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Abstract

The use of supplementary cementitious materials (SCM) to lower the clinker factor
of cements is now commonplace, for it benefits performance, economics and ecology. This
thesis focuses on ternary blends of limestone and calcined kaolinitic clays, two very promising
SCM thanks to their worldwide availability. In particular, this research aims to get an insight
on the delayed strains in sealed condition of such binders, christened LC3 for Limestone -
Calcined Clay Cement. Delayed strains refer to time-dependent deformations undergone by
the material during its lifetime, such as shrinkage and creep.

This work evaluates the impact of the calcined kaolinite content of the clay — which
can vary in accordance with the origin of the clay — on the autogenous shrinkage and basic
creep properties of LC3. Compressive creep tests on mature paste samples indicated that
the presence of limestone and calcined clay dramatically reduced creep compliance. This
reduction is significant even with lower grade clays and does not depend on the clay purity if
it has at least 40% of calcined kaolinite. A two-dimensional finite elements model was used to
simulate the creep response of the tested microstructures in order to try to determine whether
the compliance reduction originated from a different phase assemblage or a higher viscosity
of the C-S-H. The outputs pointed towards a different rheology of C-S-H gel.

Autogenous shrinkage measurements on LC3 binders showed that these ternary blends
had a lower or comparable shrinkage to plain cement reference during the two first months of
hydration. Shrinkage rate and amplitude was found to be close for LC3 mixes using medium
to high grade clays of natural origin. A study of the evolution of microstructure with shrinkage
demonstrated that if the calcined clay contained enough metakaolin to consume most of the
available portlandite, the porosity and desaturation of the microstructure were very similar
regardless of the clay. As these features play a large role on the origin of shrinkage force, the
macroscopic response is comparable among these specific mixes.

Keywords: Limestone, calcined clay, basic creep, autogenous shrinkage, modelling






Résumé

Lutilisation de matériaux cimentaires de substitution (SCM) est désormais un moyen
répandu de limiter le contenu en clinker d'un ciment, tout en apportant des bénéfices de
performance, économiques et écologiques. Ce travail de these se concentre sur les liants
ternaires a base de calcaire et d’argiles kaolinitiques calcinées, deux substituts a fort potentiel
grace aleur disponibilité dans le monde entier. Cette recherche tente en particulier d’examiner
les déformations différées en environnement scellé de ce genre de liants, baptisés LC pour
Limestone - Calcined Clay Cement. Les déformations différées se réferent aux changements
dimensionnels subis par le matériau durant son cycle de vie, tels le retrait et le fluage.

Ce travail a pour but d’évaluer I'impact du contenu en kaolinite calcinée de I'argile —
qui peut largement varier en fonction de sa provenance — sur le retrait endogene et le fluage
propre des LC3. Des essais de fluage en compression sur pate de ciment mature ont indiqué
que la présence de calcaire et d’argile calcinée réduit considérablement la complaisance. Cette
diminution est présente également avec des argiles de moindre qualité et ne dépend pas du
contenu en kaolinite calcinée, si celui-ci est supérieur a 40% environ. Le comportement en
fluage des microstructures testée a été modélisé par éléments finis pour tenter de déterminer
sila réduction de complaisance provenait d'un assemblage de phases différent ou d'un C-S-H
plus visqueux. Les résultats pointent vers une rhéologie différente du gel de C-S-H.

Les mesures de retrait endogene sur les liants LC? ont montré que ces mélanges ter-
naires subissaient moins ou autant de retrait que les ciments de référence durant les deux
premiers mois d’hydratation. Le taux et 'amplitude du retrait sont similaires pour des LC3
contenant des argiles d’origine naturelle de moyenne ou haute qualité. Une analyse de I'évo-
lution de la microstructure au cours du retrait a démontré que, sil’argile calcinée contient
suffisamment de metakaolin pour consommer la majeure partie de la portlandite disponible,
la porosité et la désaturation du réseau poreux sont similaires pour toute argile. Etant donné
que ces caractéristiques jouent un grand rdle sur I'origine des forces de retrait, la réponse
macroscopique est comparable pour ces mélanges particuliers.

Mots-clé : Calcaire, argile calcinée, fluage propre, retrait endogene, modélisation
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Riassunto

Luso di materiali cementizi supplementari € ormai un modo diffuso per limitare la
proporzione di clinker nel cemento, mentre ne favorisce robustezza, costo e impatto sul-
I’ambiente. Questa tesi si concentra su leganti ternari a base di calcare e argilla caolinitica
calcinata, due sostituti ad alto potenziale per via della loro disponibilita in tutto il mondo.
Questa ricerca tenta in particolare di esaminare le deformazioni differite in condizione endo-
gena di tali leganti, batezzati LC3, per Limestone - Calcined Clay Cement. Le deformazioni
differite riguardano le variazioni di dimensioni subite da un materiale durante il suo ciclo di
vita, come il ritiro et lo scorrimento (creep).

Lobiettivo di questo lavoro e di valutare I'impatto del contenuto in caolinite calcinata
dell’argilla— che puo variare ampiamente secondo la sua origine — sul ritiro endogeno e lo
scorrimento proprio degli LC3. Misure di scorrimento in compressione su paste di cemento
mature hanno indicato che I'aggiunta di calcare e argilla calcinata diminuiva considerevol-
mente la compliance. Questa diminuzione si osserva pure con argille di minore qualita e non
dipende del suo contenuto in caolinite calcinata sé superiore a circa 40%. Il comportamento
viscoso delle microstrutture testate € stato simulato tramite un’analisi agli elementi finiti per
determinare se la riduzione di compliance derivava da un assemblagio diverso delle fasi o da
un C-S-H piu viscoso. I risultati puntano verso una reologia differente del gel di C-S-H.

Le misure di ritiro endogeno su i leganti LC? hanno indicato che questi subivano un
ritiro inferiore o uguale ai cementi di riferimento durante i due primi mesi d’idratazione. La
velocita e 'ampiezza del ritiro sono simili per gli LC3 contenenti argille di origine naturale di
media o alta qualita. Un’analisi dell’evoluzione della microstruttura al corso del ritiro ha dimo-
strato che se 'argilla conteneva abbastanza metacaolino per consumare tutta la portlandite
disponibile, la porosita e la desaturazione della rete porosa erano simili per qualsiasi argilla.
Dato che queste caratteristiche svolgono un ruolo importante sull’origine delle forze di ritiro,
la risposta macroscopica € paragonabile per questi leganti particolari.

Parole chiave : Calcare, argilla calcinata, scorrimento proprio, ritiro endogeno, modellizzazio-
ne
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|§ Introduction

This chapter sets the context of this thesis. It briefly presents the state of the research in the
field and sets the goals of this work. In addition, the structure of the thesis is presented, along
with a brief summary of each chapter.
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Chapter 1. Introduction

1.1 Preamble

Concrete is to this day the most modern and widespread construction material. It is the
trademark of industrialized society, and no other class of material could compete with concrete.
Its availability, ease of production, cost and environmental impact make it the best choice for
most applications. In spite of its low ecological footprint, the extensive amount of concrete
manufactured yearly brings a significant contribution to the anthropic CO, emissions and
consumption of natural resources. As a reference, in 2010 the building sector was responsible
for about 6.4% of the total CO,-equivalent emissions for that year [1]. This is about half of the
contribution due to the transport sector, and it is estimated that about twice as much CO5-
equivalent is emitted yearly solely to bring heating and power to the existing buildings. More
recent studies indicated that the cement sector could be responsible for up to 8% of the global
CO; emission when including direct emission from fuel burning, indirect emissions from
electricity production and land-use change [2]. For these reasons, even slight improvements
in the building sector can have a significant impact on a global scale. In addition, even though
cement has a very similar composition to the Earth’s crust, the availability of the raw materials
is not boundless.

Fortunately, the cement industry started to address some of these issues at the beginning
of the production chain already decades ago. One of the most efficient solutions — which
brings economic and performance advantages as well — is to blend clinker from the cement
kiln with other reactive materials, called supplementary cementitious materials (SCM). One
has to know that a large part of the CO, emissions associated to cement production comes
from the high-temperature calcination: energy is required to keep the kiln at around 1500°C
and CO; is released during limestone decarbonation. Replacing part of the clinker in a binder
with a material requiring less processing is therefore an easy way to lower the greenhouse gases

Greenhouse gas emissions by economic sectors
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Figure 1.1 - Total anthropogenic greenhouse gas (GHG) emissions from economic sectors in 2010. AFOLU
stands for agriculture, forestry and other land use. Adapted from [1].
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emissions. These materials are generally by-products of other sectors, such as blast-furnace
slag from steel industry or fly ashes from coal power plants, which, when correctly processed,
show some valuable cementing properties. Alas, the production of currently used SCM is far
from enough to meet the demand from the cement sector, leaving very little room for further
improvement. Moreover, only a fraction of the fly ashes is actually suitable as SCM and its
production should drop in the decades to come, as burning coal is a very unsustainable energy
source. Slag production is declining as well as steel is getting more and more recycled [11].

Nevertheless, there are two sources of SCM found in abundance and in most regions
of the world: limestone and clays. Depending on their chemical purity, they can be source
material for clinker production, or simply considered as mine tailings. Blended individually
with cement, they bring only very modest improvement to performance, mostly coming from
the filler effect. However, upon correctly selecting and processing the clay, it becomes a
valuable SCM together with limestone.

1.2 Limestone and Calcined Clay Cements

In a binary mix, limestone mostly acts as a filler [8], promoting the precipitation of
hydrates through extra surface for nucleation [9], [7]. When used in conjunction with CzA-rich
Portland cement, carboaluminate hydrates will form instead of sulphoaluminate. Eq. 1.1
describes the precipitation of hemicarboaluminate, whereas Eq. 1.2 shows the precipitation of
monocarboluminate. A raw clay used as SCM has little to no interest, as it will only behave
as afiller, and can possibly decrease workability. On the other hand, kaolinitic clays contain
kaolinite (Al,Si» O5(0H),), which will turn into amorphous and reactive metakaolin (AS, in
cement notation) after calcination. Metakaolin is a pozzolana, meaning it can react with
portlandite from clinker hydration and water to form Al-rich C-A-S-H (see Eq. 1.3). This
further refines the porosity and increases strength and durability.

C3A+0.5CC+0.5CH+11.5H — C4ACy5Hyp2 (1.1
C3A+CC+11H — C4ACH;y; 1.2)
AS, +CH+6H— C-A-S-H (1.3)

Pure metakaolin is quite an expensive SCM, as it is also a valuable material for industries
other than construction. Using calcined kaolinitic clays as a source of metakaolin is a very
inexpensive yet efficient way to add a pozzolanic component to a cement blend, as it was
demonstrated by Fernandez [6]. Further studies by Antoni [3] showed that the combined pres-
ence of both limestone and calcined clay in a ternary blend caused some extra carboaluminate
formation thanks to the supplementary aluminium supply from metakaolin. This reaction
consumes some portlandite, so it can be interpreted as a supplementary pozzolanic reaction,
see Eq. 1.4.

A(fromAS,) + CC+3CH+8H — C4ACHy; (1.4)
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As this additional reaction only occurs when both components are present, it is known as a
synergetic reaction. Such ternary blends have been christened Limestone and Calcined Clay
Cements, or LC for short.

1.2.1 The calcined kaolinite content

One of the latest works to this date within the LC? project at EPFL was carried out by
Avet and — among many other findings — pointed up the overwhelming influence of the
amount of metakaolin in the calcined clay on the mechanical properties [4]. The common
feature between clays suitable for LC? is the presence of kaolinite. This mineral can be found
in varying proportions and often accompanied by other clayey compounds. It appeared that
the calcined kaolinite content was the main factor influencing strength in LC3 mortar samples,
at constant mix design.

It is important to stress that the influencing parameter is the calcined kaolinite content
and not the initial kaolinite content. If calcination is carried out properly, those figures are
identical, but it is not the case if not all the kaolinite is turned into metakaolin during the
calcination process. It is therefore important to know the actual metakaolin content (or
calcined kaolinite content) of a clay to assess its properties.

Compressive strength (MPa)

Calcined kaolinite content (%)

Figure 1.2 — This figure from [4] shows the dependency of compressive strength on calcined kaolinite
content in the clay, especially when the pozzolanic reaction starts after about 3 days of hydration.
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1.3 Goals of this project

The previously mentioned studies focused on the feasibility of limestone and calcined
clay blends, the ongoing chemical reactions and the mechanical properties of such mixes.
Durability against external chemical agents, such as chloride, was also assessed, showing
very good results [12]. So far, the volume stability over time of such blends — what could
be called physical durability — has only been marginally studied and reported [5]. Volume
stability covers all sorts of time-dependent strains, in particular creep and shrinkage. Creep
is defined as the progressive deformation of a material under a sustained load. This is the
same phenomenon that causes stress relaxation when restricting a material to a given strain.
Shrinkage and expansion of cementitious materials can have different origins, but a hydrating
binder will undergo some shrinkage even when sealed from the environment and kept at
constant temperature. This is called autogenous shrinkage.

Both shrinkage and creep can have a deleterious impact on the durability of structures,
when not properly controlled. For instance, shrinkage can provoke cracks, which then become
short-cuts for harmful chemical species. Creep on the other hand can relax shrinkage-induced
strains, but also cause a loss of rebar tension in pre-stressed concrete. It this then primordial
to know these behaviours in order to be able to build large and long-lasting structures. These
properties have to be studied together, as shrinkage stress will cause creep and creep under
external load will happen on top of on-going shrinkage.

SCM in general have a positive or neutral impact on the shrinkage and creep properties,
which is attributed to a finer porosity thanks to the filler effect and additional hydration
reactions from these materials [13]. Highly reactive pozzolans, such as silica fume, can however
cause an increase of shrinkage, especially when used in high performance concrete with low
W/B, as their reaction consumes a large amount of water.

Therefore, this study will try to get an insight on the creep and shrinkage properties of
LC3 mixtures. These phenomena are part of the delayed strains, as they occur progressively
over potentially long time scales. Keeping in mind the important role of the calcined kaolinite
content on mechanical strength, this research is also carried out using a variety of kaolinitic
clays of different origins and compositions. Experimental measurements are focused on
paste samples, taking advantage of the varied microstructures and chemical compositions to
potentially broaden knowledge of those phenomena. It is believed that the behaviour at the
paste scale can be qualitatively applied at the concrete scale, as demonstrated by numerical
modelling using homogenization schemes from paste to concrete scale [10]. Creep tests on
LC3 samples with varied microstructure could also help identify the presence of viscous phases
other than amorphous C-S-H, which is considered as the main phase responsible for creep.
This study focused on delayed strains in sealed condition. The main reasons were the simpler
control of the experimental conditions and to access intrinsic properties of the binders. The
next section presents the layout of the thesis, together with a brief summary on the content of
each chapter.
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1.4 Structure of the thesis

Chapter 2 presents the materials and mix designs used throughout this study. The nomencla-
ture used to differentiate the designs is also introduced. The physical and chemical character-
istics of the anhydrous components and hydrating sample are regrouped in this chapter.

Chapter 3 concerns the investigation on basic creep behaviour of LC? materials. The results
of the compressive creep campaign are presented and interpreted to the light of microstruc-
tural properties. A finite element model is applied to the materials, followed by an analytical,
poromechanical approach to obtain the viscous properties of the C-(A)-S-H gel.

Chapter 4 deals with autogenous shrinkage measurement. Its kinetics are compared to the
evolution of microstructure. This strain is also a required input to process the basic creep
results. An analytical model is used to try to predict the autogenous strain as the sum of elastic
strain and viscous flow caused by the capillary forces.

Chapter 5 is the conclusive chapter. It summarizes the main findings from this research and
proposes further paths to explore in order to answer the remaining questions.

The appendixes contain details about the numerical algorithm used to process the raw data
and results on compressive creep of concrete samples.
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YA Materials and methods

In this chapter, all the materials used for the experimental parts are described, with a detailed
chemo-physical characterization. This part also contains the nomenclature used to reference
the different mix designs. The second part of the chapter deals with the main experimental
techniques used to obtain the phase assemblage of the hardened paste samples. It also
includes all the results from these techniques, as they will be useful for interpretation in the
following chapters and as inputs for the models.
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2.1 Raw materials

Three CEM-I type cements were used as a base for the ternary blends: a laboratory
cement from Heidelberg Cement, Normo 4 from LafargeHolcim and Aalborg white cement. All
are 42.5N class cements. The first is produced in a dedicated kiln, with a very low variability of
properties throughout the year, the others are commercial cements produced in Siggenthal
(CH) for the Normo 4 and in Denmark for the Aalborg white. The limestone used to prepare
LC3 was exclusively Omya Durcal 5, and the sulfate source was lab-grade gypsum from Acros
Organics or Merck. The most variable component was naturally the calcined clay, as clays
from different parts of the world and with varying chemical composition were used. The clays
were gathered within the LC? project, and where either received raw or already calcined. In
the case of the raw clays, calcination was carried out at the laboratory in a static, lab-size kiln
at 800°C for 60 minutes. If necessary, the materials were ground with a disc mill during 40 to
60 s, down to flour-like fineness.

