silicate layers are separated by
interlayer space. Tobermorite has a chemical formula CasSic016(OH)2¢7H20 and is
characterized by a basal? space (Figure 6.1). Alkaline activation of BFS with sodium
hydroxide (NaOH) and water glass results into modifications of the C-S-H and C(-A)-S-H
gels, which also have the structure of tobermorite [117], but may show lower crystallinity
and contain additional aluminium atoms.

The constructed C-(A-)-S-H systems are shown schematically in Figures 6.1 and 6.2.
C-(A-)-S-H structures were created by modifying the structure of a model of tobermorite
mineral with a basal spacing equal 1.4 nm (tobermorite-14A) described by Bonaccorsi et
al. [220], following the procedure described by Pellenq et al. [221] and refined by Qomi et
al. [222] . The unit cell of this mineral was replicated to obtain a simulation box in defined
symmetry group B11b, with dimensions in the x, y and z directions of 0.68 x 0.15 x 2.85
nm3, respectively, and the unit-cell angle y = 123.25°. This model contains the material
characteristics suggested on the basis of the data from nuclear magnetic resonance (NMR)
spectroscopy and infrared (IR) analysis. The structure of tobermorite-14A consists of long

2 Basal spacing is defined as the interlayer distance including the thickness of a single layer.
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layers of CaO polyhedra, with tetrahedral silicate chains on both sides of these layers. The
repeating units of silicate tetrahedra form chains of different lengths.

The average number of aluminosilicate tetrahedral in a tobermorite-like chain is called
mean chain length (MCL). Yan [223] has shown that the MCL of the C-S-H chains in cement
paste significantly depends on the Ca/Si ratio. For the low Ca/Si ratio in C-S-H, i.e. Ca/Si =
0.75%0.05, the MCL is 76+15, for Ca/Si = 0.88+0.03 ratio the MCL is 27+7 and for the high
Ca/Si = 1.44+0.02 ratio the MCL is 2.56%0.1. In contrast, C-S-H in the presence of alkali
hydroxide with pH about 13, like in slag-based gel, shows MCL of 33.0, 7.44 and 2.64,
respectively [223]. The molecular structures of tobermorite for this study were created
with the MCL close to these values.

The structure with MCL=00 (considering periodic boundary conditions) was adopted as a
reference (Figure 6.1). Then, every third tetrahedron at the bridging site was removed to
get the structure with MCL=5 (Figure 6.2a). Then, every second bridging tetrahedron of
the structure with infinite MCL was deleted to get MCL=2 (Figure 6.2b).

The molecular structure of C-A-S-H gel is reminiscent of the structure of C-S-H gel where
the Si atoms have been replaced by Al. The most probable positions for substitution Si
with Al are the bridging sites (see Figure 6.1). Puertas et al. [117] created a molecular
model of C-A-S-H gel. They have shown that the structure of C-A-S-H gel formed in slag-
based alkali-activated materials depends on the type of used activator. For the mixture
used in our experimental study in Chapters 3-5, the MCL would be about 5. Kapeluszna et
al. [224] studied incorporation of Al in C-A-S-H gels with various Ca/Si. They found that
low Ca/Si ratio promoted Al incorporation into C-(A)-S-H gel. Typical Al/Si was in the
range from 0.05 to 0.2. Also they discovered that Al-bearing gels exhibited higher content
of non-evaporable (interlayer) water.

H
© o Si tetrahedrals
o ca Base;lzts}face Pl on the
O Pl bridging sites
O~

Figure 6.1 Schematic illustration of a C-S-H unit cell: Tobermorite-14A4 molecular structure, where
MCL=0w and basal space = 1.4 nm. Periodic boundary conditions are applied.
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b. MCL=2 c. MCL=5, Al/Si ratio=0.18

Figure 6.2 Schematic illustration of the unit cell structures of- a. Tobermorite-14A4 molecular
structure (MCL=35), b. Tobermorite-144 molecular structure (MCL=2), c. Tobermorite-144
molecular structure (MCL=5, Al/Si ratio=0.18).

To simulate creep in C-A-S-H gel as close as possible to the gels formed in the mixtures
studied in Chapters 3-5 and aforementioned publications [117, 224], the Al/Si ratio of the
structure with MCL=5 was varied from 0 to 0.2, replacing Si atoms with Al at the most
likely position of the substitution - bridging site (Figure 6.2c). The resulting imbalance in
charge was compensated by introducing additional hydrogens. The lattice parameters of
the resulting molecular structures are summarized in Table 6.1.
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Table 6.1. Calculated mechanical properties of the tested molecular structures.

Elastic modulus E Bulk modulus K Shear modulus G

GPa GPa GPa

MCL = oo 84.0 56.2 23.4
MCL=5 79.9 25.1 13.2

MCL =5 (Al/Si=0.11) 80.8 25.6 11.3
MCL =5 (Al/Si=0.18) 82.3 29.1 14.2
MCL =5 (Al/Si = 0.25) 83.0 29.9 14.8
MCL=2 43.34 23.97 12.26

The effect of the mean chain length and Al/Si ratio on the creep evolution of C(-A)-S-H gel
has notyet been extensively investigated. However, the results of this study are consistent
with published results of simulations of the mechanical properties of C-S-H gel [117] and
nuclear magnetic resonance (NMR) experiments [225]. The results of the mechanical
properties of nanocrystalline calcium aluminosilicate hydrate (C-A-S-H gel) are consistent
with the studied of Geng et al. [226] and Wang et al. [227].

The impact of the amount of interlayer water on creep strain development was
investigated through modifications of the C(-A)-S-H structure with MCL of 5 and an Al/Si
ratio of 0.18. Namely, the number of water molecules within the interlayer spacing of
tobermorite structure was varied. Initially, the number of water molecules was doubled
to 24 (as shown in Figure 6.3), allowing for comparative analysis. Then all interlayer
water molecules were completely removed, resulting in a configuration with no water
between the layers.

Figure 6.3 Schematic illustration of the unit cell of tobermorite-144 structure (MCL=5, Al/Si
ratio=0.18) with 12(left), 24 (middle), and zero (right) water molecules in the interlayer space.

Interactions inside the tobermorite molecule and intermolecular interactions were
approximated by some empirical potentials using molecular mechanics, or so called force
field (FF) methods. Such methods ignore motion of electrons inside the compounds, and
describe a molecule structure as a series of charged spheres with constant weight and size
(atomic nucleus) connected by springs (bonds). This approach is based on the Born-
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Oppenheimer approximation, which allows for separating nuclear and electronic motions
and, therefore, consider the energy of a system as a function of nuclear weights and
coordinates only [228]. The force field parameters capture energy of each atom and allow
calculation of the full potential energy of the system [219]. In our study, the reactive force
field proposed by Van Duin et al. [229] ReaxFF was applied. This set of the parameters
was further extended with Ca/O/H [230], Si/O/H [231] and Al [232] potentials to
consider all interatomic interactions of the C(-A)-S-H gel structure.

6.2.2 Computational methods

The molecular structure, as a system, contains a certain amount of internal energy. The
coordinates of the atoms in the unit cell should correspond to the minimum energy state
for the given system. This is identified as a local minimum on the global potential energy
surface, where the coordinates of each atom of the structure are closest. Therefore, the
structure was optimized using the GULP code to achieve the local energy minimum [233].
The optimization was performed using the Newton-Raphson/Broyden-Fletcher-
Goldfarb-Shanno (NR/BFGS) algorithm [234]. After optimization of the structure, the
elastic matrix, elastic modulus (E), bulk modulus (K) and shear modulus (G), earlier
presented in Table 6.1, were calculated to validate the model and demonstrate the
potential of the model to simulate the response to the external load.

Let me note that from thermodynamic point of view, when a material is deformed under
an applied stress within its elastic limit, it stores potential energy due to the internal
stresses generated. This potential energy represents the work done on the material to
deform it. The amount of potential energy stored is proportional to the degree of
deformation, which is influenced by the elastic modulus of the material.

To simulate the creep deformation of a molecular structure, the LAMMPS code and the
stress-marching technique [211, 235] were used. The stress-marching technique consists
of a series of consecutive loading-unloading cycles of an isostatic shear stress 7x= o+ At
in the xy-plane (see Figure 6.4). Such cyclic loading causes the system to deform in order
to reduce the internal stress and minimize the potential energy. This behaviour mimics
time-dependent material response of the material (volume change) caused by sustained
loading, i.e. creep. The input parameters of the simulated molecular systems are
summarized in Table 6.2. Note that these simulations do not relate directly to the creep
tests discussed in Chapter 4.
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Figure 6.4 Schematic illustration of cyclic loading during simulations (top) and the model of C-S-H
system, where MCL=5, with applied PBC and shear stress in the XY-plane before and after 1000
loading cycles (bottom).

Table 6.2. Input parameter of the simulated molecular systems.