2.1.1 Chemical and physical properties

Chemical characterization of all the mentioned components is obtained through XRE
Table 2.1 summarizes the oxide composition for cements, limestone and gypsum, whereas

Table 2.1 — Physical properties and main oxides composition of the raw materials (%wt)

Physical properties
Holcim Heidelber Aalbor Omya

Component Normo 4 LabCemengt whiteg Ducml 5 Gypsum
Origin CH DE DK FR EU
D50 (um) 13 14.3 9.8 7.2 -
BET spec. surf. (m2/g) 1.15 0.98 0.93 1.8 -
Specific gravity (g/cm?3) 3.1 3.3 3.2 2.86 2.31

Oxide composition
SiOy 20.45 19.08 24.40 0.11 0
Al, O3 4.39 5.31 2.16 0 0
Fe,03 3.01 3.77 0.32 0.04 0
CaO 64.48 64.45 68.12 54.96 32.57
MgO 1.66 1.66 0.56 0.15 0
SOs3 2.83 3.12 1.94 0.03 46.51
Na,O 0.24 0.28 0.05 0.06 0
K,O 0.89 1.24 0.06 0.01 0
TiO, 0.34 0.27 - 0.01 0
P,0s 0.28 0.28 - 0.00 0
Mn,03 0.05 0.06 - 0.00 0
LOI 1.3 0.75 0.91 42.50 20.93
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Table 2.2 — Summary of the main physical and chemical properties of the calcined clays. The code for the
region of origin is: North America (N-Am), South America (S-Am), South Asia (S-As), South-East Asia

(SE-As) and Europe (Eu)
Physical properties
Origin N-Am S-Am SE-As S-As S-Am  Eu  Quartz
Calcined kaolinite content 95% 60%  50%  45%  25%  15% 0%
(by mass)
Dy 50 (Um) 5.10 7.72 1090 5.03 6.12 2510 11.20
BET (m?/g) 9.60 46.9 4570 9.19 141 470 1.20
Specific gravity (g/cm3) 2.2 2.5 2.5 2.5 2.5 2.5 2.65
Oxide composition
SiOy 52.00 48.13 4490 49.74 63.66 63.65 99.80
Al O3 43.80 35.08 32.30 41.78 24.16 15.71 -
Fe, 03 0.30 944 1540 0.20 4.05 4.53 -
CaO - 0.81 1.30 011 013 772 -
MgO - 052 080 232 049 264 -
SO3 0.10 0.02 0.10 026 131 0.58 -
Na,O 0.30 020 040 0.09 061 0.37 -
KO 0.10 0.08 020 342 251 264 0.10
TiO, 1.50 227 240 0.04 072 0.63 -
P,05 0.20 034 040 0.09 040 0.22 -
Mn,03 - - 0.10  0.02 - 0.02 -
Other 0.10 0.01 0.20 0.05 0.02 0.16 -
LOI 1.50 2.98 1.70 185 1.75 1.04 0.10

Table 2.2 concentrates data from the various clays. The main difference among the clays is
their calcined kaolinite content, ranging from about 15% to 95%. As explained in the previous
chapter, this sole parameter is a very reliable indicator of the performance a calcined clay.
Powder fineness and density have a major role in mix design of cementitious mixes, as they
heavily influence workability and water to solid ratio. Phase assemblage of the cement powders
from XRD-Rietveld quantification is presented on Table 2.3. All three cement used show a
similar alite content.

Table 2.3 — Phase assemblage from XRD-Rietveld for the used cements, in %wt. The value for C3A is the
sum of orthogonal cubic varieties.

Phase Holcim Heidelberg Aalborg
Normo 4 LabCement White
Alite C3S (M3) 69.0 68.6 68.8
Belite 3-C»S 8.3 6.2 23.9
C3A (0+c) 6.7 8.1 3.3
C4AF 8.2 10.6 0.0

11
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2.1.2 Mix designs

The LC? family of binders offers a wide variety of mix designs to suit the performance,
material quality or cost constraints of most situations. In this study, the main mix design
used was the LC3-50 2:1, containing about 50% clinker, 30% calcined clay, 15% limestone and
5% gypsum. The number following "LC3" denotes to amount of clinker in the mix and the
following pair of numbers represents the calcined clay to limestone ratio. No prefix is added to
the mix design code when using Heidelberg LabCement. The prefixes N4 or W are used when
the mixes are prepared with Normo 4 or Aalborg white, respectively. On some measurements
sets, a lower clinker replacement factor was used: about 65% clinker in the LC3-65 mixes. In
addition, the 2:1 ratio between calcined clay and limestone was changed to 1:1 on some mixes.
This can be also considered as a 2:1 mix, but blending down the clay using limestone. For
some specific runs, model clays were prepared, using a mixture of 95% pure metakaolin from
North America and quartz powder. The purpose of these designs is to get rid of the secondary
phases present in the natural clays. All the mix designs are summarized in the Tables 2.4, 2.5
and 2.6. The rheology of all the pastes was adjusted using PCE-based superplasticizer from
Mapei to obtain a binder that was easily cast into the various moulds. The usual W/B used
was 0.4, with some supplementary mixes with a different water content to adjust the W/S.

Table 2.4 regroups the mixes based on the LC3-50 design and using only clays from nat-
ural origin. Table 2.5 contains the mixes based on the LC3-65 design and Table 2.6 summarizes
all the mixes model clays. Plain cement references are present with the series using natural
clays. Two kinds of references were used: with a similar water to binder ratio by mass or by
volume. Traditionally, blended cements are compared to plain cement using the same W/B
by mass. Most of time, the specific gravity of the SCM is less than that of clinker, resulting in
a different volume ratio between solid and liquid when comparing mixes prepared by mass.
This effect is even more emphasized with high replacement fractions, such as in LC3-50.

Table 2.4 - Detailed mix designs for the plain cement LC3-50. The main variable is the calcined kaolinite
content of the clay.

Label  Cement cc ki ToalMK 0.0 wip o ows  Mital
CC content porosity
PC0.4 100% 0% - - - 04 132 56.7%
PC0.37 100% 0% - - - 037 1.22 54.8%
PC0.357 100% 0% - - - 0.357 1.18 53.9%
15% 54% 30% 15% 4.5% 2:1 04 1.18 53.9%
25% 54% 30% 25% 7.5% 2:1 04 1.18 53.9%
45% 2:1 54% 30% 45% 13.5% 2:1 04 1.18 53.9%
45% 1:1 54% 22% 45% 9.9% 1:1 04 1.19 54.2%
45% 0.45 54% 30% 45% 13.5% 2:1 045 1.32 57.1%
50% 54% 30% 50% 15.0% 2:1 0.4 1.18 53.9%
60% 54% 30% 60% 18.0% 2:1 04 1.18 53.9%
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Table 2.5 — Detailed mix designs for the LC3-65 group.

Label Cement cc VKin  TolMK —oope wp ws  ital
CC content porosity

LC3-652:1 70% 19% 45% 8.6% 2:1 04 122 54.9%

LC3-651:1 70% 15% 45% 6.8% 1:1 04 1.23 55.1%

Table 2.6 - Detailed mix designs for the model clays group, based on a LC3-50 design and using a mixture
of metakaolin (MK) and quartz (QZ) to emulate calcined clays.

Initial
porosity
MQ40 54% 12%  17% 2:1 04 1.17 53.7%
MQ45 54% 14% 15%  2:1 04 1.16 53.6%
MQ60 54% 19% 11% 2:1 04 1.15 53.3%
MQ80 54% 25% 5% 2:1 04 1.14 52.9%
MQ95 54% 29% 0% 2:1 04 113 52.7%

Label Cement MK QZ CCLS W/B W/S

2.2 Microstructure characterization

Both creep and shrinkage are heavily related to the microstructure, through phase
assemblage (i.e. the volume amount of each phase) and physical parameters, such as the
saturation degree of the porosity. Most of these values are not directly accessible through a
single experimental technique and need a combination of many.

2.2.1 Scanning electron microscopy and energy dispersive spectroscopy

A necessary step to obtain an accurate phase assemblage of the binders is to get the
average atomic ratios in the C-S-H. This is obtained through a EDS multipoint analysis of a
polished section of cement paste. Hardened paste samples were cut at a given age into slices
of about 3 mm in thickness and put into a large amount of isopropanol to stop the hydration
through solvent exchange [9]. The alcohol is changed once after 24h to 48h. A week later, the
sample is placed in a desiccator for at least a couple of days, before being embedded into
epoxy resin (Epo-tek 301). After hardening of the resin, the surface close to the sample is gently
polished using fine sand paper (1200 grade) and isopropanol or deodorised petrol to slightly
uncover the boundary of the sample. Further polishing is carried out with an automatic
polishing machine, using petrol and diamond particle spray (EP-spray) of 9 um, 3 pm and
1 um, during 30 min, 2h and 3h respectively, with a force around 20-25 N. Finally, a 15 nm
carbon coating is applied to avoid charging under the microscope. Three pieces of cement
paste per mix were generally prepared at each time step.

The EDS analysis is carried out using a FEI Quanta 200 SEM, with an accelerating
voltage of 15 kV, a working distance of 12.5 mm, and a spot size adjusted to get a current of
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approximatively 0.8 nA. The EDS analyser was a AXS Microanalysis XFlash 4030 SDD detector.
Acquisition was followed by a quantification using Esprit Quantax software and PhiRhoZ
matrix correction. EDS analysis points were either manually placed on the inner C-S-H (or
inner product) in at least 20 zones of the sample at high magnification or using a grid of
points at lower magnification. In both cases, average C-S-H composition was determined
using a graphical method (Al/Ca vs. Si/Ca plot, see Figure 2.1) based on the intersection
of the intermixes lines. Any EDS point is very likely to be a mixture of C-S-H and other
hydrated or anhydrous phases, as the interaction volume of an EDS point is of the order of
microns [8]. Pure mineral phases appear as fixed points on the atomic ratios plot, therefore,
many EDS points will lie between some known phases and the investigated C-S-H. The mean
C-S-H composition should then be the one that can produce all the measured intermixes.
The presence of SCM adds some more fixed points, that can appear as asymptotes (typically
metakaolin and limestone), depending on the choice of the atomic ratios. Due to the data
spread when using this method on blended cements, the relative error associated to the final
ratios is about 10% for Si/Ca and about 25% for Al/Ca, especially for low values. Note that,
as C-S-H is generally aluminium-rich in the presence of calcined clay, it should be called
C-A-S-H. Table 2.7 summarizes the C-A-S-H compositions using SEM-EDS quantification, as
well as the degree of reaction of metakaolin, a mass balance output requiring the C-A-S-H
composition (see next subsection). As observed in [1], there is a tendency for the Al/Ca ratio
to increase with the initial metakaolin content of the mix. On the other hand, the Si/Ca ratio
appears to be higher in LC3-50 than in PC — an expected result from the pozzolanic reaction
with Si-rich metakaolin — but without any clear trend regarding clay purity.

0.5 w w
* EDS points ¢ EDS points
. - Mineral phases - Mineral phases
04r °2 C-S-H C-s-H
« 0.37 - -
o e o
<oz} R <
01t con N .
« . . s .: . ‘.. @ . o .
s See, W 388 =il ,‘
o, = Pl A e o y.
0 : - ‘ o : - ‘ o
0.2 0.4 0.6 0.2 0.4 0.6

Si/Ca

Si/Ca

(a) Manual acquisition of 150 points (b) Automatic acquisition of 600 points

Figure 2.1 - Blue dots represent the individual EDS points and the red squares show the positions of the
known mineral phases. From top left to bottom right: Ett, Ms, portlandite, alite and belite. The estimated
C-A-S-H composition is the green square at Si/Ca = 0.52 and Al/Ca = 0.05.
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Table 2.7 — Average C-S—-H composition of paste samples after 28 days of hydration, obtained by SEM-EDS

analysis.

Label Si/Ca Al/Ca MKDoH
PC0.4 0.53 0.03 -
PC0.37 0.52 0.03 -
PC 0.357 0.54 0.03 -
15% 0.65 0.11 100%
25% 0.63 0.10 93%
45% 2:1 0.65 0.13 64%
45% 1:1 0.66 0.10 82%
45% 0.5 0.67 0.13 66%
50% 0.67 0.13 60%
60% 0.67 0.14 50%
LC3-65 2:1 0.63 0.12 88%
LC3-651:1 0.62 0.09 92%
MQ45 0.65 0.13 57%
MQ95 0.70 0.21 45%
W-PC 0.4 0.54 0.04 -
W-PC0.357 0.52 0.05 -
W-MQ40 0.68 0.12 79%
W-MQ60 0.68 0.17 62%
W-MQ80 0.71 0.21 54%
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2.2.2 X-Ray diffraction, Rietveld quantification and mass balance

X-Ray diffraction or XRD is a routinely used technique in cement research and industry
to assess the quality and constancy of a clinker over time. It is also a very useful method to
monitor the degree of hydration of a paste and get the phase assemblage. Slices of paste were
cut from hydrating samples and scanned using an X'Pert PANalytical diffractometer. The
machine is configured on Bragg-Brentano mode, using Cu-Ka radiation operated at 45 kV and
20 mA. Samples were scanned from 5 to 70 °20 in 15 min with a X’Celerator detector. External
calibration using a rutile standard was carried out periodically. At each analysed epoch, two
slices were cut from the sample and scanned consecutively. A Rietveld quantification method
is used to quantify all the crystalline phases, followed by a mass balance calculation to obtain
the amount of C-S-H and unreacted metakaolin.

A calculation method was develop by Avet [1] to get a reasonable estimation of both the
C-A-S-H amount and the degree of reaction of metakaolin in LC? binders. It is based on the
mass balance calculation methods from the Cement Chemistry hand book [11] and uses the
average C-S-H composition from SEM-EDS analysis as an extra constraint to the mass balance
calculation. In short, C-S-H composition being now known, the amount of reacted metakaolin
has to be adjusted so that the available ions from its dissolution, plus those from clinker yield
the correct amount of hydrates, matching the XRD data. It is necessary to make a number of
hypotheses to carry out the mass balance calculation: a) all gypsum is assumed to react, b)
sulfate not present in ettringite (by XRD) is assumed to form monosulfoaluminate, c) when
limestone is present (such as in LC%), mono- and hemicarboaluminates are formed instead
of monosulfoaluminate, d) C-S-H has a constant ratio H,O/(Si+Ca) of 4 (this includes gel
water). This method requires both XRD-Rietveld and SEM-EDS data to characterize a system
at given age. This can be a lengthy process, but the C-S-H composition can be interpolated if
not available at some intermediate time steps. The global error of the XRD-Rietveld method
is of the order of 5 to 10% per phase. That combined to the SEM-EDS accuracy yields about
10% of relative error for each phase out of the mass balance and the degrees of reaction. Mass
balance is eventually converted to volume balance using the density of each phase, from [3] or
GEMs database.

Table 2.8 contains the volume balance for all studied mixes at 28 days. The main features
to notice are the increasing amount of carboaluminates when increasing the grade of the clay
(as reported in [1]) and the smaller amount of C-S-H present in LC? binders compared to
plain cements. Figure 2.2 shows a graphical representation of volume balance over time for a
LC3-50 binder.
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2.2. Microstructure characterization

Table 2.8 — Summary the results of the mass balance calculation, converted into absolute volume in mL
for an initial 100 g of binder. This is the main input of the finite element modelling (see Chapter 3).

Label Cgs Czs C3A C4AF MK LS Clay SiOz
PC0.4 3.75 1.31 0.79 1.75 0.00 0.00 0.00 0.00
PC0.37 3.85 1.86 0.78 1.78 0.00 0.00 0.00 0.00
PC0.357 4.23 1.84 0.81 1.84 0.00 0.00 0.00 0.00
15% 0.83 0.43 0.29 0.65 1.20 5.42 6.54 3.27
25% 1.40 0.98 0.49 0.83 0.45 5.28 4.62 3.98
45% 2:1 1.50 0.91 0.38 0.82 2.10 5.09 5.55 0.87
45% 1:1 1.08 0.47 0.46 0.68 0.73 6.51 4.15 0.68
45% 0.45 0.52 0.63 0.51 0.50 2.11 5.03 4.56 1.39
50% 1.59 0.80 0.49 1.03 2.57 4.59 5.63 0.23
60% 1.35 0.91 0.37 0.83 4.87 5.02 3.53 0.00

LC3-65 2:1 1.90 1.30 0.52 1.03 0.20 3.37 4.22 0.00
LC3-651:1 1.89 1.06 0.56 1.03 0.06 5.47 3.21 0.00

MQ45 1.75 0.72 0.55 0.90 2.56 5.60 0.00 6.35
MQ95 2.17 0.84 0.35 1.07 7.02 5.13 0.56 0.00

W-PC 0.4 0.76 5.53 0.08 0.00 0.00 0.00 0.00 0.00
W-PC0.357 1.42 6.03 0.08 0.00 0.00 0.00 0.00 0.00

W-MQ40 0.51 3.69 0.10 0.00 0.78 5.47 0.00 6.82

W-MQ60 0.68 3.83 0.11 0.00 2.39 5.50 0.00 4.49

W-MQ80 0.82 3.84 0.13 0.00 4.12 5.69 0.00 1.92

Label CH Ett Ms Mc Hc Ht Hg C-A-S-H Water
PCO0.4 9.86 6.40 3.80 0.00 0.00 0.44 1.26 30.64 7.00
PC0.37 9.61 6.87 3.18 0.00 0.00 0.43 1.23 29.48 5.06
PC 0.357 9.96 7.08 2.90 0.00 0.00 0.42 1.16 28.41 4.01
15% 5.19 6.30 0.00 2.36 1.04 0.64 1.47 19.18 14.73
25% 2.16 6.06 0.00 3.16 1.74 0.37 0.81 22.93 14.04
45% 2:1 1.99 6.28 0.00 3.70 2.18 0.25 0.82 24.86 11.70
45% 1:1 2.83 6.76 0.00 3.26 2.06 0.27 0.99 27.14 9.87
45% 0.45 2.51 6.97 0.00 3.17 3.66 0.85 1.18 27.16 17.73
50% 1.75 6.69 0.00 3.03 2.23 0.36 0.58 25.09 11.73
60% 1.57 6.49 0.00 3.37 2.43 0.37 0.80 25.38 11.21

LC3-65 2:1 4.10 6.00 0.00 3.80 4.17 0.32 1.11 29.76 6.85
LC3-651:1 4.80 6.03 0.00 4.66 5.11 0.33 1.11 28.43 8.10

MQ45 2.08 6.81 0.00 2.02 2.07 0.65 0.73 24.53 12.63
MQ95 1.28 7.52 0.00 1.00 2.19 0.53 0.55 26.90 11.21

W-PCO0.4 11.46  6.00 0.00 0.00 0.00 0.70 0.00 39.10 4.26
W-PC0.357 10.35 6.00 0.00 0.00 0.00 0.66 0.00 37.73 1.85

W-MQ40 1.68 6.09 0.00 2.64 1.97 0.35 0.00 28.50 10.69
W-MQ60 1.02 5.80 0.00 2.26 1.83 0.34 0.00 30.68 10.12
W-MQ80 0.71 6.12 0.00 1.96 1.74 0.34 0.00 32.15 8.93
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Figure 2.2 — This figure represents the result of the mass balance calculation, converted into volume,
starting with 100 g of binder and 40 g of water. The fluctuations during the first days reflect the overall
uncertainty of the calculation. Data points were taken at 1, 2, 3, 7, and 28 days of hydration.
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2.2. Microstructure characterization

2.2.3 Mercury intrusion porosimetry

Mercury intrusion porosimetry is a widespread but controversial characterization tech-
nique for cementitious materials [4], [10]. Interpretation of the results depends heavily on the
underlying hypotheses, such as wetting angle and pore shape, but was recently proven to be
useful for both qualitative and quantitative outputs, when correctly interpreted [7]. Neverthe-
less, MIP can be used to monitor and compare total porosity and the overall refinement of the
pore network among different samples over time. In this study, the porosimeters used were a
Pascal 140 and a Pascal 440 from Porotec. Interpretation was made using the Washburn model
for cylindrical pores, with a contact angle of 120°. Hydration of the samples was stopped using
solvent exchange (see 2.2.1). Prior to porosity measurement, samples were cut into small parts
and 6 to 10 pieces, weighing 1 to 1.5 g in total, were placed in the porosimeter. Figure 2.3 shows
the porosimetry results for a set of pastes after 28 days of hydration. As observed in previous
studies, the total amount of porosity is very similar between plain cement and LC3. This is
expected, as LC3 forms less hydrates because of the lower amount of reactive material, even if
the initial W/S is lower. What varies though, is the size distribution of that porosity. This is
represented by the pore radius at which the porosity sharply increases. This pore size is known
as the threshold radius or the critical pore entry radius. One of the main effects of calcined
clays and SCM in general is a decrease of this quantity. As reported in [1], given enough time,
LC2 blends show an important narrowing of the pore entry radius, even with low metakaolin
content.
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MQ45 w 60%
X207 —MQ95 || 3 - v v MQ45
— ©
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Pore radius [nm] Calcined kaolinite content [%)]
(a) Pore size distribution at 28 days. (b) Critical entry radius (adapted from [1]).

Figure 2.3 — a) Pore size distribution at 28 days for a plain cement and some LC3. Total porosity is less
affected by the presence of SCM than the limit for pore refinement. b) Previous studies showed that
the critical pore entry radius gets highly refined in LC3 when using clays with at least 40% of calcined
kaolinite. Black horizontal lines represent the values for PC.
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Chapter 2. Materials and methods

2.2.4 Saturation degree of the porosity

Saturation degree is defined as the ratio of total evaporable water (down to the C-S-H
interlayer water) to total pore volume. This quantity can be obtained through a combination
of techniques, such as chemical shrinkage measurement, MIP and 1H-NMR, or thanks to
mass balance. The latter method was used in this research, as mass balance calculation was
carried out on all systems. Total porosity from mass balance is in good agreement with the
results from MIP and the quantity of hydrates are comparable to the output of thermodynamic
modelling (GEMs, [6]), therefore this approach should provide a satisfactory estimation of the

saturation level.
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Figure 2.4 — Saturation level by mass balance calculation for the studied mixes.

20



2.2. Microstructure characterization

Capillary water and chemical shrinkage are direct outputs from mass balance, and gel
and interlayer water have to be calculated from the C-S-H amount. The C-S-H gel, from
the mass balance output, is considered to have a H,O/(Si+Ca) ratio fixed at 4 and this ratio
is set at 1.8 for the structural water. The difference is the evaporable water from C-S-H.
Figure 2.4 summarizes the saturation degree of the studied mixes. Results indicate that LC3
materials have a lower saturation level than plain cement mixes. This is explained by the
higher amount of C-S-H in the cement mixes, containing larger amounts of evaporable water

and contributing to a higher saturation.
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Chapter 2. Materials and methods

2.3 Mechanical properties

Basic mechanical properties, such as compressive strength and Young’s modulus are
necessary data for the compressive creep set-up and for the interpretation of the modelling
results.

2.3.1 Compressive strength

Compressive strength tests were carried out on paste samples prior to their loading
on the creep frames after 28 days of sealed cure, see 2.9. The cubes were cut out from the
prisms cast for the creep tests (more details in Chapter 3), ending with a side length of 25 mm.
Loading speed is about 2.4 MPa/s. Each value is the average of 6 measurements.

Table 2.9 — This tables summarizes all the compressive strengths measurements carried out at 28 days

Label Strength [MPa] St. dev. (S)
PC0.4 72.73 3.21
PC0.37 78.79 3.70
PC0.357 82.64 4.31
15% 52.19 1.35
25% 67.30 3.21
45% 71.53 2.88
45% 1:1 68.27 1.69
45% 0.5 48.46 3.69
50% 75.47 7.78
60% 78.56 4.61
LC3-65 2:1 71.49 4.55
MQ45 81.87 1.51
MQ95 76.91 3.76
N4-PC 0.4 68.04 4.11
N4-45% 76.77 4.89
N4-95% 73.90 6.37

2.3.2 Young’s modulus

Young’s modulus is used as an input for the shrinkage and creep models. Two main ways
to measure this property were used in this study. The continuous method allows to monitor
the evolution of Young’s modulus minutes after casting, whereas the discrete methods require
hardened samples.
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2.3. Mechanical properties

Continuous method

The Elastic Modulus Measurement through Ambient Response Method (EMM-ARM) [2]
was used to carry out the continuous measurements of Young’s modulus. Paste was prepared
and cast into 550 mm long PMMA tubes of 20 mm of outer diameter and 16 mm of inner
diameter. The first end of the tube was previously sealed with a piece of rigid plastic sheet
and glue. The second end was sealed after casting using tape. The tube is then placed in a
horizontal position with a metal clamp, creating a cantilever system with a span of 450 mm.
An accelerometer of known mass is then fixed at the far end of the cantilever. A pair of fans
was placed next to the set-up to provide an external source of excitation as white noise. A
computer then logs the outputs of the accelerometer and, knowing the rigidity of the polymer
tube alone, is able to calculate the Young’s modulus of the sample.

Discrete methods

Discrete methods refer to measurements of the strain of a sample under a known load,
at a given point in time. This can be either done using a press, as in NF EN 12390-13, or when
adding or removing load from the creep frames. A small series of mixes was tested using
the standard method and all the samples undergoing creep tests had their Young’s modulus
systematically estimated at the beginning and the end of the test. In that case, the total load
was placed and removed several times over a short period in order to get more readings, but
also to ensure that the top and bottom aluminium coatings were correctly flattened. Figure
2.5 presents the evolution of Young’s modulus for a series of samples. It shows that, as already
stated in [5], all the methods give similar results. Table 2.10 summarizes all the elasticity
measurements carried out at the beginning and the end of the creep tests. It can be noticed
that most of the samples still gain about 10% rigidity during the second month of hydration.
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Chapter 2. Materials and methods

Table 2.10 - This table summarizes the measurements of Young’s modulus carried out before and after
the creep tests. Each value is the average of 1 to 3 loading-unloading cycles.

28 days 56 days
Label Young’s Young’s
modulus [GPa] St. dev. (8) modulus [GPa] St. dev. (S)

PC0.4 16.5 0.5 20.1 0.3
PC0.357 19.3 0.2 20.9 0.1
PCO0.37 18.1 0.3 20.6 0.2
15% 13.1 0.6 16.6 0.4
25% 15.4 0.9 17.7 0.3
45% 2:1 14.6 0.3 16.5 0.1
45% 1:1 14.9 0.1 17.1 0.0
45% 0.5 11.7 0.3 13.3 0.6
50% 13.9 0.1 16.9 0.0
60% 14.5 0.1 17.3 0.6
N4-45% 11.8 0.5 13.4 0.3
LC3-65 15.5 0.3 17.9 0.2
LC3-651:1 15.9 0.3 18.7 0.1
MQ45 15.1 0.7 18.4 0.3
MQ95 14.6 0.2 16.2 1.4
N4-PC0.4 12.8 0.4 17.6 0.2
W-MQ95 11.1 1.2 13.8 0.6
W-PC 0.4 17.5 0.4 19.3 0.3
W-PC 0.357 18.3 0.3 214 0.1
W-MQ40 15.9 0.7 17.8 1.1
W-MQ60 154 2.1 21.5 2.0
W-MQ80 13.8 0.6 17.1 09
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Figure 2.5 - Evolution of Young's modulus over the first month of hydration. The dots represent the results
of the EMM-ARM set-up, the squares the quasi-static method from NF EN 12390-13 and the triangles are
from loading-unloading creep samples.
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8] Basic creep on mature paste samples

In this chapter, the theoretical background required to understand and interpret the exper-
imental outputs will be presented. A description of the experimental set-up and obtained
results will follow. The next part concerns result processing and links with the microstructure.
Finally, a further interpretation of the results using two modelling approaches is presented.

Part of this Chapter was submitted to Cement and Concrete Research as Intrinsic viscoelas-
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3.1. Literature review

3.1 Literature review

Many classes of materials exhibit time-dependent strains when subjected to a constant
load. Cement and concrete are no exception. Creep in concrete — and counterpart relax-
ation — can be a useful phenomenon for relieving stresses from restrained shrinkage, or a
detrimental one when dealing with prestressed structures. Hence, some understanding of the
visco-elastic behaviour of cement is necessary to correctly engineer large structures, such as
bridges.

Basic creep is defined as the viscous deformation of a concrete specimen without any
exchange of moisture with the environment or change in temperature. It is usually measured
by applying a uniaxial load on a sealed sample and measuring its deformation over time along
that axis. By definition, the measured strain is a combination of basic creep from the static
load and autogenous shrinkage from the hydration of the binder. The usual way to obtain
pure basic creep is to compare the strains of a loaded sample and an unloaded one [47].

The interest of studying basic creep in particular, besides the more controllable labora-
tory conditions, is that it is present in any structural part. Viscous strain rates in cementitious
materials, be it in sealed or drying conditions, do not seem to stabilize over time. This implies
that basic creep rate, albeit continuously decreasing, would never reach a halt. Within this
study, the superposition principle was applied to process the results, subtracting the autoge-
nous shrinkage strain to the total strain measured on the creep frames to obtain pure basic
creep strain (more details in section 3.1.4).

3.1.1 Creep mechanisms in cement

Contrary to metals or polymers, no consensus has yet been reached in cement research
to explain the exact creep mechanisms. Nevertheless, experimental evidence points out
that among all the anhydrous or hydrated phases present in cementitious materials, C-S-H
mainly shows a pronounced viscoelastic behaviour. In addition, water probably plays a role
in viscoelasticity, possibly varying with its location (capillary, gel or interlayer water) and the
bonding strength with the surrounding surfaces. Several theories exist, most of them being
based on hypothetical concepts of C-S-H structure.

C-S-H is a multiscale organized material. At the atomic scale, C-S-H is a defective
tobermorite-like structure. Tobermorite Cay 5SigO16(OH) -5H,0 is a layered mineral made
of Ca-O layer with chains of SiO, tetrahedra on either side. These sandwich elements are
separated one from another by a layer of water and Ca* ions. The SiOj4 tetrahedra are organised
in chains of three units (called dreiketten), but in C-S-H, this silicate chain length can vary
from 2 to 5. Moreover, OH groups can bind to the Si and Ca and vacancies can appear at the
silicates bridging sites. In the presence of aluminium, AlO,4 tetrahedrons can act as bridging
elements between silicate chains. These C-S-H sheets are separated by water pores of the
order of 10 nm called gel pores. At the micron scale, C-S-H in cement is organised in needles
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Chapter 3. Basic creep on mature paste samples

or foils when growing in the free space around cement grains (outer product) or in a more
homogeneous gel in the inner product. The differences between the many representations of
C-S-H are how the structures of varying size are arranged.

The role of water

Water in cement paste is generally separated into different populations, depending on
its confinement and location in the microstructure. Water sometimes occupies the pores
of the microstructure, so the nomenclature for water also suits pores. Ignoring air voids or
entrained air, the largest family of pores is known as the capillary pores, hosting capillary
water. Capillary water can transfer loads to the solid skeleton of the microstructure and diffuse
to regions with lower pressure when stress is applied. Because of the very low flows involved,
this is not believed to be a main contribution to creep strain [9], [65]. Moreover, experiments
carried out on samples whose evaporable water was removed still exhibited significant creep
[54]. In addition, movement of capillary water is not sufficient to explain the irreversible part
of creep strain. The presence of capillary porosity per se could however have an effect on the
macroscopic compliance of the specimen.

Gel water is the main actor in many theories trying to explain creep. Gel pores are nano-
metric cavities in-between regions of short-range ordered C-S-H, where surface effects domi-
nate water thermodynamics. Their dimensions are quite specific and seem not to dependent
on the chemistry of C-S-H [3]. Gel water is not chemically bound to C-S-H, but contributes
to its structural stability. It can evaporate with drying or be removed with solvent exchange
[3]. The most notable theories involving gel water are the microprestress-solidification theory
from BaZant, thermal activation energy theory from Wittmann and various structural rear-
rangement theories from Thomas, Jennings or Li. It is worth making a short summary of these
points of view to get their common features.

The microprestress-solidification theory [8], [31] is an extension of the seepage theory
[44], proposed by Powers and based on the Powers-Brownyard representation of C-S-H [52],
see Figure 3.1. It states that the time dependent deformation comes from the gradual diffusion
of water molecules from high stress regions to lower stress ones. The highly stressed zones are
likely to be the regions of hindered adsorption, where solid surfaces are close enough so that
fewer layers of adsorbed water molecules can be present compared to what thermodynamic
equilibrium would allow. This theory explains the irreversible part of creep by the bonding
of the aforementioned solid surfaces when water is pushed out. Thermal activation energy
theory [63], similarly to viscous shear theory [48], considers gel water as a lubricator for
the sliding of C-S-H solid particles towards a more stable configuration. Contrarily to the
microprestress-solidification theory, water molecules do not migrate in the microstructure,
even though both theories are based on the same microstructural model.

Following the elaboration of their colloidal models (CM-I and CM-II) representing C-S—
H, Jennings and his co-workers proposed creep theories based on the rearrangement of C-S-H
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Capillary Pore

Reorganized Packin:
of C-§-H Sheets

Figure 3.1 — This figure adapted from [65] depicts the C-S—-H model from Power and Brownyard (P-B
model). C-S-H consists of ordered solid particles. Movement of water away from confined regions causes
a rearrangement of the solid particles. The left part of the figure show a pristine region of C-S-H, whereas
the right part has undergone some creep.

globules — the "building blocks" of their model [55], see Figure 3.2. Although their theories
lack a precise explanation of the rearrangement mechanisms of the globules (in CM-I) or the
tobermorite-like layered sheets (in CM-II), or a precise description of the role of the water at
different levels, their ideas are claimed to be supported by nano-indentation measurement
on C-S-H [57]. It appears that the results from that study agree with a rearrangement of
packed particles, bearing many similarities with soil mechanics. For instance, Vandamme and
co-workers reported a similar behaviour between creep of C-S-H at the micrometer scale and
clayey soils at different packing densities [58]. To conclude, a study from Pachon-Rodriguez
and his team [41] indicated that a rearrangement of globules could be carried out through
dissolution, diffusion and reprecipitation of the load bearing regions of the solids.

Lastly, interlayer water, which refers to the strongly (physically) bound water in-between
the C-S-H layer, is also at the centre of a couple of theories. It is worth mentioning the
crystallisation theory, based on the Feldman-Sereda representation of C-S-H [21], which
states that creep results first from a movement of gel water to the interlayer space. This is

Increased Bonding (Si Po\ymenzaon)

Small Gel Pore (SGP)

W@ Large Gel Pore (LGF) e ~

Figure 3.2 — This figure adapted from [65] depicts the CM-1I model of C-S-H. The main difference with
CM-1is that the globules are composed of tobermorite-like particles. The left part of the figure shows a
pristine region of C-S—H, whereas the right part has undergone some creep.
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followed by a crystallisation or reorganisation of the poorly arranged C-S-H layers thanks to
gel water bridging to interlayer sites.

In summary, there exist many models to represent the micro- or nanostructure of C—
S-H, along with theories to explain basic creep, matching the features of one model or the
other. The main point where all theories agree is the necessity to explain the irreversible part
of creep thanks to hardening mechanisms, for instance breaking and reformation of bonds
or dissolution and reprecipitation. On the other hand, most theories fail to predict any easily
measurable observables, and cannot so far be formally proven nor invalidated. Nevertheless,
it appears that creep happens within a scale ranging from the alumino-silicate chains, up to
nanometre-scaled regions composing the microscale of C-S-H.

3.1.2 Therole of supplementary cementitious materials

There have been a few investigations on the impact of metakaolin and limestone on
creep, but they yielded only some specific results. As presented in the introductory chapter,
metakaolin is a very efficient, yet expensive, pozzolan. Its influence on creep of cementitious
binders has only been slightly investigated. The work from Brooks and Johari [16] offers a
good review of the knowledge concerning metakaolin substitution in concrete. In summary, a
modest replacement of clinker with metakaolin (5 to 10%) increases compressive strength at
the expense of workability, if mix design remains unchanged. Concerning delayed strains, the
use of metakaolin was found to reduce both autogenous and drying shrinkage of concrete and
lowers compressive creep compliance. This study did not give any precise mechanisms leading
to the change in viscoelastic behaviour, but proposed a list of potential reasons, such as a
refinement of the pore structure [40] or better interface between cement and aggregates, both
thanks to the extra hydrates from the pozzolanic reaction and the filler effect of metakaolin.

From a chemical point of view, MK is an important source of aluminium ions. This
supplementary aluminium will enrich C-S-H into C-A-S-H, while consuming portlandite.
Aluminium-rich stratlingite (C,ASHg) will also precipitate if MK is the only replacement

Interlayer Water

Tobermorite Sheets ; © Adsorbed Water

Capillary Water

Figure 3.3 — This figure adapted from [65] depicts the C-S—H model from Feldman and Sereda or F-S
model. External loads could push some of the weakly bound water, leading to a reorganization of the
sheets. The left part of the figure show a pristine region of C-S—H, whereas the right part has undergone
some creep.
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material. Many studies reported a decrease in creep compliance when using metakaolin [16],
or other SCMs, such as slag, fly ashes or glass powder [34], [23]. SCMs in general will affect
the chemical composition of C-S-H [35], but none of the cited works reported a direct link
between C-S-H composition and creep compliance, as the incorporation of SCMs has other
very important effects on the microstructure that affect creep. According to a study carried
out on mixtures of white cement and metakaolin [18], incorporation of metakaolin in the mix
increases both the average alumino-silicate chain length and the Al/Si of C-S-H (see Figure
3.4). Unfortunately, they did not compare mechanical properties against the evolution of
C-S-H morphology and composition. If creep happens at the scale of the alumino-silicates
chains of C-S-H, this could have a potential impact on the viscous properties.
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(a) Average Al/Si with MK replacement (b) Average chain length over time with MK replace-
ment

Figure 3.4 — a) Average Al/Si ratio of C-S-H in white cement blended with increasing amounts of
metakaolin. b) Average alumino-silicate chain length in C-S-H for white cement blended with 0%
t0 30% MK. Both plots adapted from [18], where ?°Si and ?”Al MAS NMR were used as the main experi-
mental techniques to determine the compostion of C-S-H.