Structure Ne MCL Shear modulus G Al/Si ratio Applied load
GPa GPa

1 oo 23.4 0 0.75;1; 1.5
2 5 13.2 0 0.75;1; 1.5
3 5 11.3 0.11 1
4 5 14.2 0.18 1
5 5 14.8 0.25 1
6 2 12.26 0 0.75;1; 1.5
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6.3 Results and discussion

6.3.1 Role of mean chain length (MCL) on simulated creep

The strain evolution of tobermorite structures with different MCL under different load
levels are shown in Figures 6.5 and 6.6. Figure 6.5 (right) shows the reduction of the
potential energy of the structure, and thus deformation of the system to a lower energy
state. The strain of the structure under the cyclic shear load was measured as an average
change of the volume of the unit cell after each cycle. Please note that the outcomes of MD
simulations capture the overall patterns of deformations in molecular structures, without
reproducing the exact values of strain observed in cement paste.

The creep deformation € can be approximated with logarithmic function Eq. 6.1:

e(N) = e+ 21n (1 +i) (6.1)

c Ny
where & is the initial elastic strain, 1/C stands for the simulated creep constant, N is the
number loading cycles, Ny is characteristic ‘time’ (number of loading cycles), and t, is the
shear stress. The parameters of the approximate strain curves according Eq. 6.1 are
summarized in Table 6.3 (second row for MCL = o).
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Figure 6.5 (left): Creep strain of tobermorite structure (MCL = x) as a function of number of the
loading cycles for various values of the external shear stress. The simulation results were
approximated with logarithmic function Eq.(6.1). (right): The evolution of molar energy of the system
during the cycles for 19.=1 GPa.
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Figure 6.6 Creep strain of tobermorite structure as a function of number of the loading cycles for
various values of the external shear stress (a) The structure with mean chain length, MCL = 5. (b) The
structure with mean chain length, MCL = 2. The simulation results were approximated with
logarithmic function (6.1)

Table 6.3. Fitting parameters (1/C, Ny) for the creep curves approximation(Eq. 6.1)

Mean chain length Creep constant Applied shear stress ~ Characteristic ‘time’
MCL [--] 1/C [GPa1] Ty [GPa] No [--]

0.75

o 0.045 1 150
1.5
0.75

5 0.08 1.0 120
1.5
0.75

2 0.09 1.0 50
1.5

The strain curves of the reference structure with MCL=oco (Figure 6.5) are in good
agreement with creep simulations of a C-S-H structure performed by Morshedifard et al.
[211] and Yan et al. [223], providing justification for moving forward with this model.
Then the simulations were performed for the modified structures with MCL of 5 and 2.
The results are shown in Figure 6.6 and in Table 6.3 (374 and 4t row for MCL = 5 and 2).

The creep constant 1/C of the creep curves of the modelled structures increased as the
MCL decreased. The evolutions of the strain of systems with MCL = co, MCL=5 and MCL =
2 were approximated with creep curves with values for the constant 1/C equal to 0.045
0.08 and 0.09, respectively.
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The characteristic ‘time’ No for strain curves decreased as the MCL decreased. The strain
evolutions for systems with MCL oo, 5 and 2 were satisfactorily fitted with No values of
150, 120 and 50, respectively.

6.3.2 Role of aluminium-to-silicon (Al/Si) ratio on simulated creep

The strain evolution in a tobermorite structure with MCL=5 and different Al/Si ratio
under a stress of 1 GPa is shown in Figure 6.7. The simulated strain curves were
approximated with the logarithmic function Eq. 6.1. The parameters of the approximation
function are summarized in Table 6.4. Insertion of Al atoms in the bridging sites resulted
in higher values of the creep constant 1/C and the characteristic time No, which is in line
with the results of Wang [227] for C(-A)-S-H mixes.
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Figure 6.7 Creep strain of the tobermorite structure (mean chain length, MCL = 5) as a function of
the number of loading cycles for various values of the Al/Si ratio. The simulation results were
approximated with logarithmic function (6.1).

Table 6.4. Fitting parameters (1/C, Ny) for the creep curves approximation (Eq. 6.1) (MCL=5 and
different Al/Si ratio)
Mean chainlength ~ Al/Si  Creep constant 1/C Loading value T, Characteristic ‘time’

MCL ratio [GPal] [GPa] No
5 0 0.08 1 350
5 0.011 0.075 1 400
5 0.18 0.073 1 450
5 0.25 0.07 1 500

108



6.3.3 Role of interlayer water on simulated creep

The strain evolution curves of tobermorite structures with MCL=5, Al/Si ratio = 0.25 and
different number of water molecules between the C(-A)-S-H layers under a stress of 1 GPa
are shown in Figure 6.8. The data was approximated by the logarithmic function Eq. 6.1.
The values of the parameters of the approximation function are summarized in Table 6.5.

Table 6.5. Fitting parameters (1/C, Ny) for the creep curves approximation (Eq. 6.1)
(MCL=5; Al/Si ratio = 0.25; t9o=1 GPa)

Number of water molecules Creep constant 1/C Characteristic ‘time’
between layers [GPal] Ny
24 0.1 300
12 0.07 400
0 0.063 500
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Figure 6.8 Creep strain of the tobermorite structure (mean chain length, MCL = 5) as a function of
number of the loading cycles for various values of the interlayer water molecules. The simulation
results were approximated with logarithmic function (6.1)

The simulation results show that changes in the amount of water in the interlayer space
have an observable impact on the parameter values of the creep model, namely the creep
constant 1/C and the characteristic time No of the approximation function. The results
support the hypothesis that the amount of interlayer water in the reaction products
significantly affects the creep behaviour of the slag-based AAM.

The possible reason of this effect can be the role of interlayer water as a lubricant,
effectively reducing the mechanical work required for generating creep deformation. This
lubricating effect allows for smoother sliding between layers. Additionally, the
equilibrium interlayer spacing of the tobermorite structure also depends on the hydration
degree of the material [180, 212, 236]. The subsequent decrease of the cohesion via
dispersive and electrostatic interactions can also facilitate easier sliding, promoting
higher deformability.
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6.4 Observations and conclusions

In this chapter, molecular dynamic simulations were used to investigate the creep
behaviour of C(-A)-S-H gel at the molecular scale. The atomic arrangement of C(-A)-S-H
gel structure resembles the naturally existing tobermorite mineral with a distance
between layers of 1.4 nm (tobermorite-14A) [117, 220]. The main parameters of the
structures - mean chain length, Al/Si ratio and amount of interlayer water - were chosen
based on the published studies [117, 222, 223] as close as possible to the gel formed in
the mixtures described in Chapters 3-5. The virtual structures of tobermorite-14A were
subjected to a cyclic isostatic loading with amplitude ranging from 0.75 to 1.5 GPa to
mimic the volume evolution, and hence creep, of the material caused by sustained loading.
This method is called the stress-marching technique. Prior to the simulations the
structures were optimized to minimize the potential energy. The mechanical properties
(elastic modulus, bulk modulus and shear modulus) of the structures were calculated to
justify the model. The simulated strain evolution curves were approximated by a
logarithmic formula. The results of MD simulations were compared with the assumptions
described in the observations and conclusions of Chapter 5 about the intrinsic properties
of the C(-A)-S-H gel and creep mechanisms in the alkali-activated pastes (see section
5.3.4).

1. The simulation results showed that the reduction of the length of the silicate chains
in molecular structure decreased the elastic modulus of the structure. This is in
line with the fact that the elastic modulus of the low-crystalline alkali-activated
paste measured by nanoindentation is lower than that of the cement paste (see
Section 5.3.2). The reduction of the silicate chain length also increased the creep
constant 1/C and decreased the creep characteristic time No. Therefore, we can
assume that the low crystallinity of the molecular structure of the reaction
products is one of the reasons of the relatively high creep strain and shorter
characteristic time of creep strain evolution of alkali-activated materials.

2. The incorporation of Al into the molecular structure of tobermorite increased the
elastic modulus E and shear modulus G of the structure. Therefore, the virtual
structures with higher Al/Si ratio showed lower creep constant 1/C and slower
creep development. These results support the assumption of dependence of the
concrete creep compliance on the Ca/Si ratio and Al/Si ratio in the C(-A)-S-H gel.

3. The creep strain evolution of the modelled C-A-S-H structures was also affected by
the quantity of interlayer water. The addition of extra water molecules in the
interlayer space increased the creep constant 1/C and decreased the characteristic
time No of the creep strain evolution. This supports the hypothesis that a large
amount of interlayer water promotes creep by reducing the cohesion between the
silicate chains (layers), resulting in less mechanical work required for the
initiation of creep. This can be related to the increase in interlayer distance and the
lubrication function of interlayer water.
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The insights gained from our molecular-scale investigations enhance our understanding
of creep phenomena in alkali-activated materials. After moving from the macroscale in
Chapters 3 and 4 to the micro- and nanoscale investigations in Chapter 5, we have now
delved into the finest material scale reflecting material properties. The findings presented
in these chapters highlight the multi-scale nature of the mechanisms underlying creep
phenomena and provide quantitative estimates of the correlations between influencing
factors (chemical composition, environmental conditions), mechanical properties and the
evolution of creep strain. Building on this foundation, the modelling of the creep strain
function will be addressed in the next chapter.
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Chapter 7

Creep modelling

7.1 Introduction

This chapter explores the modelling of AAC creep based on the insights gained in the
previous chapters, examining both the scientific and engineering aspects. Within
structural engineering, a comprehensive understanding of concrete creep behaviour is of
paramount importance, as it plays a crucial role in enhancing the resilience and safety of
infrastructure. Accurate prediction of creep is essential for designing structures that can
withstand sustained loads while maintaining their structural integrity and functionality
over time. Two primary modelling approaches prevail to serve this purpose: theoretical
models rooted in the activation energy approach and code-based engineering models.