Limestone is mostly considered on its own as an inexpensive filler. In a binary mix,
it provides extra surface for hydrate nucleation and even shows some reactivity with the
aluminium present in the cement [42], [37], [36]. Little knowledge is available on the effect of
limestone filler on the creep properties of concrete or cement. Wang [61] reported a decrease of
the compressive creep compliance in drying conditions when replacing cement with limestone
in concrete. Unfortunately, they did not examine the microstructure of the different samples,
nor did run any basic creep tests. Belov [13] attributed the decrease in creep compliance to a
denser microstructure in his short communication about concrete using limestone powder
replacement. Finally, He [24] reported a lower basic creep compliance in concrete using
metakaolin and limestone as replacement materials (a mix design equivalent to LC3-70 95%
1:2 in the present thesis), see Figure 3.5.
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Figure 3.5 — This figure shows the results from He and co-workers [24] concerning compressive creep of
concrete containing metakaolin and other SCMs. The red curve with circles corresponds to a LC® design.
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3.1.3 Creep modelling

Modelling is a very useful tool for understanding different phenomena. In the case of
creep of cement paste, two modelling scales can be identified, each with different purposes: a
phenomenological approach to grasp the behaviour of the material at a macroscopic scale,
and a more fundamental approach to model the mechanisms at the microstructure scale. The
modelling in the present study fits the first category, but it is worth summarizing what has
been achieved lately in both fields to help the interpretation of the results.

Phenomenological modelling

Phenomenological modelling is the most widespread and accessible way to model
basic creep of cement or concrete structures. It approaches creep compliance thanks to a
mathematical function with a limited number of parameters or using rheological models with
amodest amount of units. This approach has the advantage of being able to simply calculate
the predicted strain over considerable time scales. This is the reason why such approaches are
used in structural codes to estimate the life expectancy of concrete structures subject to creep
[39]. However, the selection of the function to fit the experimental data has evolved through
time, and as more and more long term results become available.
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Figure 3.6 — On this plot, the compliance rate over time is reported for different loading ages on the same
mix design. It appears that the long-term rate is solely dependent on the material, from [1].

The work of Bazant indicated early on that basic creep compliance could be well ap-
proximated with a power law, or a combination of such [10]. Processing longer term data led
him to notice later that a logarithmic function was better adapted to model the very long-term
behaviour of basic creep in concrete. In particular, if the loading period was much longer than
the curing time before loading, creep compliance rate would reach a similar value for a given
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mix, as depicted in Figure 3.6. Interestingly, this logarithmic trend appeared independently
of the age of loading (or, more precisely, the degree of hydration of the system). This means
that the final creep rate tends to a given value for a given mix, regardless of the amount of
autogenous shrinkage the sample has undergone before the compressive creep load. Fur-
ther improvements refined the mathematical model, notably adding more parameters to the
function fitting the first time derivative of creep compliance. The motivations to do so were a
better fit of the experimental data both for the short and long term, and better extrapolation,
at the expense or more coefficients to be adjusted.

Other researchers reached similar conclusions [66], [56], [33], [19]: creep compliance is
well approximated with a power law during the initial period, followed by a logarithmic trend
for the long term. This transition period seems to be related to the scale of the experiment.
It can takes years or decades to reach a logarithmic regime for concrete samples, but merely
seconds for cement paste under a micro/nano- indenter [57], [29].

The second way to simulate the viscoelastic response of a concrete — or many other
materials for that matter — is to use rheological models. Most of these approaches use Kelvin-
Voigt, Maxwell or Burgers model, alone or chained. Elaborated models link these elements
and their properties to time or degree of hydration to take into account the ageing of the
materials. Such viscoelastic models are able to fit and predict many experimental results, at
a low computational cost. Similarly to the mathematical fitting described above, the fitting
parameters do not possess a physical meaning, as the primary objective is to describe the
macroscopic behaviour of the material. However, it is worth noticing that some investigation
was done to find parallels between the properties of the components of the rheological models
and characteristics of the microstructure or potential creep mechanisms. Notably in [50] and
[51], the authors propose to match the properties of the springs and dashpots of a Kelvin-Voigt
rheological model to actual micromechanical features of the microstructure, such as interface
viscosity or stiffness of the composite matrix.

Microstructural modelling

The bottom-up approach concerning creep generally consists in using a homogeniza-
tion scheme to go from the nano/micro- structure up to the sub-millimetre (for cement paste)
or sub-centimetre scale (for mortars) as shown on Figure 3.7. Notably, Kénigsberger and his
colleagues [32], applied a back-calculation scheme to Irfan-ul-Hassan’s minute-long creep test
results [29] down to the hydrates scale to show that short-term creep could be modelled using
a single power law. As another example, this is also the solution proposed by Shahidi et al. for
implementing their rheological model to higher scales [50], [51]. Microstructural modelling is
not the main simulation method used in this study, but it is worth noticing that similar tools
can be used either to model the macroscopic behaviour of a structure or the microscopic
behaviour of the hydrated phases supposedly at the origin of creep in cementitious materials.
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(a) Homogenization step I: hydrate foam
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hydrate foam matrix

cement paste matrix sand

Figure 3.7 — This figure from [32] illustrates the pathway from nanoscale to macroscale mechanical
modelling thanks to several homogenization steps.

3.1.4 Basic creep and autogenous shrinkage

Supposing the independence of basic creep and autogenous shrinkage is a convenient
hypothesis for processing the data, as a simple subtraction allows to separate them. This
hypothesis has not been formally proven so far, and its validity could be questioned, especially
on creep tests starting at an early age, with hydration progressing at a considerable rate. It is
based on the principle of superposition of strains in viscoelastic materials, firstly proposed
by Boltzmann [15] and later applied to ageing materials by Volterra [60]. It is widely used
with cementitious materials. Studies and models on large amounts of data, with some creep
tests starting as early as 20h after casting and others lasting up to decades, illustrated that
the stress superposition principle was valid for basic creep under up to 0.4 of the strength
of the material [12], [7], [11], [20], [6], [5], [10]. This high threshold value implies that the
superposition principle could also be applied for separating autogenous shrinkage and basic
creep, although the former comes from a volumetric stress and the latter usually from a linear
one.
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3.2 Experimental methods

The purpose of the creep campaign carried out in this chapter is to obtain data to answer
the following questions:

« Is C-S-H the only phase capable of creep in the LC2 binders, or are the clayey mineral
bringing viscosity to the material?

* Is the different chemistry of LC? affecting creep properties?

As mentioned in the first chapter, experiments were only carried out on paste samples, to
avoid the effect of aggregates and to be able to run numerous samples. Microstructural data
from the previous chapter and modelling are used to interpret the data.

3.2.1 Sample preparation

After weighing, powders and water were mixed in a vacuum mixer for 2 minutes at 450
rpm. Paste was then cast into eight 25 x 25 x 80 mm moulds. The samples were cured for
24h in a moist environment. Right after demoulding, the paste prisms were wrapped in a
polyethylene film and two layers of adhesive aluminium sheet, to ensure autogenous condi-
tions. The top and bottom square faces were covered only with a single layer of aluminium, in
order to have as little material as possible between the sample and the loading plates. The
samples were then left to cure at 20°C, until they reached their loading age, usually 28 days for
this study. Sealed prisms were weighed right after wrapping, at the end of the cure and after
the creep test. The weight loss was always very low, between 0% and 0.2%. Between 6h and
24h before the beginning of creep loading, two prisms were unwrapped and each cut down
to three cubes of 25 mm and tested for compressive strength. The creep test load was then
adjusted so that the stress on the sample corresponded to 10% to 15% of its strength at loading
age, with a maximum of 50 kg (without considering the amplification from the lever arm). The
environment was kept at 20°C and 70% RH in the testing rooms.

3.2.2 Compressive creep frames

The creep frames consisted of a class 2 lever, designed with a mechanical advantage of
10. The sample are placed between two steel loading plates, connected to the frame by steel
balls to ensure a good load transfer and a correction of the alignment. Strain was monitored
using 3 LVDTs placed between anchor points on the steel plates, see illustration on Figure
3.8. The sampling frequency was adapted over time. During the loading/unloading parts,
sampling rate was set to 0.25 or 2 Hz. Rate was decrease to a reading every 20 seconds for the
first hours after a load change, and further decreased to a reading every 20 minutes until the
end of the test.
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Cast iron weights were manually attached and hung at the far end of the lever arm.
Rapid loading/unloading cycles were done at time of loading, in order to get a value for the
Young’s modulus of the specimen. These cycles simply consisted in fully loading the sample
for some seconds to get some readings and then unloading it immediately. After a recovery
period of a few minutes, another cycle would start. At the third loading, the masses were left in
place for the proper creep test. As mentioned, these cycles allowed to obtain a measurement
of the Young’s modulus, but also allowed to settle the specimen in place, including a possible
flattening of the top and bottom aluminium wrapping.
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Figure 3.8 — Scheme of the compressive creep set-up. Bottom part and lever of the frame should ideally be
kept horizontal during the test. Scale is approximate.

3.2.3 Results processing

Raw data went through some processing before being plotted (see Appendix A). Autoge-
nous shrinkage (data in Chapter 4) is subtracted from the total measured strain to obtain creep
strain, as creep and shrinkage strains are assumed to be independent in the frame of this study.
Instantaneous, elastic strain from initial loading is removed from the plots, see Figure 3.9. Data
is then presented as creep compliance J over loading time ¢ — #), compliance being defined as
creep strain divided by applied stress, see Eq. 3.1. This is a valid normalisation to compare
specimens undergoing stage Il creep, where strain is supposed to be linearly dependent to

stress [43].
J(t—10) = Erot(t) — Eelas(t0) — €quro(t) 3.1)
o (tp)

3.2.4 Basic creep kinetics

As discussed earlier, the macroscopic creep behaviour of cementitious materials can be
approached by a power law or a logarithmic function. A straightforward fitting of compliance
may not give sensible results. A better approach would be to fit the first time derivative of
the dataset and integrate it back to approach the raw data. When using a power law to fit the
compliance, this means the first derivative can be approximated with Eq. 3.2, or Eq. 3.3 when
the problem is solved in the logarithmic domain. Note that Eq. 3.3 appears as a straight line in
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Figure 3.9 — This figure shows the intermediate steps to obtain creep compliance. Autogenous shrinkage
strain is subtracted from the total strain measured by the creep set-up to obtain creep strain. This quantity
is then divided by the applied stress to obtain the creep compliance. The error bar is representative for all
the curves presented later. Most of the error comes from the total strain measurement.

alog-log plot.

J(t—to) = e*- (- 19)® (3.2)
In(j(t—ty)) =B-In(t—t) + k (3.3)

When integrated over time, Eq 3.2 gives the indefinite integral

J(t—1t)= A (= 1) (3.4)
0= B+1 '
where A = e¥ [mm/m/MPa - daysB‘l] can be considered as an amplitude factor and B [-] is

the slope of the creep rate.

The best way to fit experimental results with a log function is also to initially fit the
first time derivative rather than the data directly. In that case, the time derivative is a rational

function of the form .

JU=t0) = T

(3.5)

whose primitive is

1 (t— to)
J(t—ty) = E.1og( - 0 +1) (3.6)

40



3.2. Experimental methods

where 7 [days] is the characteristic time and C [mm/m-MPa] an amplitude factor correspond-
ing to the slope of the compliance on a semi-log plot. As described in the appendix, 10-fold
Tikhonov regularization was used here to obtain both the first derivative of the experimental
data and a smoothed output. After processing the data, the first time derivative was fit with
Eqg. 3.3 or Eq. 3.5 using the least squares method. To determine whether the tested samples
reached a logarithmic creep regime or still were in a state best described with a power law, the
fitting was done using a expanding time window. The principle is to run the fitting repeatedly,
adding more data points at the end of the set at each iteration. Doing so allows one to observe
whether the fitting coefficients are stable over time and if the root-mean-square error is de-
creasing or stable. Unstable coefficients mean that the fitting function has to be re-adapted at
each addition of data points, indicating that this function type is not well suited to describe
the data (see Figure 3.10).
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Figure 3.10 - In this example, creep compliance is back-calculated after fitting the first derivative either
with Eq. 3.3 (a) or Eq. 3.5 (b). Fitting is done over an forward-expanding time window, represented by
the segments of the thick curve from the experimental results. Both methods show a convergence of the fit
towards the experimental data, indicating a stabilisation of the fitting coefficients.

This investigation showed that a power law could efficiently fit most of the datasets
from 0.04 day on (1 h), whereas a logarithmic function was adequate only from 2 days on.
Under these conditions, both approaches showed stable coefficients and stable or increasing
RMSE. This seems to indicate that a power law is well suited to capture the initial kinetics of
the data, while still performing quite well to fit the data up to the end of the test. A logarithmic
function fits the late part of the datasets very well, but the increasing RMSE indicates that as
more and more data points are considered, the fit loses quality. To check the fit further, the
equations for the first derivative were integrated once and shifted so that the value at 30 days
matches the experimental value (example on Figure 3.11). The error of this back-calculation
was also estimated. Both methods gave good results, with an average RMSE of 1.1 for the
power function and 0.6 for the logarithmic one. As a conclusion, we can suppose that the
studied samples are still in a transition regime from power to logarithm. The presence of a
transition time is in agreement with the early work of Bazant [10] and more recent studies
as well [56], [33]. Nevertheless, both fitting methods need only a couple of coefficients to
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be adapted. Comparing these coefficients can bring some hints regarding the similarities or
differences among the studied mixes.

As mentioned in the Appendix A, the use of these simple models is only valid in the
frame of this work to compare the different samples and probably not suited to long-term
modelling of these materials. Indeed, the two proposed functions will inevitably diverge in the

long term; the logarithmic function growing slower than any other type of function over long
periods of time.
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Figure 3.11 — In this example, creep compliance is back-calculated after fitting the first derivative either
with Eq. 3.3 (a) or Eq. 3.5 (b) and integration. Fitting is done over an forward-expanding time window,
represented by the segments of the thick curve from the experimental results. Both methods show a
convergence of the fit towards the experimental data, indicating a stabilisation of the fitting coefficients.
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3.3 Experimental results

3.3.1 Influence of cement type

Figure 3.12 summarizes the results for the plain cement systems, with varying cements
and identical water content by mass. PC 0.4 and N4-PC 0.4 samples have a very similar creep
behaviour, although the kinetics of the N4 sample could be slightly faster. The white cement
from Aalborg shows a lower creep amplitude. Different mineralogy could be the reason for the
difference.

Figure 3.13 shows the creep compliance for plain cement and LC3-50 mixes using
different cements. The slightly lower compliance measured on the Normo 4 cement compared
to the Heidelberg LabCement is not kept in the LC3, where the situation is opposed. LC3-
50 mixes using pure metakaolin as SCM have a very similar and low compliance with both
cements. Figure 3.14 compares the compliance relative to the plain cement samples at 7 and
28 days and the creep amplitude factor with the calcined kaolinite content of the LC? samples.
The relative compliance of LC? is slightly decreasing over time.
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Figure 3.12 — Compressive creep compliance of the plain cement paste mixes (Heidelberg LabCement,
LafargeHolcim Normo 4 and Aalborg white), starting 28 days after casting, for a duration of 28 days.
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Figure 3.13 — Compressive creep compliance of plain cement and LC3-50 2:1 samples cast with different
cements. A natural clay containing 45% of calcined kaolinite and a model clay with 95% pure metakaolin
are used as replacement materials. All samples have a W/B of 0.4.
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Figure 3.14 — a) The amplitude of creep compliance at 7 and 28 days is compared to the plain cement
samples. b) The amplitude factor from the power law fit is compared to the calcined clay content of the
clay. Plain cement mixes are shown off limits.
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3.3.2 LC3 with natural calcined clays

Figure 3.15 shows the evolution of compressive creep compliance for mature LC3-50
samples, using various calcined clays of natural origin as replacement material. All of the
ternary blends exhibit a lower compliance than the plain cement reference. One of the
most striking features is the apparent independence of the grade of the clay on the resulting
compliance of the mix. For a clay grade from 45% to 60%, the effect on compliance is quite
similar. This could indicate that a threshold value exists for the initial metakaolin content to
have a significant effect on the creep compliance. Nevertheless, these results indicate that
even clays with only 25% of calcined kaolinite cause a reduction of basic creep compliance of
mature paste. Figure 3.16a shows the evolution of compliance relative to the sample PC 0.4.
LC3 with clays containing 45% to 60% of calcined kaolinite show about half the compliance of
plain cement. The possible presence of a threshold is also visible on Figure 3.16b, where the
fitted amplitude is similar for LC® mixes with 45% grade clay or above.
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Figure 3.15 — Basic compressive creep compliance of the LC3-50 mixes with natural calcined clays of
varying grade. All mixes are cast at a W/B of 0.4, creep tests started 28 days after casting.
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Figure 3.16 — a) The amplitude of creep compliance at 7 and 28 days is compared the PC 0.4 sample. b)
The amplitude factor from the power law fit is compared to the calcined clay content of the clay. Plain
cement is shown off limits.

Figure 3.17 presents the results for the LC3-50 and LC3-65 series with the same calcined
clay but different calcined clay to limestone ratios. For the LC3-50, the change in calcined
clay to limestone ratio did not affect compliance significantly. This is in line with the previous
observations, as changing this ratio is equivalent to using a lower grade clay. The metakaolin
content of this mixture is still sufficient to affect compliance. This is not the situation in
LC3-65, where further blending of the clay limits the compliance reduction, but still being
lower than the plain cement. Figure 3.18b plot the creep amplitude factor versus the initial
metakaolin content of the mix. A clear trend is visible here, indicating that a minimal amount
of metakaolin is required for a significant effect on compliance.
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Figure 3.17 — Basic compressive creep compliance of the LC3-50 and LC3-65 mixes with varying calcined
clay to limestone ratio. Samples cast at a W/B of 0.4 and loaded after 28 days.
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Figure 3.18 — a) The amplitude of creep compliance at 7 and 28 days is compared the PC 0.4 sample. b)
The amplitude factor from the power law fit is compared to the initial metakaolin content of the binder.
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3.3.3 Influence of initial water content

Figure 3.19 summarizes the results for mixes using binders at different W/B. Concerning
the pure cement mixes (Heideberg LabCement and Aalborg white cement), it appears that
the variation in W/C has a very limited effect on the compressive creep compliance of mature
samples. However, increasing the initial water content of the LC3-50 45% mix dramatically
affected its creep compliance. It is worth noticing that, starting at a similar W/S (PC 0.4 vs.
LC3-50 45% 0.5, or PC 0.357 vs. LC3-50 45% 0.4), LC3 always shows a lower compliance than a
plain cement paste. This feature is also illustrated on Figure 3.20b, where the fitted amplitude
factor is compared to the initial water content of the mixes.
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Figure 3.19 — Basic compressive creep compliance of mixes with varying W/B. The sample PC 0.357 has a
similar WIS as the LC3-50 45% 0.4 sample, and the LC3-50 45% 0.5 has a similar WIS as the PC 0.4.
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Figure 3.20 — a) The amplitude of creep compliance at 7 and 28 days is compared the PC 0.4 sample. b)
The amplitude factor from the power law fit is compared to the initial water content.
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3.3.4 Model clays

Figure 3.21 presents compliance over loading time for all the mixes using pure metakaolin
and quartz powder to model calcined clay, as well as their plain cement counterpart. In ac-
cordance with what was observed with natural clays, the reduction of compressive creep
compliance is comparable when using model clays containing 40% to 95% of metakaolin.
The initial trend from plain cement seems to hold when using the same cement in a LC3. For
instance, LC3 mixes using Aalborg white cement (W- series) have a slightly lower compressive
creep compliance when compared to other LC3-50 mixes, and such is the case for the plain
cement samples. Figure 3.22b confirms that the creep reduction is comparable with all model
clays.
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Figure 3.21 - Basic compressive creep compliance of the LC3-50 mixes using model clays.
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Figure 3.22 — a) The amplitude of creep compliance at 7 and 28 days is compared the plain cement
samples. b) The amplitude factor from the power law fit is compared to the metakaolin content of the
model clay. Plain cement mixes are shown off limits.
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3.3.5 Fitting results

The fitting coefficients are summarized in Table 3.1, along with the RMSE of the inte-
grated fit. The exponent B is consistent with the results from other researchers [54], [53], [46],
[56], [29]. A quick statistical analysis of the coefficients using the Student’s t-test, after grouping
the samples by cement type (plain cement and LC3-50 mixes), showed that the coefficient B
from the power law did not differ significantly among the groups (p > 0.05). This indicates
that the slopes of the first derivatives on a log-log plot are similar for all mixes and that, after
integration, the power laws all have a similar exponent. Differences between samples are
explained by the amplitude factor A, which is statistically different between PC and LC3-50 (p
< 0.02). A similar situation occurs when analysing the statistics of the logarithmic coefficients.
Characteristic time 7 does not vary significantly between plain cement mixes and LC3-50
(p > 0.5). Similarly to the power law, the amplitude factor 1/C of the logarithmic function is

Table 3.1 - This table summarizes the coefficients that best fit the experimental data when using a power
law (Eq. 3.4) or a logarithmic function (Eq. 3.6). The first derivative of the data is fit using the derivative
of the fitting function and integrated back. The RMSE between the integrated fit and the raw data is then
computed.

Power Logarithm
Label A B RMSEy 1/C T RMSEiy
PC 0.4 11.7 -066 1.81 379 334 031
PC0.37 112 -0.73 205 300 278  0.11
PC0.357 125 -0.72 144 336 297 0.9
15% 99 -0.72 028 248 257 037
25% 82 -077 034 166 194  0.98
45% 2:1 48 -0.77 044 94 112 021
45% 1:1 54 -082 027 88 078  0.09
45% 0.5 96 -070 037 236 211 118
N4-45% 74 -074 213 223 505  1.58
50% 63 -072 139 194 451  0.92
60% 47 -081 035 7.8 067 009

LC3-65 2:1 6.4 -0.77 0.63 13.9 2.23 0.61
LC3-651:1 8.6 -0.75 0.64 21.3 2.92 0.34
MQ45 44 -0.78 0.70 11.1  3.47 0.22
MQ95 53 -0.74 0.51 13.4 291 0.22

N4-PC0.4 11.7 -0.68 3.93 46.7 6.94 1.90
N4-MQ95 54 -0.76 1.06 14.6 4.32 0.70

W-PC0.4 93 -0.78 1.67 232 3.71 1.43
W-PC0.357 7.9 -0.68 1.93 28.1 5.26 1.47
W-MQ40 54 -0.76 0.65 13.2  2.77 0.22
W-MQ60 3.7 -0.75 0.20 8.9 276 0.14
W-MQ80 41 -0.75 0.29 10.4  2.90 0.17
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higher for cement mix than for LC3-50 (p < 0.01). This is an expected result, as coefficient C is
dependent on the material, whereas 7 depends on the degree of hydration at loading [33]. It
is worth pointing out that the amount of measurements is very limited — especially for the
mixes with white cement — and that the fitting coefficients are likely to change if considering
more data points. Figure 3.23 contains all the plots of the compliance rates over loading time.
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Figure 3.23 — Creep rate of all the studied mixes separated into different groups on log-log plots.
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3.3.6 Creep rate and microstructure

The following part is a first attempt to draw some links between the creep coefficients
from the different fits and characteristics of the microstructure. As discussed earlier, C-S-H is
believed to be the main phase responsible for creep in cementitious materials. Moreover, most
theories trying to explain it locate the load transfer phenomena at the nanoscale. Figures 3.24
and 3.25 show the amplitude parameters from the power law and the logarithmic fit versus
the volume fraction of C-S-H obtained by mass balance at the age of loading. In both cases,
the plain cement mixes are located in the top-right region of the plot and most of the LC3
mixes in the bottom-left part. This seems to indicate that a higher C-S—-H content is likely
to cause more creep, although it might not be the only factor affecting compliance, as the
scatter is considerable. As presented in Chapter 2 on Table 2.7, the average C-S—H chemical
composition can widely vary from plain cement mixes to LC3-50 using pure metakaolin, such
as the MQ95 mix. As illustrated on Figure 3.26, this chemical variation is correlated to a
change in creep amplitude, but the data does not allow to identify a causal link between
these quantities. All the observations set the basis for further investigation, attempting better
to explain the decrease in compliance due to the presence of limestone and calcined clays,
thanks to numerical models.
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Figure 3.24 — This plot compares the creep amplitude from the power law fit to the C-S-H content at the
time of loading. Data are grouped according to the cement used. It appears that the amount of C-S-H is
correlated to the creep amplitude, but is not enough to explain all the effects.
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Figure 3.25 - This plot compares the amplitude factor from the logarithmic fit to the C-S—H content at the
time of loading. Data are grouped according to the cement used. It appears that the amount of C-S-H is
correlated to the creep amplitude, but is not enough to explain all the effects.
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Figure 3.26 — These plot compare the creep amplitude from the power law fit to the average C-S—H
composition from SEM-EDS. The inclusion or aluminium or silicon is associated with a decrease in creep
amplitude.
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3.3.7 Summary of the results

This set of experimental results allowed the following observations:

* The replacement of a fraction of the cement with limestone and calcined clay causes a
decrease of the basic creep compliance of samples cured for 28 days before testing.

* In the LC3-50 2:1 design, a reduction of compliance is observed already when using a
clay containing as little as 25% of calcined kaolinite. Figure 3.27 shows the evolution of
the creep amplitude factor from the power law fit with initial metakaolin content for
mix designs with a W/B of 0.4. There is a limit around 12% of initial metakaolin above
which the decrease in compliance is not significant. This limit actually corresponds to
the minimal amount of metakaolin required to consume all the available portlandite

from clinker hydration.

« When comparing LC? to plain cement, either at equivalent W/B or W/S, LC® always
shows lower compliance. However the relative effect of increasing the initial water

content had more impact on LC3.
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Figure 3.27 — This graph shows the evolution of the fitted creep amplitude factor from the power law
fit with initial metakaolin content for mixes with a W/B of 0.4. The amplitude factor is not decreasing
significantly after a threshold value of about 12% of initial metakaolin content.
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3.4 Modelling

In order to shed some light on the question whether creep behaviour of LC3 is different
from that of PC because of a different C-S—H or because of a different microstructure, a multi-
scale modelling approach through finite elements was used. The purpose of the simulation is
to try to back-calculate the intrinsic visco-elastic properties of the C-S-H gel, starting from
known phase assemblage and macroscopic mechanical properties. To this end, a finite ele-
ment model was used to simulate the material at the sub-millimetre scale, then a statistical
model was used to compute the properties of bulk C-S-H gel. This model will help to estimate
the contribution of C-S-H amount and capillary porosity to the visco-elastic behaviour of
the materials. A phenomenological model was also used to provide necessary inputs for
autogenous shrinkage simulation. This second model consists of an ageing Kelvin-Voigt chain.

3.4.1 Finite Elements Modelling

A two-dimensional finite element model using the framework AMIE, similar to that
described in [22] was adopted for this study. It consists of a 100 by 100 pm 2D mesh describing
a square section of composite material undergoing uniaxial load (see Figure 3.28). Round
inclusions representing crystalline anhydrous or hydrated phases are embedded in a matrix
of C-S-H. The inclusions only possess elastic properties and are defined by their Young’s
modulus, Poisson’s ratio, abundance and particle size distribution. Phases were regrouped
by similar mechanical properties, summing their amount. In total, five elastic phases were
used to represent the different families of minerals present in cement or LC3 mixes. Their
mechanical properties are summarized in Table 3.2. The inclusions were spread in the domain
and their diameters varied from 15 nm to 2 pm, according to a normal distribution. All the
phase amounts come from the volume balance calculation. The amount of matrix corresponds
to the space not occupied by the crystalline inclusions, that is to say, C-S-H gel, capillary water
and air voids from chemical shrinkage. Space was tessellated with about 50’000 triangles.

Table 3.2 — Mechanical properties of the elastic phases used in the finite element model.

Phases Young’s modulus [GPa] Poisson’s ratio Source
CsS, CS, C3A, C4AF 130 0.3 [59]
CH, Mc 38 0.305 [17], [38]
Ett, MK, Clay 22.4 0.255 [17], [38], [4]
Ms, Hc, Ht, Hg 42.3 0.324 [17], [38]
SiOy, LS 80 0.25

The first step of the simulation is to assign a Young’s modulus to the C-S—H matrix, in
order to obtain a total strain of the material similar to that obtained during the load/unloading
cycles on the creep frames. To that end, the matrix so far only has elastic properties, so that all
strains are independent in time. In this case, a single time step has to be modelled, as all the
materials are purely elastic. For moderate variations in stiffness, a linear relation between the
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Young’s modulus of the C-S-H matrix and that of the whole microstructure can be assumed.
Hence, only a couple of attempts are necessary before being able to make a reasonable guess
at the right properties. Once the elastic properties are fixed, the viscous properties have to be
adapted to match the experimental data. In that case, as the C-S-H matrix is supposed to be
the only viscous phase, its behaviour is qualitatively based on that of the macroscopic sample.
A Kelvin-Voigt chain composed of 6 elements was used to model the rheological behaviour.
The chain had characteristic times of 0.002, 0.02, 0.2, 2, 20 and 200 days and the rigidity of the
springs was adapted to minimize the difference with the experimental data. The choice of the
characteristic times is purely arbitrary, as this chain is there to model the phenomenon and
not the actual physical processes. The time steps of the visco-elastic simulation were adapted
to the characteristic times of the dashpots: the initial time step was set to 5-10 ~* days (below
1/3 or the fastest damper) and multiplied by 1.25 at the end of each iteration. Eventually, the
proper visco-elastic behaviour of the C-S—-H matrix required to fit the experimental results
was obtained by trial and error, scaling the rheology model to the right amplitude.

As mentioned earlier, the C-S-H matrix is composed of C-S-H gel, capillary water and
air voids. The computational power and knowledge of the microstructure at the C-S-H gel
level is insufficient yet to model the C-S-H nanostructure explicitly using finite elements.
Therefore, the C-S-H matrix is simply considered as a porous medium, and an analytical
approach is adopted to estimate the properties of the solid material. It is possible to calculate
what the properties of bulk C-S-H gel would be, knowing the amount of porosity and making
some assumptions about its shape. The relation between porosity, properties of the porous
material and properties of the bulk material comes from the work of Roberts and Garboczi
[45]. In their study, the authors compared computationally the strains of bulk and porous

(a) Relative stiffness and boundary conditions (b) Detail of the FE mesh (25% of the domain)

Figure 3.28 — a) This scheme represents a microstructure generated from the input of the mass balance.
Each colour corresponds to a stiffness and a family of phases. Boundary conditions are also represented.
b) The typical mesh size is visible on this schematic.
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materials. According to their results, there exists a scale factor f linking the stiffness (or strain)
of the porous medium to that of the same bulk medium, depending on the amount of porosity
and its geometry. They tested many shapes and distributions of porosities: growing solid
spheres, spherical or oblate pores growing in a solid and a series of Gaussian random fields
(GRE example on Figure 3.29). These latter are the most interesting when modelling the
porosity of a heterogeneous medium such as cementitious materials.

In the studied systems, porosity of the C-S-H matrix is defined as the ratio between the
volume of capillary water and air voids, and the total volume of capillary water, air voids and
C-S-H gel. All these data come from the volume balance calculation. Published studies on
C-S-H properties evaluate its Young’s modulus ranging from about 20 GPa for so-called "low
density C-S-H" to 30 GPa for "high density C-S-H" [57], [38], [26]. No distinction is made here
between different types of C-S—-H — be it in the mass balance or the modelling — so we must
assume the Young’s modulus of an average C-S-H to be within the range from 22 GPa to 28
GPa. Taking this into account and considering the range of porosity of the C-S-H matrix, the
model giving a reasonable estimate of the C-S-H gel stiffness is the two-cut GRF (see Eq. 3.7).

P—Po ) 3.7)

():(
fp 1= po

with p the solid fraction of the medium, py = -0.064 and m = 2.09. After setting the elastic
properties of the C-S—-H matrix, it is then possible to use this analytical method to estimate

Figure 3.29 — This figure from [45] shows visualisations of four different types of 3D Gaussian random
field: a) Single-cut. b) Two-cut. ¢) Open-cell d) Closed-cell. The two-cut model was selected in the present
study.
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the Young’s modulus of C-S—H gel. The analysis was pushed a bit further, including the gel
pores of C-S—H as part of the porosity of the matrix as an attempt to estimate of bulk C-S-H.
The volume of the gel pores was estimating considering that 4 (total water in C-S-H) - 1.8
(interlayer water) = 2.2 molecules of water were occupying the gel pores per mole of C-S—
H, considering an average molar volume of 240 ml/mol. A summary of the solid fractions,
corresponding scale factor, and Young moduli of C-S-H matrix and gel is presented on Table
3.3.

Table 3.3 — This table summarizes the properties of the C-S—H matrix and gel resulting from the finite
element modelling, along with the solid fraction in the matrix and the corresponding scale factor from
the two-cut GRE

Label C-S-H i Solid Scale C-S-H gel C-S-H
(GPa) fraction factor (GPa) (GPa)
PC0.4 11.6 0.70 0.50 23.0 67.9
PC0.37 11.3 0.72 0.53 21.3 64.9
PC 0.357 13.4 0.75 0.58 23.2 73.8
W-PC 0.4 12.5 0.78 0.61 20.3 67.5
W-PC 0.357 12.6 0.81 0.66 19.1 64.4
15% 6.9 0.49 0.26 26.7 90.5
25% 8.9 0.57 0.33 26.6 76.0
45% 2:1 10.3 0.65 0.43 23.9 69.2
45% 1:1 9.1 0.64 0.42 21.9 62.1
45% 0.5 7.0 0.55 0.31 22.3 63.2
50% 8.3 0.62 0.39 21.1 63.7
60% 8.8 0.63 0.41 214 64.1
LC3-65 2:1 9.6 0.68 0.47 20.2 61.7
LC3-651:1 9.5 0.64 0.42 22.5 67.7
MQ45 8.5 0.58 0.35 24.0 69.0
MQ95 8.9 0.60 0.38 23.5 65.2
W-MQ40 9.0 0.62 0.39 23.0 71.2
W-MQ60 9.6 0.65 0.44 22.0 65.8
W-MQ80 10.0 0.68 0.47 21.3 64.3

A noticeable result from the elasticity modelling is the narrow range of stiffness found
for the C-S-H gel. The Young’s modulus of C-S-H gel back-calculated using the analytical
approach is estimated to be in the range of 20 to 25 GPa for most mixes. In spite of the fact
that the stiffness of the C-S-H matrix can double between the softest and the hardest one,
the varying solid fraction of this porous matrix and the adopted model suggest that the solid
forming said matrix has similar mechanical properties in all situations. In addition, this
property is almost constant throughout samples with chemically different C-(A)-S-H.

This observation is also valid for the calculated elastic properties of bulk C-S-H. In
this case, most of the values of Young’s moduli fall within a narrow range from about 60 to
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75 GPa. As a matter of fact, this only slightly lower than the value reported by Jia et al. [30]
for tobermorite, modelled using DFT. As the validity of the poro-mechanical approach is not
guaranteed for such a range of pore sizes, the rest of the interpretation is carried out at the
C-S-H gel scale only, including gel pores in the medium.