Concrete creep modelling is attracting the attention of the scientific community because
of its potential to unravel the complicated, time-dependent deformation processes down
to molecular level. This takes into account variables, such as temperature and
thermodynamic potential, which shed light on material properties and interactions that
determine the long-term structural behaviour of concrete. On the other hand, engineering
code-based models provide simplified methods for implementation in practice, but often
lack the nuanced insights that more complicated theoretical models provide. This chapter
aims to improve the understanding of the creep behaviour of AAC, by using both types of
the models and distinguishing their attributes.

Existing code-type models use the macroscale mechanical properties of concrete as input
parameters. Therefore, in Chapter 3 standard tests were performed to examine the
evolution of compressive strength, splitting strength and elastic modulus. In Chapter 4
creep tests were performed to evaluate the strain evolution under sustained load in AAC.
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The findings showed that creep of AAC is higher than that of OPC concrete. The creep
functions of AAC were also dependent on the precursor composition and curing
conditions.

Subsequently, the creep mechanism was investigated. The origin of concrete creep is
commonly understood to be linked to the viscoelastic properties of the binder, and
consequently, to the micro- and nanostructure of the paste. Therefore, the elastic
modulus, porosity and atomic bonding were evaluated with nanoindentation, N2
adsorption and tests. Finally, molecular dynamic (MD) simulations confirmed the
hypothesis on the effect of crystallinity, Al content and interlayer water of the material
structure on the creep process.

The results obtained from this study at different length scales can be used as the basis for
developing a creep prediction model that directly relates to the creep mechanisms and
evolution of mechanical properties of AAC. It is likely that the microprestress
solidification (MPS) theory [92, 103, 179], originally developed for OPC concrete, can also
be adapted for AAC by making certain adjustments to account for the unique
microstructural features of the material.

In this chapter, two creep prediction formulas for AAC will be proposed, one based on the
activation energy concept and one code-type model, like EuroCode 2 [8] or Model Code
2010 [137]. The models are based on earlier published findings on the mechanical
properties of AAC and the results presented in this thesis. Predicted creep curves are
compared to the creep test data discussed in Chapter 4.

7.2 Theoretical model and activation energy approach.

7.2.1 Theoretical models

Unlike phenomenological models, which describe observed phenomena without direct
derivation from the first principles, theoretical models are based on principles widely
accepted in mechanics, physics and chemistry. They can provide tangible and direct
insights about phenomena, aiding understanding and validation of the hypothesis on the
fundamental mechanisms. Specifically, the activation energy concept describes the
energy required to initiate a particular process. The change in the height of the energy
barrier AU=04V is schematically shown in Figure 7.1 (see also section 2.4.2), where oo is
the applied stress and AV is a parameter called activation volume. The thermodynamic
relation of the values of U and 4V has been described by Gibbs [237].

Itis assumed that the activation volume of creep in cementitious material does not change
during the duration of loading and only depends on the composition of the paste [79].
Meanwhile, the value of the activation energy relates to the energy of underlying
mechanisms that control the deformation process and thereby to the rate of creep
deformation (mentioned in Chapters 2, 5 and 6 [238, 239]).
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Figure 7.1 Scheme of potential energy path during the forward and reverse process activation.
Initially (blue line), the states are separated by an energy barrier of height (Uy). When an external
stress (o) is applied the energy barrier is lowered (red dash line) from (U) to (Ur- cAVy).

Creep deformation in concrete can be estimated using creep strain rate integration (see
Chapter 2.6) [79-81, 240, 241].

_ (t décr __ décr
eer(t,to) = [, —dt ===

4 (t —to) (7.1)
The creep strain rate of concrete under the influence of sustained load can be written
with the constitutive law [242]:

décr _ _ (Uf_O'OAVf) _ _ (Up+0AVy)
at AfexP( RT ) ATexP( RT ) (7.2)

where decr/dt is the creep strain rate, Arthe pre-exponent factor in forward activation, Ar
the pre-exponent factor in reverse activation, Ur the activation energy in forward
activation, Ur the activation energy in reverse activation, 4V the activation volume in
forward activation, AV, the activation volume in reverse activation and o, the applied
stress.

At low stress levels, i.e. low compared to the strength, uniaxial load, and moderate
temperature, it is usually assumed that the material characteristics associated with the
forward and reverse activation have more or less the same magnitude, thus: Ar~ A= A, Ur
~ Ur~Uand AVf~ AVr 2 AV. Under these conditions the creep rate can be written as:

decr _ o v orp (= L) sinh (22

pra 2A exp( RT) smh( ) (7.3)
Assuming that the temperature T is constant, and magnitude of the activation energy U
and the activation volume AV are almost independent of the duration of the loading, the
creep rate equation (7.3) after integration and further simplification of the result yields
[79,182] :
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e, = C tP* g, (7.4)

where C is an empirical ageing factor, which depends on the age at loading, the initial
liquid-to-binder ratio, precursor composition and moisture content [79, 182]; t is the
duration under load; p* is a proportionality factor. The proportionality factor p* for
compression tests is often found equal 0.3 [79, 182, 243].

Wittmann [244] stated that the moisture content has a significant influence on the
activation volume of concrete creep. The lower the moisture content of concrete, the
lower creep strain will be monitored. So, creep of saturated specimens is at maximum.
Therefore parameters of the equation (7.4) C and p*need to be dependent on the moisture
content of concrete and the RH. However, as shown in Chapter 4, the creep in AAC is
mainly affected by the precursor composition of the mixture. Any possible effect of liquid-
to-binder ratio and RH on the parameters C and p* for AAC is still subject of further
research.

7.2.2 Creep modelling using activation energy approach

The creep strain evolution was modelled using Eq. (7.4). Then the creep coefficient was
calculated based on Eq. (4.2) (see Chapter 4):

b(t', 1) = ) (4.2)

ge1(t)

where &c(t,t’) is the basic creep and &i(t’) the elastic strain measured on loading of a
specimen at time t’.

The results of the creep tests (see Chapter 4) and modelled creep coefficient are shown in
Figure 7.2. Non-linear numerical curve fitting was applied to find the parameters C and p.
The adopted parameters for Eq. (7.4) are shown in Table 7.1.

7- Creep coefficient (Moist curing) 7 Creep coefficient (Sealed curing)
a b
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° (Measured) o o 570 (Measured)
& o4 o S70 (Measured) o 9 A $100 (Measured)
o 4 $100 (Measured) o <7 S50 (Model)
o S50 (Model) o S50 (Model p=0.2)
1 S50 (Model p=0.2) 1 S70 (Model)
—— S70 (Model) —— S100 (Model)
0 —— S100 (Model) 0
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
Time under load t, days Time under load t, days
b. Moist curing until 28 days b. Sealed curing until 28 days

Figure 7.2 Evolution of the creep coefficient during 365 days after 28 days of (a) moist and (b) sealed
curing and loading initiation and creep modelling results Eq. (7.4).
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Table 7.1. Parameters of the model based on the activation enerqgy approach

Ageing factor C Proportionality factor p* Applied stress o, MPa

Tested mixture moist sealed moist sealed moist sealed
curing curing curing curing curing curing

S100 1.3 1.8 0.3 0.3 353 34.7

S70 2.5 2.2 0.3 0.3 23.7 23.4

S50 3.6 3.3 0.3 0.3 22.1 23.2

S50 6.2 5.8 0.2 0.2 22.1 23.2

The approximation of creep test results using the Eq. (7.4) and (4.2) with parameter
p*=0.3 results provide a good approximation for the creep evolution data for S100 and
S70 mixtures up to 365 days. The same approximation function for S50 mixture also gives
satisfying estimation of the creep coefficient.

The parameter p*=0.2 provides a better fit for the creep coefficient function of the S50
mixture. The aging parameter p for the creep model in AAC can be adjusted based on the
composition of the precursors. Notably, p* decreases when blending slag with fly ash.

However, to establish this relationship more accurately, additional experimental data is
needed.

The values of ageing factor C of the model show correlation with the precursor ratio of the
material and with the 28 days compressive strength (Figure 7.3). C linearly decreased
with the decrease of the fly ash content in the binder and with the increase of the

compressive strength. However, to clearly demonstrate the dependence of these
parameters, additional experimental data is required.
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Figure 7.3 Ageing factor of creep strain in AAC. vs. precursor ratio of alkali-activated pastes (left)
and vs. the 28 days compressive strength of the tested concrete.
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7.3 Code-type modelling.

The code-type creep models, like those mentioned in Chapter 2, are formulated without
an explicit description of creep mechanisms. They are calibrated and fitted according to
the concrete strength class and type of structural element.

The two code-type models most widely used in Europe are the EuroCode (EC) 2 [8] and
the fib Model Code 2010 [137]. The fib Model Code 2010 (MC2010) treats the creep
coefficient, ¢(t,to0), as a product of two components: @nc(t,to) for the basic creep coefficient
and @dc(t,to) for the drying creep coefficient. The results of our creep tests on AAC
specimens (Chapter 4), however, are hard to interpret as a sum of separate basic and
drying components, as the samples were not sealed during the tests. Therefore, we choose
the EC2 model for modelling creep in AAC. However, modelling the creep behaviour of
AAC using EC2 is also not straightforward. As shown in Chapter 4, the mechanical
properties of AAC differ from those of OPC. Furthermore, it lacks comprehensive creep
data for model calibration. Because of differences in microstructure, the sensitivity of AAC
to temperature and environmental conditions is expected to be different from that of OPC
concrete. Factors used in EC2 to describe this sensitivity of OPC concrete do not necessary
apply for AAC. This means that engineers have to conduct extensive material testing in
order to make the code applicable for AAC.

7.3.1 Eurocode 2 approximation

The EuroCode 2 standard (BS EN 1992-1-1:2004) [8] provides basic equations for
determining the evolution of the creep coefficient over time. The creep coefficient
function @(t,to) is calculated as the product of the notional creep coefficient, ¢, and a
factor which describes the development of creep with time, Bc(t,to) (with: Bc(t,to=0) = 0,
and Bc(t, to= ) = 1). In formula form:

([)(t,to) =@y ﬁc(txto) (76)
in which:

Py = @pyy - B(fem) - B(t0) (7.7)
Be(tity) = [(t—to)/(Bu+t —tg)] (7.8)

where 1 should have the dimension time, and n is a power, by default n=0.3.

@y is the factor for the effect of relative humidity RH and the fictitious thickness ho:

Ory = |1+ %v/h_“’" ‘a,|-a,  for fem> 35MPa (7.9)
P 0
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The fictitious thickness ho is calculated as ho = 2A/u, with A the cross-sectional area of
concrete in mm?2 and u the perimeter of the member in contact with the atmosphere in

mm. For the parameters a1 and a2 is holds: a1=(35/ fem)%7 and a2=(35/ fm)%2.

The factor B(fcm) in eq. (7.7) is based on the mean compressive strength fcm of concrete
in MPa:

B(fcm) = 16.8/(fem 03) (7.10)

while the factor (to) in eq. (7.7) accounts for the age of concrete at time of loading to:

1

B(to) = 0107 (7.11)

The factor Bu depends of the relative humidity RH according to:
By = 1.5 - [1+ (0.012 RH)8] - hy + 250 - a3 for fom> 35 MPa (7.12)
in which a3 is a parameter calculated from the compressive strength fon with:

a3 = (35/fcm)05 (713)

In the first attempt to assess the suitability of the EC2 model for predicting the creep of
AAC, the equations (7.6)-(7.13) of the EC2 were used for determining the creep factors of
the different AAC mixtures. Calculated parameter values are summarized in Table 7.2.

The parameters of the model were taken according to our creep tests on the AAC, namely
to=28 days, RH=55%, ho=50 mm and compressive strength fm (see section 4.2.1). Figure
7.4 presents the results of the creep tests (presented earlier in Chapter 4) and the
predictions according the EC2 developed for OPC concrete.

The curves in Figure 7.4 show large discrepancies between the predictions with the EC2
model and the measured creep data. The EC2 model significantly underestimates the
magnitude of the measured creep of AAC. The shape of the predicted curves also differs
significantly from the curves predicted with the EC2. The next section deals with a
proposal for modifications of the EC2 creep concept in order to eliminate the perceived
discrepancies.
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Table 7.2. Parameter values for AAC mixtures of EuroCode 2 creep model (original EC2 concept)

Creep coefficient factor S100 S70 S50 S100 S70 S50
moist curing sealed curing
RH [%] 55 55 55 55 55 55
ho [mm] 50 50 50 50 50 50
fem [MPa] 88.3 78.9 66.3 86.9 78.3 69.5
4 L RH/100 136 144 157 137 144 153
Y . — a|'a . . . . . .
PR 01-3n, | °
o1 (35/ fem)™7 0.52 0.57 0.64 0.53 0.57 0.62
o2 (35/ fem)®? 0.83 0.85 0.88 0.83 0.85 0.87
B(fem) 16.8/(fi)"? 1.79 1.89 2.06 1.8 1.9 2.01
1
t —_— 0.49 0.49 0.49 0.49 0.49 0.49
Bto) (0.1 + £92)

®o gy B(fem) - B(to) 1.19 133 158 121 134 1.51

Bu 1.5[1 + (0.012 RH)*®]hy + 250 " a5 232 242 257 234 242 252

as (35/fem)®? 0.63 0.67 0.73 0.63 0.67 0.71
0.3
B. (¢ =t )P+t = t,)
7- Creep coefficient (Moist curing) 7 Creep coefficient (Sealed curing)

1Y
o
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Figure 7.4 Evolution of the creep coefficient during 365 days after 28 days of (a) moist and (b) sealed
curing and loading initiation and creep modelling results Eq. (7.6)-(7.13).
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7.3.2 Proposed modifications of EC2 creep model for AAC

For an attempt to make EC2 applicable for predicting creep of AAC mixtures, we first refer
to the measured creep strain curve of AAC and OPC concrete presented in Chapter 4.
There was found that the evolution of the creep coefficient can be approximated with an
exponential function (4.6):

o(t) =do- (1-B" - exp(-t/to™)) (4.6)

where ¢o is an ultimate creep coefficient, B” is a fitting parameter close to 1, and to* is the
characteristic time.

Note, that the shape of the creep coefficient curve is characterized by only two
parameters, i.e. o and to* which both depend on the precursor composition. As shown in
the Figures 4.14 and 4.15, the ultimate creep coefficient ¢o slightly decreased and the
characteristic time to* strongly increased with increasing BFS/(BFS+FA) ratio in the
mixture (see section 4.3.2.4).

It is worth noting that, although the ultimate creep coefficient ¢o appeared to be only
slightly dependent on the precursor ratio, its value was much higher than that of OPC
concrete mixtures (about 4 times higher than that of the reference OPC C65; see Figure
4.14). Furthermore it is emphasized that the shape of the exponential function (4.6)
strongly depends on the characteristic time to* This parameter described the rate of the
creep process, particularly in the early stage of the creep process.

For the attempt to make EC2 applicable for predicting creep of AAC mixtures, it is good to
realise that, in essence, also creep predictions according EC2 contain two components,
which determines the shape of the creep curve, namely a maximum creep factor ¢, and

a factor Bc(t,to). In formula form (eq. (7.6)):
(P(trto) =@y ﬂc(t:to) (76)

In EC2 the factor Bc(t,to) is a power function with power n. For OPC concrete the default
value of n is 0.3 (see eq. (7.8)). Note that the rate of creep is determined by the value of
the power n. The role of the power n is comparable with the role of the characteristic time
to* in the exponential function (4.6).

Based on foregoing considerations the following adjustments of the EC2 are proposed to
make this code applicable for creep predictions of AAC mixtures:

1. Adopting a creep enhancement factor ¢o,aac, to account for the higher ultimate creep of
AAC mixtures compared to OPC mixtures. This creep enhancement factor is inserted
into equation (7.7) for calculation of ¢, and thus equal:

Py = Pgyy - B(fem) - B(to) - poaac (7.14)
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2. Adopting a precursor-dependent value of the power n in the rate factor g.(t,t,):

Be(tity) = [(t = to)/(Bu + t — t,)] "(B/D) (7.15)

where B/F stands for the precursor ratio BFS/(BFS+FA).

All other factors used in the EC2 for calculating the creep factor ¢(tt,), shown already in
Table 7.2, are left unchanged.

The values of the parameters @o,aac and n(B/F), for a which a good fit of measured creep
coefficients was obtained, are presented in Figure 7.5. The values for the factor ¢o,aac are
indeed close to 4, as expected. oaac for the specimens cured in both moist and sealed
conditions exhibits a slight dependency on the type of mixtures, i.e. on the precursor ratio
(B/F), as (with rounded numbers):

@o,aac(B/F) =6.68 - 3.29 - B/F (0.5<B/F < 1.0, moist curing)  (7.16a)
@o.aac(B/F)=59-1.93-B/F (0.5 <B/F < 1.0, sealed curing) (7.16b)

where B/F stands for the precursor ratio BFS/(BFS+FA).