Modelling of the visco-elastic behaviour of bulk C-S-H is carried out using the same
analytical tools as for elasticity. It was supposed that the visco-elastic response was affected in
the same way as the elastic one. Therefore, the same scale factor f could be used to determine
the viscous response of the C-S—H gel from the behaviour of the matrix. Results from the
finite element model reached a good agreement with the experimental data for all simulated
systems. As shown in the example of Figure 3.30, it is then possible to obtain the compliance
of the C-S-H matrix and the compliance of the C-S-H gel out of the simulation results. The
compliance of the different simulated microstructures is shown on Figures 3.31 to 3.34.

A remarkable result from these simulations is the prediction of a different C-S-H com-
pliance between plain cement samples and LC3, combined with a very consistent prediction
within the plain cement or the LC? groups of samples. Notably, the samples of LC3-50 15%,
25% and 45% 0.5 — previously showing higher creep strains at the macroscopic level than
the other LC3-50 mixes (see Figures 3.15 and 3.19) — can be modelled using C-S-H gel with
similar visco-elastic properties as the other LC3. It appears that the changes in abundance and
porosity of the matrix are enough to explain most of the variations among samples. The model
also indicates that C-S-H gel present in plain cement could be less viscous than that of LC3. As
the simulation is not carried out at the nanometric scale, the difference in viscous behaviour
cannot be attributed to specific mechanisms without further investigation. As suggested
in [58], a different packing of C-S-H particles could be an explanation for the macroscopic
behaviour.
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Figure 3.30 — This example shows how the FE model (dashed black) can approach the experimental
results (solid orange). The dashed blue curve then show the viscous behaviour of the C-S-H matrix. The
analytical model can them be used to estimate the behaviour of the solid C-S-H gel (dashed red) forming
the porous C-S—-H matrix.
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Figure 3.31 — C-S—-H gel compliance calculated from the statistical model for the cement paste mixes.
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Figure 3.32 — C-S—H gel compliance calculated from the statistical model for the LC3-50 mixes using
natural clays.
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Figure 3.33 — C-S—-H gel compliance calculated from the statistical model for the LC3-65 mixes.
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Figure 3.34 — C-S—H gel compliance calculated from the statistical model for the LC3-50 mixes using
model clays.
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3.4.2 Rheological modelling

A series of samples from the PC 0.4 and LC3-50 45% mix were tested at different loading
ages in order to be fit using an ageing Kelvin-Voigt rheological model. The purpose is to apply
a similar methodology to the one described in Chapter 5 of Hu's thesis [27] to a material with
a different creep behaviour. In short, compliance of samples loaded at various maturity is
fitted using the same Kelvin-Voigt chain with ageing springs. The results will then be used
in an autogenous shrinkage model, in an attempt to test the superposition principle on LC3
materials in next Chapter.

Experimental procedure

Two sets of samples were cast using the protocol described in 3.2.1. The first set of
samples was used to determine the strength at loading age. Samples were loaded after 20h,
42h, 3d, 14d and 28d of hydration at 15% of their strength. Load duration was 48h, 6d, 19d,
28d and 28d, respectively. Data was processed as described earlier, then fit with the ageing
rheological model. Processed compliance is plot on Figure 3.35. The odd behaviour of the
samples loaded at early age can be explained with the two following reasons. The strength
of the material at loading age was quite low, as the pozzolanic reaction of metakaolin need
about 3 days to start. Hence the creep load was quite moderate at the beginning of the test.
The material getting stronger quickly over a short time, the initial load is not causing a very
important creep strain. If we then add to this situation the important autogenous shrinkage
occurring between 3 and 5 days of hydration (see Chapter 4), the calculated creep strain could
reach a temporary plateau, or even an "expansion" because of the data processing.

Numerical method

A Kelvin-Voigt (K-V) rheological unit is composed of a spring and a dashpot or damper
and is adapted to model visco-elastic, reversible materials. In such a unit both elements
undergo the same strain, but not the same stress. Only two parameters are required to define
a K-V unit: stiffness E [MPa] of the spring and viscosity 7 [Pa.s] of the dashpot. Both quantities
are related through the characteristic time 7 of the dashpot:

T=— (3.8)

The following constitutive equations govern the unit:

Etot =ES=ED 3.9
Ot =0s+t0p (3.10)
de(t)

Otor(t) = Ee(t) +1 a7 (3.11)
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Figure 3.35 — This plot summarizes the compressive creep compliance of the LC3-50 45% mix at different
loading ages. Curvature changes appear when the shrinkage rate is faster than the creep rate.

with subscript S to indicate the spring and D the damper.

The deformation rate is then defined by the following set of equations, using dot nota-
tion to denote the time derivative:

&= w (3.12)
E

¢= 2D (3.13)
n

In our case and unlike [27], four of these units instead of three were concatenated to form
a generalized Kelvin-Voigt model, without the additional dashpot, as represented in Figure 3.36.
For the time window being considered in this study, experience showed that using a fourth
Kelvin-Voigt unit instead of an extra, non-ageing dashpot provided a better fit of the results, at
the expense of more adjustment of the coefficients. This model being phenomenological, the
stiffness and characteristic time of the unit are not linked to microstructural features, although
no correlation were investigated in this research. To take ageing into account, stiffness of the
springs — and therefore viscosity of the dashpots — depends on the degree of hydration of the
material. The problem is discretized over time and equations 3.12 and 3.13 can be rearranged
to obtain the following second-order differential equation, for each of the Kelvin-Voigt units i
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of the chain:
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1+ (3.14)
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which is solved according to the method presented in [25] and [27].
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Figure 3.36 — A four-unit Kelvin-Voigt rheological model with ageing springs was used to model ageing
creep.

The characteristic times of the dashpots were set to 0.01, 0.2, 3 and 30 days. The rule of
thumb used to fix these times was to have the shortest time similar to the sampling interval and
the longest time on the order of the total duration of the experiment. An order of magnitude
separates the duration of each characteristic time. The ageing function for the springs stiffness
was a power function of the degree of hydration. The stiffness of the springs was considered
to be constant after 28 days and therefore adjusted to fit the data from the last test correctly.
Coefficients of the power function were selected to minimize the difference between the
model and the experimental data at different loading ages. Figure 3.37 shows the evolution
over time of the springs’ stiffness and sums up the properties of the K-V units. Figure 3.38
shows the results of the fitting for the various loading ages. The results are satisfactory. A
better fit could probably be achieved using different functions for ageing, but could require
more arbitrary parameters to be adjusted. This result will serve as a base for the autogenous
shrinkage modelling in the next chapter.
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3.5 Conclusions

This chapter deals with the experimental results of basic creep on mature paste samples
of plain cement and LC3. The slight evolution of Young’s modulus over the creep test period,
coupled with the slow changes in saturation level and metakaolin reaction degree (see section
2.3 and next Chapter) indicate that the microstructure was not completely mature at the
moment of loading (28 days after mixing). Nevertheless, fitting the kinetics with non-ageing
power or logarithmic functions produced good results over the test period, as well as using a
rheological model independent from the degree of hydration in the 2D-FEM approach. A first
qualitative assessment of the data indicated a lower compliance for the ternary blends. The
extent of this reduction is not dependent on the calcined kaolinite content of the clay if it is
above about 40%, and a noticeable compliance reduction in mature samples was observed
with a clay containing only 25% of metakaolin.

A first comparison of the creep results and the microstructure indicated that the re-
duction of compliance could be linked to a lower C-S-H content in LC3. An investigation on
the compliance kinetics was then carried out. The main conclusion was that all creep curves
could be fitted with a power law with a similar exponent. This could indicate that similar
mechanisms are at work in spite of the very heterogeneous microstructures. The results of the
mass balance calculation (Chapter 2) indicated that after 28 days of hydration, LC3-50 mixes
containing at least 10 to 12% of metakaolin would have a similar microstructure in terms of
amount of anhydrous phases, portlandite and C-S-H. This threshold value corresponds to the
amount of metakaolin required to consume the accessible portlandite produced by clinker
hydration, which reaches a similar level in all LC3-50 samples at a W/B of 0.4. This is a clue
indicating that all the clayey phases, including inert phases or unreacted metakaolin, and
the carboaluminates typical of LC? can be considered as elastic phases, as their proportions
varied but the viscous response was similar among the samples. Specifically, their volume
amount can double between the lowest or highest grade clays and the middle grade clays,
which give rise to the highest amount of carboaluminates in the microstructure.

The studied LC? mixes contained a higher amount of silicon and aluminium in their
C-S-H thanks to the contribution of metakaolin. The Al/Ca ratio is dependent on the clay
grade, as well as the Si/Ca to a lower extent, therefore a correlation exists between a threshold
Al/Ca or Si/Caratio in the C-S-H and a lower compliance of the material. However, the present
study does not permit us to prove any causation between these quantities. A recent study from
Wilson et al. [62] pointed out a slight link between the aluminium content of the C-S-H matrix
and the contact creep modulus obtained by nano-indentation, see Figure 3.39. Nevertheless,
as the addition of SCMs generally lowers creep compliance, brings aluminium and silicon to
the system and affects the microstructure at the same time, the available data does not allow
to quantify the contribution of C-S-H chemistry on its viscous behaviour, if any.

To further investigate the dissimilarities, a 2D finite elements model was used to simu-
late creep via a two-scale model. The larger scale considered the C-S—-H matrix containing
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Figure 3.39 — This figure, adapted from 3.39, compares the contact creep modulus, back-calculated from
a statistical analysis of nano-indentation and SEM-EDS data, to the aluminium content of the probes
volume. The use of various SCM added aluminium to the matrix and slightly decreased the contact creep
modulus.

solid inclusions of anhydrous and hydrated phases as a continuous medium. The visco-elastic
properties of the matrix were adjusted so that the simulation results fell close to the experi-
mental data. The second scale used an analytical, promo-mechanical approach to take the
porosity of the matrix into account and estimate the mechanical properties of the C-S-H
gel alone. The output of the simulations pointed towards a less compliant C-S-H in the LC3,
with a similar viscous behaviour among all the samples containing limestone and calcined
clay, including model clays or very low grade clays with coarser porosity (see Figure 2.3). The
model also indicated that despite having more C-S-H in their microstructure and with a
similar microscopic compliance, the white cements being studied had a similar macroscopic
compliance because of the difference in porosity in the C-S-H matrix.

As the model considers C-S-H gel as a whole, it cannot explain the exact mechanisms at
the origin of the decrease of compliance. In light of what was measured and modelled, some
of the following causes could explain the observations:

¢ As reported in [35], aluminium present in the pore solution is likely to be taken up
by C-S-H at the silicon bridging sites, increasing the amount of cross-linking in the
nanostructure. A contribution of this polymerisation to the compliance reduction — be
it through a reinforcement of C-S-H or a hindrance of movement of water — cannot be
excluded. However, recent results from Hu et al. [28], using the same poro-mechanical
approach as the present study, found no major difference in the compliance of C-S-H
gel of a plain cement and a binary cement-fly ash mix. Although having a slow reaction
rate, fly ashes bring aluminium and silicon to the pore solution, ultimately affecting the
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C-S-H composition. This suggests that the chemistry of C-S-H has not a main role in
its viscous properties.

* As observed by Avet [2], the proportion of outer to inner C-S-H product is higher in LC3
than plain cement, indicating that the C-S-H gel is likely to be more intermixed with
dispersed filler particles and hydrates present in LC3. Specifically, thin clay platelets
could physically limit the viscous flow of the material. This effect was observed in
polymers reinforced with graphene [14], although creep mechanisms are different. The
mere filler effect of limestone and clay could also provide more interfacial surface
between the variety of hydrates formed in LC? and a finer phase mixing. In their recent
study, Wyrzykowski et al. [64] observed a very different creep behaviour between their
real and equivalent systems. One of the microstructural disparities between these mixes
is the proportion of outer and inner product. Their conclusions could not confirm or
exclude a contribution of this factor.

e Vandamme and Ulm [57] reported a decrease of C-S-H compliance with better packing.
A concept of packing is applicable in their reasoning because they adopted a colloidal
representation of C-S—-H gel. However, Avet reported a very similar average density
between LC3-50 binders and plain cement. A denser C-S-H alone could not explain all
the compliance variation.

* LC3 materials are reported to have a similar amount of porosity to equivalent W/B plain
cement paste, but with a much finer pore structure [49]. The analytical approach used
to obtain the C-S-H gel properties only considers capillary and air pores and is not
adapted to a finely dispersed porosity. At any rate, the purpose of this approach was to
evaluate the properties of the gel, which included its intrinsic porosity and the potential
effect it can have on viscosity. Furthermore, in a recent publication from Avet et al. [2],
it was demonstrated using "H-NMR that the gel to interlayer water ratio was similar in
plain cement paste and LC3-50 prepared with the same cement, indicating a similar
C-S-H structure between LC? and plain cement. The change in gel compliance cannot
be attributed to a different water repartition within the C-S-H structure.

Some further investigation will be required to estimate the potential occurrence and impact
on compliance of the discussed phenomena. This discussion is carried out in the last chapter
of this thesis.
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Autogenous shrinkage

This chapter first presents the theoretical background required to understand the phe-
nomenon of autogenous shrinkage in cementitious materials and summarizes the experi-
mental techniques available to measure this deformation and their limitations. Then the
experimental results are presented for the materials being studied and interpreted thanks to
complementary input data. Lastly, a poro-visco-elastic model is applied to an LC3 material as
an attempt to model autogenous shrinkage as a combination of elastic and viscous strains.
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4.1. Literature review

4.1 Literature review

The phenomenon of autogenous shrinkage of cement been known for more than a
century; a direct consequence of the chemical shrinkage observed by Le Chatelier. This
strain can reach a considerable amplitude in mixes at low W/C, such as HPC. Contrary to
drying shrinkage, autogenous shrinkage is induced only by the consumption of free water
through hydration reactions, and not by water lost to the environment. Similar to basic creep,
autogenous shrinkage will occur in all situations, as it is a direct consequence of the evolving
microstructure during hydration. As mitigation techniques are limited and expensive for
autogenous shrinkage, it is of great interest to characterize this phenomenon in order to adapt
the mix design to the situation.

4.1.1 Shrinkage mechanisms

There are many theories which try to explain the mechanisms of autogenous shrinkage
in cementitious materials. These have a common basis : self-desiccation through hydration.
During hydration, the final volume of the products is lower than the initial volume of the
anhydrous phases and free water. This simply comes from the fact that liquid water has a
larger molar volume than water in hydrated compounds. This difference in volume is called
chemical shrinkage. Before setting, the macroscopic shrinkage is similar to this chemical
shrinkage as the system is not yet rigid enough to sustain any load. As soon as the cement sets
(from the point where the solid phases percolate), the macroscopic shrinkage is restrained
and chemical shrinkage will lead to the apparition of a gas phase (water vapour) in the liquid
phase inside the capillary pores, to accommodate the volume change. As hydration goes on,
these gas pockets grow larger and the RH in the gas phase decreases: self-desiccation happens.
In the case of low W/C, relative humidity can reach values around of 80%, before the cement
hydration becomes limited due to lack of moisture [35]. The interface between the gas, solid
and liquid phases is where forces appear, causing macroscopic autogenous shrinkage. In the
next section, the main theories explaining the origin of the shrinkage forces are discussed.

Surface tension

Any free solid or liquid surface possesses free energy and surface tension [27]. In solids,
surface energy can be interpreted as the work required to create a new surface by division
of the bulk material. Surface tension is the tangential stress that acts to bring the surface
to a configuration that is more stable thermodynamically. It is either balanced by external
forces or volume stresses in the material. As for liquids, it is expressed in force per unit length.
Adsorption of liquid molecules on a solid surface lowers its surface tension and could therefore
cause an expansion of the solid; removal of the adsorbed molecules should cause a shrinkage.
Following their observations of charcoal swelling with water vapour and supposing surface
tension was governing the phenomenon as in gels, Bangham and Fakhoury [5], [6] proposed a
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simple equation linking changes in dimension to variations of surface tension:

where / [m] is the length, Al [m] the length change, Ay [N/m] the change in surface tension
of the solid particles, and A [s?/kg] a coefficient of proportionality. This initially empirical
coefficient was later developed by Hiller [15], as depending on the internal surface X~ and
elastic modulus E of the porous body and the density of the solid ps:

= Z'OS
3-E

A

4.2)

with X in [m?/kg], ps in [kg/m3] and E in [MPa].

This mechanism is not considered as the main actor in autogenous shrinkage for two
main reasons. Firstly, as this force acts only on the solid particles, it cannot account for the
whole deformation of the porous body [24] and secondly, the decrease in surface tension is
important only for the two first adsorbed layers. It has been shown, thanks to BET isotherm
measurements, that a monolayer of water molecules would be completed around 12% RH on
a cementitious material and a double layer around 50% RH. Self-desiccation can only drive RH
down to about 80% RH at most. After this point, hydration reactions stop and moisture is stable
[35]. Hence the motive not to consider surface tension as the main shrinkage mechanism in
autogenous conditions.

Disjoining pressure

Whenever two solid surfaces are very close to each other and liquid is adsorbed, the for-
mation of a free adsorbed liquid layer pushes the surfaces apart. This force is called disjoining
pressure and is regarded as a potential driver to autogenous shrinkage. Disjoining pressure
acts in regions of hindered absorption, where solid surfaces are separated by a distance shorter
than the thickness of a couple of adsorbed liquid layers. Experiments from Ferraris [12] and
Beltzung [8], illustrated the presence of such a force by measuring the force acting between

D: _____ *<’\\ Air-water meniscus

Figure 4.1 — This schematic from [28] represents the region of hindered adsorption in between two solid
surfaces, where disjoining pressure is exerted.
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two very close quartz surfaces and varying relative humidity. The set-up measured the ap-
pearance of a repulsive force above about 55% RH. They attributed this phenomenon to the
disjoining pressure overcoming the attractive Van der Waals force between the solids. The
main argument against disjoining pressure being the main reason for autogenous shrinkage
is that, although varying sharply between 50% and 75% RH, it is constant above 80% RH, in
the self-desiccation range. Disjoining pressure has a magnitude reported to be of some MPa
in cementitious materials [8], and also to be dependent on the concentration of Ca* ions.
However, disjoining pressure could be regarded as one of the main driving force in drying
shrinkage, as drying, even in natural conditions, can drive internal relative humidity of cement
well below 70% RH.