The values of the power coefficient n turn out to be strongly dependent on the mixture
composition. There is also a non-negligible difference between n-value for moist and
sealed cured specimens, leading to two separate linear dependencies between n(B/F) and
the precursors’ ratio, viz. (with rounded numbers):

n(B/F) =0.581 - B/F + 0.053 (0.5 <B/F < 1.0, moist curing)  (7.17a)

n(B/F)=0.395-B/F + 0.21 (0.5<B/F < 1.0, sealed curing) (7.17b)

where B/F stands for the precursor ratio BFS/(BFS+FA).

Note, that for the sealed specimens with precursor ratio of 0.5 (S50) the value of n is not
much higher than 0.3. This is the default value in the EC2 for OPC concrete. This
observation is consistent with the earlier found values for the characteristic time to" of the
S50 mixture and the reference concrete mixture C65, shown in Figure 4.15. That figure
indicates that both S50 and the reference mixture have about the same characteristic
time, which means a similar evolution of creep with time. This illustrates that the
characteristic time to" in the exponential function for creep plays the same role as the
power n(B/F) in EC2 (the latter operating with a power function).

122



Additional creep coefficient factor ¢, scc

= -3.28Lx + 6.7L8

y =-1.929x + 5.898

—e— Moist curing
—n— Sealed curing
1 ffs Linear fit (moist curing)

Linear fit (sealed curing)

o
04 0.5 0.6 0.7 0.8 0.9 1

BFS / (BFS+FA+CEM)

Power coefficient n(B/F)

/ d
0.6 - =
=0. +0.21 e
05 y=0.395x 0/ /?;/
— o4 g y= 0.581x+0.053
; .
—~ 0/
L
e 0.3
c
0.2
—e— Moist curing
—@— Sealed curing
01 — — Linear fit (Moist curing)
— = Linear fit (Sealed curing)
0 : : : .
0.4 0.5 0.6 0.7 0.8 0.9 1

BFS / (BFS+FA+CEM)

Figure 7.5 Additional creep factor poaac (left) and power n(B/F) (vight) as function of the precursor
composition. Values obtained from curve fitting of experimental creep coefficient data (shown in
Figure 7.4) with EC2 equations (7.6) — (7.13).

The equations (7.16) for the addition creep factor @o,aac, as well as equation (7.17) for the
power n(B/F), are now inserted into the EC2 calculation scheme for the creep coefficient.
Table 7.3 shows the proposed modifications of the calculation scheme compared to the
scheme of Table 7.2. The modifications are indicated in red.

Note, that in practice most of the concrete will harden under, more or less, sealed
condition. This certainly holds for the interior of concrete elements. Hence, the results
obtained from the sealed series are supposed to simulate reality better than that of the

moist series.

The results of the modelling are shown in Figure 7.6. The adjustment of ¢o,aac and n(B/F)
was enough to achieve good agreement of the EC2 model and the experimental data.
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Figure 7.6 Evolution of the creep coefficient during 365 days after 28 days of (a) moist and (b) sealed
curing and loading initiation and creep modelling results (Table 7.3).
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Table 7.3. Factors of the code-type model of creep adjusted for AAC

Factor Formula S100 S70 S50 S100 S70 S50
moist curing sealed curing
RH [%] 55 55 55 55 55 55
ho [mm] 2A/u 50 50 50 50 50 50
B/F BFS/(BFS+FA) 1.0 0.7 0.5 1.0 0.7 0.5
fem 88.3 78.9 66.3 86.9 78.3 69.5
1—-RH/100
OrH 1+ th_o ot ay 1.36 1.44 1.57 1.37 1.44 1.53
a, (35/ fem)o7 0.52 0.57 0.64 0.53 0.57 0.62
a, (35/ fem)02 0.83 0.85 0.88 0.83 0.85 0.87
B(fem) 16.8/(fem)®? 1.79 1.89 2.06 1.8 1.9 2.01
1
B(to) m 0.49 0.49 0.49 0.49 0.49 0.49

(o, AAC 6.68 —3.29 - B/F (moist curing) 3.29 4.37 5.035 -- -- --

(Do, AAC 5.9 -1.93 - B/F (sealed curing) -- -- -- 3.97 4.55 4.94
o, @0, AAC* Py * B(fem) - B(to) 3.92 5.82 7.98 4.79 6.1 7.44
Bu 1.5[1 + (0.012 RH)*®]hy + 250" a3 232 242 257 234 242 252
as (35/fem)®3 0.63 0.67 0.73 0.63 0.67 0.71

n(B/F)  0.581 - B/F +0.053 (moist curing) 0.634 0.46 0.34 -- -- --

n(B/F) 0.395 - B/F +0.21 (sealed curing) -- -- -- 0.605 0.49 0.41

n(B/F)

e [(¢ = t,)/(Br+t — t,)]

To further validate the proposed modified model, findings obtained with the modified
model were compared with the experimental results presented in Un [18] and Ma et al.
[135], as shown in Figure 7.7. In the referenced studies experiments were conducted on
slag-based AAC under conditions similar to those in our study. Further details are

available in the references.
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This additional validation step was intended to underscore the robustness of the
proposed model. The results of Un [18] after 120 days of loading closely align with the
values predicted by our model, suggesting a favourable outcome. On the other hand, the
results of Ma [135] show considerable deviation from the model. A plausible explanation
for this deviation is the notably different quality of the slag used as a precursor for the
AAC. Although the model appears to perform satisfactory, further experimental data is
essential to broaden the scope of model applicability.

® S100(measured)
= AAS-concrete, 6 /f.=0.35, unsealed Ma [135]
|

GPC121113-28d, unsealed Un [18]
Creep model for AAC (Table 7.3)

Creep coefficient ¢(t,t", -
N

0 50 100 150 200
Time under load {, days

Figure 7.7 Evolution of the creep coefficient during 175 days after 28 days of sealed curing and
loading initiation and the creep modelling results. The results of this thesis are compared with the
results from the references [18, 135].

7.4 Conclusions

This chapter aimed to formulate two creep prediction models for AAC. The first model
was developed based on activation energy approach; the second model adjusted the EC2
creep model (developed for OPC concrete) for AAC. For both models the results from the
previous chapters were considered. The results were compared to the creep test data (see
also Chapter 4). Based on the findings the following conclusions and suggestions are
made:

e The model based on activation energy approach showed good agreement with the
experimental data over the considered time range. The parameters of the model were
determined by fitting the curves with the creep tests results.
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— The ageing factor C (Eq. 7.4) decreased linearly with a increase of BFS content in
the concrete mixture and subsequently with an increase of the 28-days
compressive strength.

— The proportionality factor of the model p*=0.3 (Eq. 7.4) provided a good fit for
mixtures S100 and S70, and satisfactory fit for the S50 concrete mixture.

Although good fits were obtained for the adjusted parameter values, additional
experimental research is required to establish the relationship between p and the
precursor composition, thus expanding the precision and limits of the model
applicability.

The EC2 model developed for OPC concrete does not take into account higher creep
observed in AAC, nor the dependence of the creep coefficient on the precursor ratio
for AAC. The suggested adjustments of the model concern a creep enhancement factor
@o,aAc (to account for the higher ultimate creep of AAC mixtures compared to OPC
mixtures) and a precursor-dependent value of the power coefficient n in the rate
factor Bc(t,to). These proposed adjustments have been calibrated with six curves of
creep evolution data for AAC, three for moist and three for sealed type of curing
separately. The modelling results were in good agreement with the experimental data.

In order to improve the applicability of the engineering code-type model, more creep
test data is needed to consider the effects of other affecting factors, such as RH, age at
the moment of loading, type of activator, low strength (under 40 MPa), different
loading levels, size and dimensions of elements, etc.
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Chapter 8

Conclusions and recommendations

8.1 Retrospection

These days, climate change has emerged as the most pressing global concern, driving a
paradigm shift in various industries, including the construction industry. The
conventional cement, which is known for significant carbon emissions during its
manufacturing process, needs to be gradually replaced by environmentally friendlier
alternatives. AAMs are emerging as promising alternatives to OPC in many regions,
offering a sustainable, low-carbon footprint solution for the construction industry. The
introduction of a new construction material requires full certification, supported by
confirmed and reproducible results of mechanical testing.

The current EuroCode 2 (EN 1995-1-1) (EC2) [8] does not include recommendations for
the use of AAC, and producers still lack essential experimental data and reliable prediction
models for long-term mechanical properties, especially with regard to creep and
shrinkage phenomena. The impact of creep and shrinkage on the durability and long-term
performance of concrete structures is a major concern. Creep and shrinkage can lead to
substantial deflections in bridges, undesirable shortening of structural elements and
surface cracks, promoting water ingress and reinforcement corrosion. This thesis aimed
to evaluate the creep behaviour of AAC, clarify creep mechanisms in AAC and develop an
creep model for AAC. To achieve these goals, the creep and mechanical properties of AAC
were tested and compared with those of OPC concrete. Then, microstructure and
nanoscale viscoelastic properties of alkali-activated paste were investigated. Molecular-
scale creep of the main reaction products was simulated using molecular dynamics.
Finally, the two creep prediction functions, based on activation energy approach and EC2

127



model, were developed and partially validated using our creep test results. A summary of
the key observations of this thesis is given below.

The research started by performing tests on the mechanical properties of AAC mixtures,
as described in Chapter 3. Compressive strength, splitting tensile strength and elastic
modulus of concrete mixtures were tested on specimens of AAC and the reference
ordinary OPC concrete C65 at different ages.

O

The AAC mixtures showed the ability to achieve the compressive strength level of
reference OPC concrete C65, but showed lower elastic modulus and splitting tensile
strength.

Blending slag with fly ash decreased the overall compressive strength, splitting
tensile strength and elastic modulus of concrete samples cured under both moist
and sealed conditions during first 28 days after casting.

The AAC specimens cured in sealed conditions during the first 28 days showed
higher compressive strength, elastic modulus and splitting strength compared to the
same specimens cured in the fog room. However, the long-term storage at 55% RH
almost nullified the effect of the initial curing regime.

The evolution of compressive strength with time was different from the evolution
of the elastic modulus and splitting tensile strength of the AAC. The compressive
strength increased with time until maximum value, followed by an almost constant
value with only some minor decrease. The elastic modulus and splitting tensile
strength of the AAC specimens showed maximum values at the age of about 28 days.
Then the values of these mechanical properties decreased by 20-30% at the age 90
days at 55% RH. In contrast, the elastic modulus and the splitting tensile strength of
the reference concrete C65 were almost stable in time at 55% RH.

Chapter 4 described the program and results of the long-term creep and free shrinkage
tests on AAC mixtures and the C65 reference concrete mixture.

o

The AAC mixtures showed significantly higher creep than the reference OPC
concrete C65. Moreover, in contrast to C65, the creep curves of the AAC mixtures
showed continuous growth, even after one year under load.

The diagrams of the ultimate creep coefficient and ultimate creep compliance versus
28-day compressive strength and elastic modulus did not show a clear correlation
between measured mechanical properties. Despite similar 28-day compressive
strength and elastic modulus, all AAC mixtures showed significantly higher creep
coefficients than the reference OPC concrete.

The free shrinkage of AAC specimens, subjected to 55% RH at an age of 28 days, was,
in general, higher than that of the reference C65 concrete. The shrinkage strain
developed rapidly up to the certain value and continued to develop at a low rate.

In Chapter 5 creep mechanisms in alkali activated pastes were studied and discussed.
Primary investigations on the evolution of the microstructure of the material and
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nanoscale elastic modulus of the paste specimens with different FA and BFS ratios were
performed in order to find out the origin of specific creep mechanisms in the alkali-
activated pastes. For this purpose nanoindentation, N, adsorption and XRD tests were
conducted.

o  XRD analysis showed, that the crystalline phases of the tested alkali-activated
materials were stable over time. Meanwhile, the results of nanoindentation and N2
adsorption tests indicated the process of filling the pores.

o The nanoindentation tests have shown that the microscale elastic modulus of alkali-
activated pastes depends on the precursor composition. Average values of the
elastic modulus of S100 paste (100% slag) and S50 paste (50% fly ash-blended)
after 28 days were 24.7 GPa and 22.7 GPa, respectively. These elastic moduli are
lower than the typical value of high-density C-S-H gel. For both mixtures, the elastic
modulus increased with time. After 365 days the microscale elastic modulus of S100
and S50 (sealed specimens) were 27.9 GPa and 23.2 GPa, respectively.

o Nitrogen adsorption tests have shown that blending slag with fly ash resulted in a
material with higher porosity. It also affected the pore size distribution and
maximum pore size. In slag and fly ash based alkali-activated paste the overall pore
volume decreased with time and an increase of pores smaller than 150 A was
observed. The BET surface area and maximum pore size correlated with the average
value of the microscale elastic modulus.

Chapter 6 was devoted to the molecular dynamic simulations of creep in alkali activated
reaction products. Atomistic simulations were performed using the incremental stress-
marching technique to investigate creep behaviour of C-S-H and C-A-S-H gels at the
molecular level and to evaluate the effect of C(-A)-S-H gel structure on the creep strain
development.

o The simulation results showed that the reduction of the length of the silicate chains
of the molecular structure of tobermorite reduced its elastic modulus. This is in line
with the fact that the elastic modulus of low-crystalline alkali-activated paste
measured by nanoindentation is lower than that of cement paste. The reduction of
the silicate chain length also increased the ultimate creep value and decreased the
creep characteristic time.

o  The incorporation of Al into the molecular structure of tobermorite increased the
elastic and shear modulus of the structure. Therefore, virtual structures with higher
Al/Si ratio showed lower creep values and slower creep development.

o The creep strain evolution of the modelled C-A-S-H structures was also affected by
the amount of interlayer water. The addition of extra water molecules in the
interlayer space increased the creep magnitude and decreased the characteristic
time of the creep strain evolution.

Finally, in Chapter 7 two creep models were used as basis for developing creep functions
for AAC. The first model is starts from the activation energy approach and the evolution
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of creep is described with a power function. The second model adapts the EC2 creep
model, originally designed for OPC concrete, to the characteristics of AAC. The EC2 model
consists of a set of formulas, each of them accounting for specific creep-influencing
factors. For validating proposed modifications for these models, simulation results with
the modified models were compared to creep test data presented in Chapter 4.

o The power function for describing creep, based on the activation energy approach,
operates with an ageing factor C and a power of time p. A fit procedure was
performed to determine the factors C and p as function of the composition of the
AAC mixture, particularly the precursor ratio of these mixtures.

o  The development of the code-type model took into account the higher creep
observed in AAC compared to OPC concrete with equivalent strength values, and the
dependence of creep coefficient rate on the precursor ratio for AAC. The suggested
adjustments of the model consider an enhancement factor for creep coefficient
@o,aac and a linear relationship of the power function coefficient and the precursor
ratio. The proposed adjustments have been calibrated with six curves of creep
evolution data for AAC, three for moist and three for sealed type of curing separately.
The creep predictions with the modified model were in good agreement with the
experimental data.

8.2 Conclusions and recommendations

This PhD thesis contributes to the research and development of an environment friendly
alternative to ordinary cement based on alkaline activated fly ash and blast furnace slag.
In particular, it contributes to the systematic multi-scale investigation and understanding
of the creep mechanism in alkali activated pastes and concretes. The study helped the
identification of the governing parameters of creep in AAC at multiple scales. The main
conclusions of the thesis are:

e In this research, we succeeded in developing a framework for the systematic
assessment of the time-dependent deformation and mechanical behaviour of AAC
under sustained loads, as formulated in the goals of the project. The evolution of
creep strain of concrete, expressed by its magnitude and characteristic time,
depends on many intrinsic properties and external factors (e.g. mixture design,
curing conditions, temperature and RH) and correlates with the material
properties at different scales. This approach allowed to trace creep back to the
material structure of concrete. The research addressed experimental and
theoretical methods to investigate the effect of macroscale mechanical properties
of concrete, microstructure and microscale mechanical properties of pastes and
the molecular structure of reaction products on the creep behaviour of AAC.

e AAC mixtures showed significantly higher creep strain values than OPC C65
concrete, despite their comparable 28-day compressive strength and elastic
modulus. Assuming that the creep behaviour of AAC is a consequence of the
viscoelastic properties of the binder [10, 93], the evolution of the creep coefficient
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of AAC should correlate with the viscoelastic properties and packing density of the
alkali-activated binder. Therefore, the characterization of the pore structure of
binder was studied to gain insights into the mechanical properties of the material.
The curve-fitted relationship of compressive strength and total porosity of the
alkali-activated pastes suggest a much lower ‘intrinsic’ strength (foz) of AAC than
of OPC paste. The value of fo: is a crucial microscale property that strongly
correlates with the macroscale viscoelastic properties of the binder. Therefore, a
lower intrinsic strength fo: appears to be one of the most likely reasons for the
higher creep observed in AAC compared to OPC concrete. Manipulating the
parameters of mixture design has the potential to significantly influence the
intrinsic strength fo: of the material. However, further comprehensive research is
warranted to elucidate the precise mechanisms underlying this property.

e In this study atomistic simulation of creep in C-S-H and C-A-S-H gels demonstrated
that modification of the reaction products, i.e. the building block of the gel
structure, namely a reduction of the length of the silicate chains and incorporation
of extra Al molecules and free interlayer water into the molecular structure of
tobermorite (C(-A)-S-H gel), dramatically affected the mechanical properties,
creep magnitude and creep characteristic time. This is in line with the opinion of
researchers who attributed creep to rearrangements of particles within the
microstructure of the binder and can be described as a complex process of stress-
induced local shear transformation (including sliding of gel layers) and atomic
diffusion [114, 211].

e The model based on activation energy approach showed good agreement with the
experimental data within the considered time range. The ageing factor C decreased
linearly with an increase of BFS content in the concrete mixture and respectively
with an increase of the 28-days compressive strength. The proportionality factor
of the model p*=0.3 (the same as for OPC concrete) provided a good fit for mixtures
S100 and S70, and satisfactory fit for the S50 concrete mixture. Nevertheless,
additional experimental research is required to establish the relationship between
p*and the precursors’ composition, thus expanding the precision and limits of the
model applicability.