Capillary pressure

The most accepted driving force for autogenous shrinkage is the capillary pressure.
Whenever an interface between a solid, a liquid and a gas (or a second liquid immiscible with
the first one) is created, the equilibrium geometry will be defined by their relative surface
tensions. These quantities are related to each other by the Young equation, which also defines
the contact angle at the gas-liquid interface. When confined between solid surfaces, such as
in a capillary, the equilibrium shape of the interface is a meniscus. Menisci are accompanied
with a pressure differential across the gas-liquid interface. Its amplitude and direction (tensile
or compressive) are given by the Young-Laplace equation:

2y;-cos(@)

Pe=Py— P/ = 4.3)

-
where P, [Pa] is the capillary pressure, P; [Pa] the pressure in the gas phase, P; [Pa] the pressure
in the liquid phase, y; [N/m] and 0, are the surface tension and contact angle of the liquid-gas
interface, respectively, and r [m] is the curvature radius of the meniscus. The Kelvin equation
describes the relation between the curvature of a liquid-gas interface and the relative vapour

pressure:
2YVin

ln(ﬁ) = In(RH) =
rRT

Po

(4.4)

where p [Pa] is the vapour pressure, py [Pa] is the saturated vapour pressure, y [N/m] is the
surface tension, V,, [m3/mol] is the molar volume of the liquid, Ris the universal gas constant
(8.314] -mol~! - K1), r [m] is the radius of the droplet, and T [K] is temperature. Eq. 4.3 and
4.4 can be combined into the Kelvin-Laplace equation to obtain the capillary pressure only
knowing partial pressure and molar volume of the liquid. In the case of water, partial pressure
is translated to relative humidity:

R-T
P, = kT -In(RH) (4.5)

m

with V;,, = 18 cm®/mol for pure water at 20°C.
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n < I < R < I < s

Figure 4.2 — This schematic from [22] illustrates the effect of increasing radius on the capillary pressure.
For vertical capillaries, the equilibrium height of the liquid corresponds to the balance between capillary
pressure and gravitational pull.

4.1.2 Measurement methods

There are several methods proposed to measure autogenous shrinkage of cement paste,
mortar or concrete. They all involve having the sample sealed from ambient air and kept at
constant temperature, to avoid drying shrinkage and thermal expansion. This section briefly
summarizes the main techniques, separated into volumetric and linear methods, along with
their advantages and limitations. A more detailed review is available in [26].

Volumetric methods

A widespread method based on measuring the volume change associated with auto-
genous shrinkage is the membrane method. It was first described by Yates [37]. It consists in
pouring freshly mixed cement paste into a thin, flexible plastic membrane and immersing it
into a controlled temperature water or oil bath. Underwater weight is then monitored with
a set of scales, and the weight change over time can be linked to the volume of the sample
thanks to Archimedes’ principle. If it looks like a simple enough method in theory, many
hurdles appear when applied. First, one has to make sure that the membrane is completely
inert chemically (dissolution) and physically (permeation, swelling) to the surrounding liquid
and the sample over extended periods of time. Any amount of liquid traversing the membrane
would lead to a considerable reading error over the duration of the experiment. In addition, the
accuracy of the balance, including all the potential sources of noise such as turbulences in the
bath, may limit the resolution. Lastly, as each sample requires its own high-precision balance,
it limits the possibilities of running many samples in parallel. Due to all these limitations, it
was not used in this study.
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Linear methods

There are several standardized methods for autogenous shrinkage based on linear
measurements, effectively measuring the strain along a single axis of the specimen. The
ASTM C157 [1] is the simplest method, as it only requires to measure strain along the longest
dimension of a sample, using a LDVT or a similar device. This standard requires the specimen
to be kept in a lime-saturated solution for the duration of the test. This is not exactly a sealed
condition, as water can go from the solution to the samples, preventing the desaturation of a
part of the porosity and allow extended hydration. A simple improvement of this method is to
seal the samples in a plastic or aluminium wrapping to prevent drying, while keeping them
at constant temperature. The main drawback of ASTM C157 is that the measurements can
only be made on an hardened samples, 24h after casting. It possible to start the measurement
earlier on younger samples, but there is a higher risk of damaging the sample, or drying it,
during the demolding process. Moreover, as a considerable part of the shrinkage can happen
during the first day of hydration, this method may miss a large part of the strain. A first
improvement of this method was proposed by the Japanese Concrete Institute [30]. In essence,
it consists of casting the sample in a mold lined with a polyester or Teflon film, together with
gauge plugs to allow strain measurement. Shrinkage is then measured via LVDTs placed at
the exterior of the mold, using two transducers for each sample. This allows many replicas
with limited equipment. The polymer films should allow both sealing of the samples and low
friction movement of the specimen inside the mold. In practice, these features are difficult to
ensure for the whole duration of the experiment.

The corrugated tubes method, which is the main method used in this research, is
described in ASTM C1698-09 [9] and can be seen as a further improvement over the JCI set-up.
In that case, cement paste is cast into corrugated polyethylene tubes. The specific design
of the tubes allows the specimen to shrink freely along the longitudinal axis. The original
standard proposes to keep the samples in a room with controlled temperature and to carry
out the length measurement manually on a specific bench. A single bench is required, even
when having many experiments running in parallel — thus lowering the cost of the whole
set-up — but every manipulation of the samples comes with a risk of damaging them. Some
changes can be made to the standard to obtain more accurate results and limit the interactions
between the operator and the samples. For instance, keeping the samples in a temperature
controlled oil bath ensures a better diffusion of heat from hydration, minimizing thermal
expansion during the first days of hydration [36]. Submersible LVDTs can be used to monitor
the length of the tubes automatically without removing them from the bath. If one end of
the tube is fixed, then a single transducer per tube is sufficient to monitor shrinkage. The
special shape of the plastic molds creates very low friction between them and the steel parts of
the bench, with very limited contact area and an oily medium for lubrication. As the tubes
are sealed and placed on the bench right after filling, this modified set-up allows early strain
measurements, as early as 30 min after mixing.
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Time-zero

A critical point when it comes to interpreting readings from autogenous shrinkage is
the question of reference time, or time-zero. This is the transition moment when the material
is able to withstand the volume change from chemical shrinkage. It is generally agreed upon
that a solid skeleton is necessary for the apparition of menisci in the pore network. Solid
percolation does not necessarily correspond to the setting time, as percolation can occur quite
early, but the material may still have a low rigidity. Shrinkage can be preceded by a period of
expansion. In this study, the choice was made to use the local maximum of this expansion as
time-zero. That way, mixes are compared based on their monotonous shrinkage behaviour.
This choice has no impact for the creep processing results and makes comparison with the
model simpler.
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Figure 4.3 — This illustrative plot shows the position of the time-zero at the local maximum after starting
the measurement. All studied samples show an amount of chemical shrinkage before the expansion,
which was captured by the set-up but remove from the plots for better readability.

4.1.3 Autogenous shrinkage modelling

Modelling of autogenous shrinkage of hydrating cementitious material as been — and
still is — a considerable challenge in the field. The main difficulty lies in modelling the physical
properties and behaviour of a partially saturated porous material whose microstructure is
evolving with time. Autogenous shrinkage models can be separated into two distinct cate-
gories, depending on how they tackle the problem. Empirical models use a statistical approach
over many mix designs to create models tailored to specific situations, whereas mechanistic
models try to predict the shrinkage forces and their consequence based on characteristics of
the microstructure, such as mix design and degree of hydration.
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Empirical approaches

The basic principle of the empirical approaches is to aggregate enough experimental
data from distinct and well characterized mix designs in order to constrain a phenomenologi-
cal model. These models are generally quite efficient at predicting the strain of mixtures close
to those forming the database. For instance, Tazawa et al. [29] proposed a prediction model for
cement paste based on the degree of reaction of the clinker mineral phases. Although being
quite reliable within the intended composition domain, this model will lose its accuracy when
the mix design is not close to the input data. Later on, many technical committees proposed
alternative models to predict autogenous shrinkage based on inputs accessible on the work
site [10], [31]. The B4 model [34] also uses an empirical approach to predict shrinkage over
long periods of time. However, it requires six coefficients to be adjusted from experimental
data.

Another category of phenomenological models are those derived from machine learning
algorithms [21], [18], [25]. In essence, they are quite similar to statistical models, but thanks to
an ever increasing computing power and large amount of data, such algorithms are able to
analyse very large datasets. The main drawbacks of this approach are the amount of fitting
parameters and their unclear links with mix design, and the limited capabilities of predicting
situations outside the algorithm’s training range.

Mechanistic approaches

The approach selected for this study is based on a mechanistic model. Such models
generally start with estimating the driving force of shrinkage resulting from capillary pressure
(in the case of autogenous shrinkage), then compute the strain associated to that force on
the cementitious matrix. Two main approaches can be identified to estimate the pore fluid
pressure: those based on relative humidity and the Kelvin-Laplace equation, and those based
on the Kelvin radius and the Young-Laplace equation.

Accessing the internal relative humidity of the porosity is usually achieved by placing a
humidity probe in a small, sealed cell containing cement paste [19]. The assumption is made
that the air surrounding the sample quickly equilibrates with the internal humidity of the
sample. The measured moisture is the combination of the RH drop caused by the menisci
formation and the change in water activity due to dissolved ions. In cementitious materials,
dissolved ions have a low but constant contribution to the measured relative humidity, and
can be easily accounted for using Raoult’s law. This approach was selected for this study, as
it allows a continuous monitoring of the internal RH of hydrating samples. The conversion
from capillary stress to macroscopic strain also needs a specific approach. A majority of
the mechanistic models adopted equations from poromechanics, as a partially saturated
media well describes hardened cement paste. Simple models only consider shrinkage as a
poro-elastic strain and more complex ones also include a viscous term to account for creep
caused by the shrinkage forces.
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Poro-elasticity

The equations of poromechanics, derived from Hooke’s law, describe the linear defor-
mation € of an isotropic porous body subject to some pressure P [Pa] as follow:

—__.p. =~ 4.6

er=-—3 P ¢ (4.6)
where K [Pa] is the bulk modulus of the porous body and b the Biot coefficient, defined as
1 - K/K;, with K the bulk modulus of the solid material without porosity.

The value for capillary pressure is correct for a single cylindrical capillary, but in the
case of a porous material, it depends on the pore distribution. Indeed, low RH implies high
capillary pressure, but if only a small part of the pore population lies at the threshold radius,
the effective stress on the material will be low. The ratio between the capillary pressure and
the effective pore stress is called the Bishop’s parameter y. It represents the surface ratio on
which pore pressure can apply. The difficulty of directly accessing this parameter means that
it is often estimated from other accessible quantities In many models, the saturation level
of the porosity S is used to approach y. The main motivation to do so is the ease of access
to saturation degree and the equal value of S and y at full and zero saturation. There is no
proof that both quantities are linearly correlated and this point is questioned [13]. However,
for the desaturation range attainable in self-desiccation conditions, both parameters will be
considered equivalent in this study. The product of capillary pressure and saturation level
is called the average pore pressure and is used as the driving force for shrinkage. This value
combined to 4.6 gives the Biot-Bishop equation:

1 1 1
512—5'(PC'S)'(E—ES) (47)

Bulk modulus K can be obtained from Young’s modulus and Poisson’s ratio:

E

T3 0-2v @9

The aforementioned saturation level or degree S is conventionally defined as the ratio of
evaporable water over the total pore volume. Evaporable water is comprised of capillary water,
gel water and interlayer water; total pore volume include air voids from chemical shrinkage
on top of that. The total amount of evaporable water can be obtained through destructive
methods such as TGA or desorption (for mature samples) or with a mass balance calculation.
The latter method is used in this study.

It is worth mentioning that the Biot-Bishop approach on strain of partially saturated
porous media is not the only one that was proposed. For instance, Coussy suggested an
alternative definition of the driving force, including the gas-liquid-solid interface energy in
the calculation [11]. Later, Vlahini¢ introduced a dependency of the solid bulk modulus on the
saturation level to account for the softening of the bulk properties when converting clinker
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to hydrates [33]. Neither of these alternative approaches give significantly differing results in
the range of relative humidity and saturation level reached in sealed conditions [16], but they
would be meaningful in drying conditions. Therefore the Biot-Bishop method was adopted in
this research.

Poro-visco-elasticity

Most studies indicate that considering autogenous only as a poro-elastic phenomenon
systematically underestimated the calculated strain after some days of hydration [19]. It is
suggested that this discrepancy is due to viscous flow caused by creep under the sustained
shrinkage stresses. Considering the still limited understanding of creep mechanisms, most
shrinkage models including creep express it in an empirical way. Autogenous shrinkage
happens over a range of degree of hydration where visco-elastic properties of the material
are expected to change substantially. To take this ageing into account, some authors used
power or logarithmic laws with time or degree of hydration dependent coefficients [17], or
rheological models with ageing components. Certain FE models take ageing of C-S-H into
account [23]. Considering the relatively short time scale studied here, an approach similar
to Biot-Bishop equation was adopted. Calculation of the equivalent "viscous bulk modulus"
is carried out using creep compliance and a viscous Poisson’s ratio. As both compliance and
average pore pressure depend on time, the total viscous strain has to be integrated over a time

interval. . D) . p
LT o
1= 1-2-v,(1)- dt— -—d 4.9
£y(1) fto{( vy(1) Y BKS} el (4.9)
Considering that o = P, - S, Eq. 4.9 becomes
t o0J(t,1) 1 ap as
1= 1-2-v,(1)- dt——¢-|—-S+P-—|d 4.10
e = [ {2y T2Rar- b (Fosep- Llar )

with v, [-] the viscous Poisson’s ratio, J(,7) [Pa~!] the uniaxial basic creep compliance func-
tion of the material, depending on the current time ¢ [d] and the loading age 7. The analogy
with the Biot-Bishop equation can be seen in the left part of the term in the curly brackets as
being the viscous bulk modulus of the macroscopic porous material.

This approach was used in Hu'’s thesis, which is the basis used in this work. Her results,
summarized on Figure 4.4 showed that this method gave a reasonable estimation of the
autogenous shrinkage, based on the aforementioned hypothesis. The particular viscous
behaviour of LC? binders offers the occasion to test this approach on materials with a different
rheology.
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Figure 4.4 — These plots from [16] show the output of the poro-visco-elastic model versus the experimental
data, for a) plain cement, b) cement with 40% fly ash and c) cement with 40% quartz. All mixes were

prepared at a W/B of 0.35.
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4.2 Experimental methods

4.2.1 Autogenous shrinkage measurement

Autogenous shrinkage measurements were carried out according to ASTM C1698-09,
using a silicon oil bath for controlling temperature and submersible LVDTs for continuous
monitoring. Before each run of experiments, a part of the sealing plugs was prepared to be
the fixed end of the sample: a hole was drilled halfway through the plug, from the external
side, then threaded at M5. A prepared plug was placed at the end of the tube and sealed with
instant glue. A volume of about 700 mL was then prepared using a vacuum mixer at a mixing
speed of 450 rpm for 2 min. The mix was then carefully poured into a tube held in a vertical
position with a steel tube or a specifically designed plastic holder. The operation is carried out
on a vibrating table to ensure proper flow of the paste. The tube is then sealed with a pristine
plug, weighted and placed on the bench in the silicone oil bath. One end of the tube is fixed
to the bench thanks to the thread. A submersible LVDT is placed at the free end. Automatic
logging is achieved thanks to an autonomous logger. Most measurements started between 30
and 60 min after mixing. All mixes are replicated twice or thrice and showed little deviation
within a given mix.
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Figure 4.5 — This picture shows the corrugated tube set-up. Cement paste was mixed and immediately
cast into two corrugated tubes and placed in the oil bath. The steel bench holding the tube also serves to
fix one of its ends and to hold the LVDT in place. The external logger is also used to monitor the bath
temperature. A later design of the bench allowed to place 6 tubes in parallel.
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4.2.2 Relative humidity

As discussed, the capillary pressure is function of the relative humidity through the
Kelvin-Laplace equation (Eq. 4.5). The relative humidity of the paste samples was monitored
using HC2-AW-USB water activity probes from Rotronic. The probes measure the RH of the
air surrounding the sample. Due to the limited size of the chamber, it is assumed that the
RH of the air is at equilibrium with that of the pore network. A water cooling system kept the
samples and the sensor at a constant temperature of 20°C. In a time range between 16h and
24h after casting, samples to be tested are crushed to sub-centimetre pieces and placed in
the device, in a plastic container fitting the cavity. The set-up is equipped with 3 cells, and
every mix was replicated on the 3 cells in parallel. The reading interval was set to 5 min during
the first 5 to 7 days of hydration, and then reduced to one reading per hour. A calibration
routine is carried out in-between each run, using the built-in software calibration tool (HW4
v.3). Saturated solutions of different salts (K,SO4, K;NO3, KCl, NaCl) were used to calibrate the
sensors at fixed RH points between 98% and 75%. When measuring RH, the obtained reading
actually is a combination of the RH drop caused by the desaturation of the pores (RHyk) and
the water activity of the pore solution (RHg), which is linked to the amount and species of ions
dissolved. According to the results from [16] (Chapter 3), water activity only slightly decreases
during the first month after hydration, and in a similar fashion for PC or blended cements.
When required, (RHs) was approximated by the following function:

RH;(#) =0.9872 —0.0025 - In(?) (4.11)

with time ¢ expressed in days.
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4.3 Experimental results

This section presents all the experimental results of autogenous shrinkage on the mixes
introduced in Chapter 2.

4.3.1 Influence of cement type

Figure 4.6 shows the evolution of autogenous shrinkage during the two first months of
hydration for a series of samples with different cements. All cements used show a qualitatively
similar behaviour: an initial expansion, followed by a sharp shrinkage and a stabilization. The
maximum expansion (time zero) takes place after 24h of hydration for the LabCement and the
Normo 4, but as soon as 12h for the white cement. The higher fineness of the white cement is
likely to be the cause of the faster initial kinetics, combined with the lower W/C.
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Figure 4.6 — Autogenous shrinkage of plain cement paste for 56 days of hydration.