Based on the results of the research presented in this thesis, some recommendations are
given for adjustments of the EuroCode 2 creep model to make the code applicable for AAC:

1. Adopting a creep enhancement factor go,aac, to account for the higher ultimate creep of
AAC mixtures compared to OPC mixtures. This creep enhancement factor is inserted
into equation (7.7) for calculation of ¢, and thus equal:

Py = @y - B(fem) - B(to) - Poaac
poaac(B/F) = 6.68 -3.29 - B/F (for 0.5 < B/F < 1.0, moist curing)

@o,aac(B/F)=59-1.93-B/F (for 0.5 <B/F < 1.0, sealed curing)
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where B/F the precursor ratio BFS/(BFS+FA).

Adopting a precursor-dependent value of the power n in the rate factor S.(t,t,):

Be(tite) = [(t = t)/(Bu+ t = tg)] "(B/F)

n(B/F)=0.581-B/F +0.053 (0.5 <B/F < 1.0, moist curing)
n(B/F)=0.395-B/F +0.21 (0.5 <B/F < 1.0, sealed curing)
where B/F stands for the precursor ratio BFS/(BFS+FA).

In order to improve the applicability of the engineering code-type model, more creep
test data is needed to consider the effects of other affecting factors, such as RH,
temperature, age at the moment of loading, low strength (under 40 MPa), different
loading levels, etc.

8.3 Further research

Further research is recommended to fully understand and predict the creep deformation
of AAC.

Creep tests in sealed conditions.

One potential extension of this project could involve conducting creep tests on AAC
under sealed conditions. In this research the creep tests were performed according to
the Australian standard developed for OPC concrete [14]. In agreement with this
standard, the creep tests and shrinkage test were performed in parallel on specimens
exposed to 55% RH. However, due to the dense nature of the alkali-activated binder,
the diffusion of water in AAC differs significantly from that in OPC, which significantly
affects the interaction between shrinkage and creep of AAC. Creep tests on sealed
specimens would enable the separation of basic creep and drying creep, providing
valuable insights in the effect of the drying process on the creep of AAC. In the end,
this information can be used for the calibration of the factors in the EC2 model that
depend on RH.

The influence of liquid-to-binder ratio and curing conditions on creep in AAC.

Exploring the influence of the liquid-to-binder ratio on creep in AAC is a crucial
research avenue. The 1/b ratio and internal moisture significantly impact concrete
creep by affecting the microstructure and creating humidity gradients, which in turn
modify its viscoelastic properties. Unlike PC concrete, where the water-to-cement
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ratio directly correlates with compressive strength, AAC shows a less straightforward
relationship between the 1/b ratio and mechanical properties. Investigating how
variations of the 1/b ratio impact the creep properties of AAC would yield valuable
insights into understanding of creep mechanisms. Furthermore, a description of the
interplay between the 1/b ratio and creep behaviour in AAC can contribute to refining
specific creep models.

The role of aggregates in creep development.

Another important direction of research is investigating the impact of utilizing various
types and amount of aggregates in AAC. Previous research has shown that the
interaction between the binder and aggregates in AAC differs significantly from that
in OPC concrete [245, 246]. This dissimilarity arises from variations in material
structure at micro- and nano- scales which might lead to unexpected correlations.
Moreover, as the use of recycled aggregates in AAC is becoming more widespread due
to its eco-friendliness, it is crucial to determine how such aggregates may affect creep
behaviour. Further research in this area would not only help to identify more
sustainable and cost-effective options for producing AAC, but also provide insight into
how different aggregates may affect the long-term performance of concrete
structures.

Evaluation of the effect of admixtures on creep.

Another promising direction for research could be the assessment of how various
admixtures influence the creep behaviour of AAC. Admixtures like superplasticizers
and silica fume are frequently used in concrete mixtures to improve their compressive
strength and elastic modulus. However, the influence of the admixtures on creep
behaviour of AAC remains uncertain yet. In our research, it was shown that the
microstructure of the binder plays a substantial role in the viscoelastic properties of
AAC. It is likely that specific admixtures might affect the nano- and microstructure of
the paste, altering its intrinsic properties and, as a result of this, concrete creep.
Further research on this topic will allow manipulation and prediction the creep
properties of AAC by introducing specific admixtures into the concrete mixture design.

MD simulations of creep in (C-)N-A-S-H gel.

One more interesting area of scientific research involves the use of molecular dynamic
simulations for exploring creep behaviour at the nanoscale of other alkali-activated
binder phases, particularly the N-A-S-H and the C-N-A-S-H gels. The (C-)N-A-S-H gel,
as a main reaction product of fly ash-based alkali-activated materials, is agreed to play
a critical role in their mechanical properties. MD simulations offer a powerful tool for
gaining insights into the deformation mechanisms at the molecular level, allowing for
a deeper understanding of the impact of various parameters, such as Ca/Si ratio and
water content on creep behaviour of the material.
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Summary

Climate change is the main global concern today, triggering a transformative shift in
several sectors, especially the construction industry. High carbon emissions during
Portland cement (PC) production necessitate a gradual shift toward more
environmentally friendly alternatives, such as alkali-activated materials (AAMs). AAMs
offer a promising, low-carbon solution for the production of alternative building
materials. Introduction of these materials, however, require certification backed by well-
documented test results. The widely used EuroCode 2 (EN 1995-1-1) (EC2) for PC
concrete currently lacks guidelines for the use of AAC. Experimental data and reliable
models for estimating long-term mechanical properties, especially creep and shrinkage
phenomena, are still missing. The aim of this thesis is to evaluate creep behaviour of AAC,
clarify underlying mechanisms and develop a creep model that takes into account specific
microstructural and nanoscale properties of alkali-activated paste.

The research started with an experimental study of mechanical properties of AAC
mixtures, analysing compressive strength, splitting tensile strength, and elastic modulus
compared to the standard PC concrete C65 at different ages. AAC mixtures showed the
ability to match the strength of C65, but showed lower elastic modulus and splitting
tensile strength. Mixtures containing a blend of slag and fly ash showed a reduced
compressive strength, splitting tensile strength, and elastic modulus of samples cured
under moist and sealed conditions during the first 28 days after casting. While AAC
specimens cured in sealed conditions initially showed higher strength than moist cured
specimens, prolonged storage at 55% relative humidity reduced the initial curing effects.
Over time, the compressive strength of AAC stabilized after an initial increase, while the
elastic modulus and splitting tensile strength peaked around 28 days and decreased by
20-30% on day 90 at 55% RH, in contrast to the stable properties of the C65 under similar
humidity conditions.

Long-term creep and free shrinkage tests were then performed on AAC mixtures
alongside the C65 concrete. AAC mixtures showed significantly higher creep than the PC
reference concrete, with the AAC creep curves showing a continuous increase, even
beyond a year under load, unlike C65. Despite similar 28-day compressive strength and
elastic modulus, there was no clear correlation between mechanical properties and creep
coefficient. All AAC mixtures showed significantly higher creep coefficients than the
reference PC concrete, despite similar strength and modulus of elasticity. Moreover, the
free shrinkage of AAC specimens, stored at 55% RH until the age of 28 days, was generally
higher than that of the C65. The shrinkage strain increased rapidly until a specific value
€0 was reached and then continued to increase at a slower rate.

The complex creep mechanisms in alkali-activated pastes were then investigated and
discussed, with the evolution of their microstructure and nanoscale elastic modulus being
examined for different FA/BFS ratios. Several test methods, including nanoindentation,
N2 adsorption and XRD analyses, were used to investigate these specific mechanisms. XRD
analysis revealed the stability of crystalline phases in the alkali-activated materials over
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time, while nanoindentation and N2 adsorption tests indicated the formation of new
material filling the pores in these pastes. The research revealed the dependency of the
nanoscale elastic modulus of alkali-activated pastes on the composition of the precursor.
Moreover, the tests indicated that mixing slag with fly ash affected the porosity of the
paste, affecting the pore size distribution and maximum pore size. Over time, changes in
pore volume and pore size distribution were observed, which correlated with changes in
the elastic modulus at the nanoscale.

The next step of the project focused on molecular dynamic simulations for investigating
the creep behaviour in alkali-activated reaction products. These simulations used the
incremental stress-marching technique to explore the creep behaviour of C-S-H and
C-A-S-H gels at a molecular level, with the aim to understand the impact of the gel
structure on creep. The results indicated that reducing the length of silicate chains in the
molecular structure of tobermorite led to a decrease in its modulus of elasticity.
Shortening the silicate chains increased the ultimate creep values and reduced the
characteristic time of the creep process. The incorporation of Al into the molecular
structure of tobermorite increased the elastic modulus E and shear modulus G of the
structure. Therefore, the virtual structures with higher Al/Si ratio showed lower creep
values and slower creep development. These results support the assumption that creep
of concrete depends on the Ca/Si ratio and Al/Si ratio of the C(-A)-S-H gel. Furthermore,
the amount of interlayer water had a significant effect on the creep behaviour of modelled
C-A-S-H structures. Adding extra water molecules in the interlayer space amplified creep
strain and accelerated the characteristic time of the creep process.

Finally, two different creep models were proposed for describing the creep of AAC. The
first model uses the activation energy approach and describes the creep evolution with a
power function with an aging factor € and a time exponent p. A fitting procedure was
carried out to determine these factors as a function of AAC mixture composition, in
particular the precursor ratio. The second model adapted the EC2 creep model, originally
designed for OPC concrete. The adaptation accounted for higher observed creep in AAC
compared to OPC concrete at equivalent strength and included the dependence of creep
coefficient rate on AAC's precursor ratio. The proposed modifications involved an
enhancement factor @o,aac for the creep coefficient and a linear relationship between the
power function coefficient and the precursor ratio. Calibration of these adjustments was
conducted using six measured creep curves for AAC, which included moist and sealed
curing.
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Samenvatting

Klimaatverandering is vandaag de dag de belangrijkste wereldwijde zorg, die aanleiding
geeft tot transities in verschillende sectoren, met name ook in de bouwindustrie. Hoge
koolstofemissies tijdens de productie van Portlandcement (PC) vereisen een geleidelijke
overgang naar meer milieuvriendelijke alternatieven, zoals alkali-geactiveerde
materialen (AAM's). AAM's bieden een veelbelovende, koolstofarme oplossing voor de
productie van alternatieve bouwmaterialen. De introductie van deze materialen vereist
echter certificering die wordt ondersteund door goed gedocumenteerde testresultaten.
De veelgebruikte EuroCode 2 (EN 1995-1-1) (EC2) voor PC-beton ontbeert momenteel
richtlijnen voor het gebruik van AAC. Experimentele gegevens en betrouwbare modellen
voor het bepalen van de mechanische eigenschappen, met name langetermijn kruip en
krimpverschijnselen, ontbreken nog steeds. Het doel van dit proefschrift is om het
kruipgedrag van AAC te onderzoeken, de onderliggende mechanismen te verduidelijken
en een kruipmodel te ontwikkelen dat rekening houdt met specifieke eigenschappen van
alkali-geactiveerde materialen op micro- en nano schaal.

De studie begint met een experimenteel onderzoek naar de mechanische eigenschappen
van AAC-mengsels, waarbij de druksterkte, de splijttreksterkte en de elasticiteitsmodulus
worden geanalyseerd en vergeleken met standaard PC-beton C65 op verschillende
leeftijden. AAC-mengsels evenaarden de druksterkte van C65 mengsels, maar vertoonden
een lagere elasticiteitsmodulus en splijttreksterkte. Mengsels met een combinatie van
slakken en vliegas vertoonden een lagere druksterkte, splijttreksterkte en
elasticiteitsmodulus gedurende de eerste 28 dagen na storten verharden onder water-
verzadigde en verzegelde omstandigheden. AAC-proefstukken die onder verzegelde
omstandigheden verhardden vertoonden aanvankelijk een hogere sterkte dan
proefstukken die verharden onder waterverzadigde omstandigheden. Bij langdurige
opslag bij 55% relatieve vochtigheid verdwenen het effect van de initiéle
verhardingscondities. Na verloop van tijd stabiliseerde de druksterkte van AAC. De
elasticiteitsmodulus en de splijttreksterkte piekten rond dag 28 en namen vervolgens met
20% tot 30% af op dag 90, in tegenstelling tot de stabiele eigenschappen van de C65 onder
vergelijkbare vochtigheidsomstandigheden.

Vervolgens werden langetermijn kruip- en krimpproeven uitgevoerd op zowel AAC-
mengsels als C65-beton. AAC-mengsels vertoonden aanzienlijk hogere kruip dan het PC-
referentiebeton. De kruipcurves van AAC lieten een voortdurende stijging zien, zelfs na
meer dan een jaar onder belasting, in tegenstelling tot C65. Ondanks vergelijkbare
druksterkte en elasticiteitsmodulus na 28 dagen was er geen duidelijk verband tussen
mechanische eigenschappen en de kruipcoéfficiént. Alle AAC-mengsels vertoonden
significant hogere kruipcoéfficiénten dan het referentie-PC-beton, ondanks vergelijkbare
sterkte en elasticiteitsmodulus. Bovendien was de vrije krimp van AAC-monsters, verhard
bij 55% RV gedurende de eerste 28 dagen na storten, over het algemeen hoger dan die
van de C65. De krimp nam snel toe tot een specifieke waarde €0 werd bereikt en bleef
daarna in een langzamer tempo toenemen.
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De complexe kruipmechanismen in alkali-geactiveerde pasta’s werden vervolgens
onderzocht en besproken, waarbij de ontwikkeling van de microstructuur en
elasticiteitsmodulus (nanoschaal) werden onderzocht voor mengsels met verschillende
FA/BFS-verhoudingen. Diverse testmethoden, waaronder nano-indentatie, N2-adsorptie
en XRD-analyses, werden gebruikt om deze specifieke mechanismen te onderzoeken.
XRD-analyse onthulde de stabiliteit van kristallijne fasen in alkali-geactiveerde
materialen, terwijl nano-indentatie en N2-adsorptieproeven de vorming van nieuw
materiaal aantoonden in de porién van de microstructuur. Het onderzoek toonde aan dat
de (nanoschaal) elasticiteitsmodulus van alkali-geactiveerde pasta’s afhankelijk is van de
samenstelling van de precursor. Bovendien gaven de proefresultaten aan dat het mengen
van slakken met vliegas invloed had op de porositeit van de pasta, wat de verdeling van
de poriegrootte en maximale poriegrootte beinvloedde. In de loop van de tijd werden
veranderingen in het porievolume en de verdeling van de poriegrootte waargenomen, die
correleerden met veranderingen in de elasticiteitsmodulus op nanoschaal.

De volgende stap van het project richtte zich op ‘molecular dynamic (MD)’ simulaties om
het kruipgedrag in alkali-geactiveerde reactieproducten te onderzoeken. Deze simulaties
gebruikten de incrementele stress-marching techniek om het kruipgedrag van C-S-H en
C-A-S-H gels op moleculair niveau te verkennen, met als doel het begrijpen van de impact
van de gelstructuur op kruip. De resultaten gaven aan dat het verminderen van de lengte
van silicaatketens in de moleculaire structuur van tobermoriet leidde tot een afname van
de elasticiteitsmodulus. Het verkorten van de silicaatketens verhoogde de uiteindelijke
kruipwaarden en verminderde de karakteristieke tijd van het kruipproces. Opname van
Al in de moleculaire structuur van tobermoriet verhoogde de elasticiteitsmodulus E en
schuifmodulus G van de structuur. Daarom vertoonden virtuele structuren met een
hogere Al/Si-verhouding een lagere kruip en langzamere ontwikkeling van de kruip. Deze
resultaten ondersteunen de veronderstelling van de afhankelijkheid van het kruipgedrag
van beton van de Ca/Si-verhouding en Al/Si-verhouding van de C(-A)-S-H-gel. Bovendien
had de hoeveelheid tussenlaagwater (Eng.: interlayer water) een aanzienlijk effect op het
kruipgedrag van gemodelleerde C-A-S-H-structuren. Het toevoegen van extra
watermoleculen in de tussenlaag vergrootte de kruipvervorming en verkortte de
karakteristieke tijd van het kruipproces.

Tenslotte werden twee verschillende kruipmodellen voorgesteld om het kruipgedrag van
AAC te beschrijven. Het eerste model is gebaseerd op het activeringsenergie concept en
beschrijft het kruipgedrag met een machtsfunctie met een verouderingsfactor C en een
tijdexponent p. Een fit-procedure werd uitgevoerd om deze factoren te bepalen als functie
van de samenstelling van het AAC-mengsel, met name de precursorsamenstelling (i.c.
verhouding slag/vliegas). Het tweede model paste het EC2-kruipmodel aan,
oorspronkelijk ontworpen voor PC-beton. De aanpassing hield rekening met een hogere
waargenomen kruip in AAC vergeleken met PC-beton bij vergelijkbare sterkte en omvatte
de afhankelijkheid van de kruipcoéfficiént van de precursorsamenstelling van AAC. De
voorgestelde wijzigingen omvatten een vergrotingsfactor ¢oaac voor de kruipcoéfficiént
en een lineaire relatie tussen de coéfficiént van kruipfunctie (i.c. een machtsfunctie) en de
precursorsamenstelling. De kalibratie van deze aanpassingen werd uitgevoerd op basis
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van zes gemeten kruipkrommen voor AAC, gemeten aan waterverzadigde en verzegelde
proefstukken.
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A. XRD results
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Figure A. XRD patterns of AAS and AASF pastes (S100, S70, S50 and S30) cured in sealed conditions
at T=21 °C for 28 days, 90 days, 0.5 year and 1 year. CSH, M and Q stand for Calcium Silicate
Hydrate, mullite and quartz, respectively.
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