Figure 4.7 compares shrinkage of plain cement and LC® mixes prepared with two differ-
ent cements (LabCement in 4.7a and Normo 4 in 4.7b) during the first 28 days. As observed in
Figure 4.6, the plain cement has a different shrinkage behaviour, but in the ternary blends,
the effect of the replacement material is similar between both cements. Compared to the
behaviour of plain cement, the LC3-50 mixes with the 45% clay show a delay of the shrink-
age. This is an expected feature of the clinker dilution effect when using SCM. Indeed, as
the replacement materials are not as reactive as cement, clinker phases are the only ones
reacting during the first days. As LC3-50 only contains about half of fast-reacting material by
mass, a larger amount of water is available, porosity remains saturated and relative humidity
stays elevated, causing low shrinkage at an early stage. On the other hand, both mixes with
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high-grade metakaolin (MQ95) only show a very limited initial expansion, followed by a short
shrinkage period with a timing and rate close to that of cement. A very stable plateau appears
after about 5 days of hydration. Calorimetry (see Avet’s thesis [2]) and MIP (see Chapter 2) also
confirm the slowing down of reaction and quick refining and stabilization of microstructure
during the first days of hydration.
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Figure 4.7 — Comparison of autogenous shrinkage during the 28 days of hydration for a plain cement, an
LC3 with a natural clay and an LC? with a model clay.

Figure 4.8 shows the shrinkage of the same mixes up to 56 days. The delaying effect is
very consistent between mixtures using the 45% clay, and the fast stabilisation of the MQ95
mixes has a very similar duration as well. Similar to the behaviour of the plain cement sample,
LC? with Normo 4 show a slightly lower shrinkage than mixes using LabCement.
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Figure 4.8 — Autogenous shrinkage of LC3-50 and plain cement samples with comparable mix designs.
The initial trend of cement powder is preserved to the blends.
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4.3.2 Influence of initial water content

Figure 4.9 compares the results for cement and LC? mixes prepared with different initial
water contents (see Table 4.1). In both plain cement and LC3, a decrease of the W/B increases
the shrinkage, but has no noticeable effect on the time-zero. A diminution of shrinkage with
more initial water is in accordance with the theories on autogenous shrinkage. In LC? in
particular, the initial shrinkage delay is prolonged when W/B is increased.

E 0 ( E Or
S S
= =
(] (O]
()] (@]
£ 500 £ 500}
£ £
< <
7] 7]
7] 7]
5 5
© -1000 © -1000
c c
g —PC 0.4 g
2 —PC0.37 S —45%
> PC 0.357, > —45% 0.5
< 1500 : : : < 1500 : : :
0 7 14 21 28 0 7 14 21 28
Time [days] Time [days]
(a) Mixes with LabCement () LC3-50 2:1 45%

Figure 4.9 — Autogenous shrinkage during 28 days for mixes with different initial water content. a) Mixes
using LabCement b) LC3-50 2:1 with the same cement and 45% clay.

Table 4.1 - Summary of the mix designs used to evaluate the effect of initial water. Water content expressed
in mli/l.

PC0.4 PCO0.37 PC0.357 | 45%0.4 45%0.5

W/C 0.4 0.37 0.357 0.4 0.5
W/S 1.32 1.23 1.18 1.18 1.46
Water cont. 567 548 539 539 594

Figure 4.10 summarizes these results up to 56 days of hydration. For theses mixes using
the LabCement, LC3 shows lower shrinkage than plain cement at equivalent W/S.

94



4.3. Experimental results

I
0 —PC 0.4
—PC0.37
= PC 0.357
= —45% 0.4
E —45% 0.5
(]
2 -500
X
£
=
(%]
2]
35
2
S -1000 -
(@]
o
>
<
_1500 L L L L L L L
0 7 14 21 28 35 42 49 56
Time [days]

Figure 4.10 - Autogenous shrinkage of samples with varying water content. An increased amount of
mixing water reduces the total shrinkage amplitude and the retardation effect and amplified in LC3.
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4.3.3 Natural calcined clays

Figure 4.11 shows the evolution of autogenous shrinkage over time for the subset of
samples prepared with calcined natural clays with a kaolinite content ranging from 15% to
60% and mix design LC3-50 2:1, W/B of 0.4. All samples showed a variable amount of swelling
during the first day, before reaching a monotonous shrinkage regime. It is worth noticing that
the swelling amplitude is dependent on the calcined kaolinite content of the clay. Higher grade
clays mitigate this initial expansion more. A delay of the onset of shrinkage can be observed
on all the ternary blends compared to the plain cement reference. The first acceleration of
the strain occurs 3 to 4 days after casting for this set of LC3 blends, versus 1 to 2 days for the
plain cement sample. As discussed previously, this is an expected consequence of diluting the
cement with slower reacting powders.

In the longer term, all the LC? samples except the 15% fall into a quite a narrow region
of the graph. In spite of a varying clay grade, both kinetics and total amplitude remain similar
among the samples, which indicates that similar shrinkage forces are acting on microstructures
of comparable stiffness. The system with the lowest grade clay shows only a very modest
shrinkage, possibly an indication of a high relative humidity in the pore network. The delay is
also visible on the RH evolution, see Figure 4.13. The overall trend of internal relative humidity
closely follows that of shrinkage.
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Figure 4.11 — Autogenous shrinkage of LC3-50 samples with natural clays compared to a same W/B
cement mix. The delay caused by the dilution effect is clearly visible at the beginning of the measurement.
Clays above 25% of kaolinite content have a comparable effect on autogenous shrinkage.

96
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Figure 4.12 aggregates results for LC3-50 and LC3-65 mixes prepared with the 45% clay
and a calcined clay to limestone ratio of 2 or 1. Firstly, the effect of the limestone addition on
shrinkage is negligible. This is in accordance with the results of the previous figure, showing
the low dependence of kaolinite content on autogenous shrinkage. This shows that blending
calcined clay with limestone is equivalent as using a lower grade clay, regarding shrinkage
behaviour. The initial delay is shorter in LC3-65 due to the lower clinker replacement fraction.
For the LC3-65 mix design, the samples show about 40% more shrinkage than the plain cement
reference after 2 months of hydration. The reason for a higher shrinkage has to be the result of
the slightly lower Young’s modulus and a higher amplitude of the driving force, as LC® materials
show a lower creep compliance. This is supported by the RH measurements reported in Figure
4.13, where the moisture level of the LC3-65 sample reaches a lower level than the PC 0.4.
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Figure 4.12 — Autogenous shrinkage during 56 days of LC3-50 and LC3-65 samples with varying clay
content. The same clay at 45% of kaolinite content is used for all LC3. The calcined clay to limestone ratio
is variable.
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Figure 4.13 - Internal relative humidity evolution of LC3-50 (a) and LC3-65 (b) mixes compared to PC 0.4.
The initial delay from clinker dilution is clearly visible in the RH evolution.
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4.3.4 Model clays

The results concerning the mixes prepared using model clays are presented on Figures
4.14 and 4.16. Model clays are mixtures of industrial grade, flash-calcined metakaolin and
quartz powder. For instance, MQ45 stands for a mixture of 45% metakaolin and 55% quartz.
Figure 4.14a compares two LC3 with model clays to a plain cement and an LC? with natural
clay. In contrast to basic creep, it appears that model systems are not able to reproduce the
behaviour of natural calcined clays. Both mixes with model clay quickly shrink during the first
week of hydration and then show very low or no evolution, whereas the LC3 with a natural
clay of equivalent metakaolin content shows a progressive shrinkage for at least 28 days. This
feature is also clearly visible in the evolution of internal relative humidity, Figure 4.15. A delay
of shrinkage is observed in the MQ45 sample, but not as long as with the natural clay.

Figure 4.14b shows the results of LC? using model clays and white cement. All LC3
samples exhibit the distinctive delay. The evolution of the W-MQ60 and W-MQ80 samples is
similar, but the W-MQ40 shows a different progression. The shrinkage of an LC3-50 with a
natural 60% clay, but a different cement is also plotted on this graph. Its behaviour is very close
to that of the W-MQ40. This indicates that a MQ60-type is not able to capture the behaviour of
and equivalent natural clay, but a MQ40-type mix can efficiently mimic a mix with a 45% to
60% kaolinite natural clay. A reason might be a better availability of the metakaolin in the case
of the model clay, but evidence is lacking to confirm this supposition.

Lastly, Figure 4.16 shows the shrinkage evolution up to 56 days for the discussed samples
using model clays. The main observations are that the behaviour of the first month represents
well the later trends as well, and that the W-MQ40 and LC3-50 with a natural 60% clay continue
to have a very similar shrinkage.
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Figure 4.14 — Autogenous shrinkage during 28 days for mixes with model clays, using (a) LabCement or
(b) white cement, compared to an LC® with natural clay and the LabCement. Model clays are not able to
emulate the behaviour of natural clays with the same kaolinite content, but it seems that a low grade
model clays can mimic a higher grade natural clay.

99



Chapter 4. Autogenous shrinkage

100

Relative humidity [%]

—MQ95
84 L L L
0 7 14 21 28

Time [days]

Figure 4.15 — Internal relative humidity during 28 days for the model clay systems. The stabilisation of
shrinkage coincides with a stabilisation of the relative humidity.
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Figure 4.16 — Autogenous shrinkage of the LC3-50 samples with model clays for the two first months of
hydration. The trends during the first month of hydration are carried on.
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4.3.5 Average pore pressure

The average pore pressure, considered as the main driving force for autogenous shrink-
age, can be estimated knowing the relative humidity and saturation level of the porous network.
The plot in Figure 4.17 compares the magnitude of this force to the autogenous shrinkage.
There is a very clear relationship between these two quantities, for all the measured samples.
In particular, the low shrinkage of the MQ (model clays) samples is associated with a low pore
pressure and, at the opposite, the LC3-65 has the highest pressure and shrinkage.

According to the Kelvin equation (Eq. 4.4), the Kelvin radius at 28 days — ignoring any
adsorbed water — would be around 8 to 9 nm for the LC3-50 25% mix, 7 nm for the LC3-50
45% and the PC 0.4, and around 6 nm for the LC3-65 2:1 mix.
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Figure 4.17 — This plot shows the evolution of autogenous shrinkage with progress of the average pore
pressure. The marks with the figures indicate the age of the sample. All LC3 samples are cast with a 2:1

calcined to limestone ratio and a W/B of 0.4. MQ samples are cast using a mixture of metakaolin and
quartz to emulate a clay of variable grade.
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4.4 Shrinkage and microstructure evolution

This section explores potential relations between autogenous shrinkage and microstruc-
tural features. As self-desiccation is related to chemical reactions consuming water, ongoing
reactions could be the reason for the sustained RH drop and shrinkage of some LC? samples.

To illustrate, Figures 4.18 to 4.20 compare autogenous shrinkage to degree of reaction
of clinker phases and consumed metakaolin from mass balance. Figure 4.18 regroups a
plain cement and LC3-50 using natural calcined clays. In the plain cement mix, shrinkage
progression happens together with clinker hydration. A common feature among the LC?
blends with clay from 25% to 60% grade is the fast hydration of clinker during the 3 first days,
followed by a plateau. Clinker hydration is not associated with much shrinkage, as the curves
are mostly horizontal from 3 days on. Clinker in LC3 with the 15% clay reaches a higher degree
of hydration than mixtures with higher grade clay. This mix contains very little pozzolanic
material (90% of metakaolin has reacted by 7 days), allowing clinker phases to hydrate more
thanks to the abundance of water and available space in the microstructure.

In the LC? mixes (except he 15%), most of metakaolin reacts between 3 and 56 days,
a period during which shrinkage progresses steadily. This is a strong indication that it is
indeed the reaction of metakaolin — be it to produce C-A-S-H or carboaluminates — which
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Figure 4.18 — This figure represents the evolution of autogenous shrinkage compared to the degree of
hydration of cement (solid lines, left axis) and to the metakaolin consumption (dashed lines, right axis).
Figures next to data points represent the sampling age, which is the same for both curves for a given
sample.
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is responsible for self-desiccation and build up of sufficient pore pressure to initiate shrinkage.
Interestingly, the metakaolin consumption rate is correlated to the shrinkage rate. This is
visible in the similar slope of the dashed curves and the similar distance between the time
points.

All these features are also visible in Figure 4.19, plotting the same results for LC3-65
mixes. Here, clinker phases hydrate for about 5 days before slowing down. By then, metakaolin
has reached about 40 to 45% of hydration and continues to react until depletion (around 56
days for the LC3-65 2:1 and 21 days for the LC3-65 1:1), along with a considerable shrinkage
of the material. This suggests that in LC3-65, clinker reaction is already sufficient to provoke
enough pore pressure for significant shrinkage. The parallel pozzolanic of metakaolin further
desaturate and refines porosity, resulting in important shrinkage. Even the lower amount of
metakaolin in LC3-65 1:1 is sufficient to induce enough capillary pressure in the material. The
same figure also includes the results for the MQ95 samples, using the same cement but 95%
pure metakaolin instead of calcined clay. This highly reactive flash-calcined metakaolin has a
very rapid reaction during the 3 first days and then slows down abruptly, similar to the clinker
reaction and shrinkage of the material. The high amount of reacted metakaolin suggests that
most of the available portlandite is consumed shortly after precipitation. Porosity is quickly
refined, but stays mostly saturated as indicated by the relative humidity evolution (see Figure
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Figure 4.19 — This figure represents the evolution of autogenous shrinkage compared to the degree of
hydration of cement (solid lines, left axis) and to the metakaolin consumption (dashed lines, right axis).
Figures next to data points represent the sampling age, which is the same for both curves for a given
sample.
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4.15), resulting in low pore pressure. Note that this is also a consequence of the lower initial
porosity of this mix, due to the low density of this specific metakaolin.

This reasoning is also valid for the mixes using white cement, as visible in Figure 4.20.
In this case, the relation between clinker degree of hydration and shrinkage is obvious for the
plain cement mix. These specific results would be worth a second check, as they were not
replicated due to a failure in the shrinkage set-up. The continuous shrinkage measured in the
W-MQA40 sample is explained by a larger amount of metakaolin being consumed. This results
in a higher pore pressure because of a further desaturation, as demonstrated above with the
natural clays. Relative humidity monitoring was not carried out on these samples, but this is
likely to be the explanation.

As reported in [4] and [3], the onset of metakaolin reaction corresponds to the sharp
increase in compressive strength. This illustrates that space filling and pore refinement from
the metakaolin are main actors in strength build-up, together with a consumption of capillary
water, increasing pore pressure.
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Figure 4.20 — This figure represents the evolution of autogenous shrinkage compared to the degree of
hydration of cement (solid lines, left axis) and to the metakaolin consumption (dashed lines, right axis).
Figures next to data points represent the sampling age, which is the same for both curves for a given
sample.
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4.5 Modelling

A poro-visco-elastic model, similar to that described in [16] and in this chapter’s intro-
duction was applied to an LC3 material and a plain cement paste. The main purpose is to
probe the model with a different type of sample and assess the validity of the superposition
principle for such a study. This approach is not entirely predictive, as some of the inputs are
obtained using experimental data of autogenous shrinkage. In short, this model estimates
the autogenous shrinkage deformation by summing the elastic strain obtained through the
Biot-Bishop approach for porous materials and the viscous flow of the material, as a result of
an ageing Kelvin-Voigt rheological model (see Chapter 3). The chosen mix were the LC3-50
45%, with a 2:1 calcined clay to limestone ratio and a W/B of 0.4 and the PC 0.4 plain cement
mix.

4.5.1 Numerical scheme

The problem is discretized over time domain only and solved for a linear deformation.
The elastic strain €, is computed incrementally at each time step:

. . 1( 1 1 . .
@ _ (-1, = _ 1. L) @,
e =eg V3 (KU) Ks) (AP-SD 4 p.Ag) 4.12)
The bulk modulus K at the current time is obtained from the Young’s modulus and the
Poisson’s ratio at the concerned time. AP and AS are the increment in capillary pressure or
saturation level from the previous tie step.

Basic creep compliance is obtained through the ageing Kelvin-Voigt rheological model
presented in Chapter 3. At each time step, the properties of every elements of the branches
are updated, the stress in each component is computed according to the change in average
pore pressure and strains of all the branches are added. At the end of each iteration, the
product %d t-do, representing the viscous strain from a uniaxial stress on the material, is

computed. The complete resolution scheme is available in this publication from Hilaire [14].

4.5.2 Inputs of the model

This model requires a number of inputs from experimental data. Some of them are
already presented in the previous sections or chapters but are summarized again here. Certain
inputs are approximated using an appropriate function. As the model is discretized over time
but most physical parameters are related to the degree of hydration, both representations are
used. The time window of the simulation spans from about 1.2 (earliest stable RH reading) to
30 days.
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Figure 4.21 — Degree of hydration over time of clinker phases and metakaolin combined. The thin line
represents the contribution of clinker to the degree of hydration of the binder. The seemingly downward
trend is within the calculation error.

Degree of hydration

In LC3, previous results showed that mechanical properties in general were affected by
the metakaolin hydration, and that the degree of hydration of clinker was almost constant
after 3 to 5 days. The choice was made to consider the degree of hydration of both clinker
and metakaolin. Degree of hydration is the variable used for ageing of the rheological model.
Figure 4.21 shows its evolution over the considered time. The sharp increase at the beginning
is mostly due to the rapid hydration of cement, whereas the slow increase from about 7 days
on is the result of metakaolin reaction.

Relative humidity

Evolution of relative humidity from self-desiccation (RHy) is summarized on Figure
4.22. As observed earlier, the high water to clinker ratio of LC3-50 means that the pore network
remains saturated during most of the clinker reaction period and then the metakaolin reaction
causes a drop in relative humidity.
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Figure 4.22 — Evolution of relative humidity in the pore network over time and degree of hydration.

Saturation level

Evolution of saturation level, obtained through mass balance calculation, is summed
up on Figure 4.23. It is well approximated with a logarithmic function over the considered
time period.
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Figure 4.23 — Evolution the saturation level of the porosity, considering gel and interlayer water as part of
the evaporable water.
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Average pore pressure

The product of capillary pressure and saturation level is called average pore pressure
and is an approximation of the total pore pressure that would be obtained if knowing the exact
geometry of the pores. It is the driving force for modelling autogenous shrinkage. As depicted
on Figure 4.24, the average capillary stresses can reach 12 MPa in these materials, which is
higher than the stress applied for the creep test, but still in the linear domain.
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Figure 4.24 - Evolution the average pore pressure over time and degree of hydration. Average pore pressure
is the product of capillary pressure and saturation level.

Young’s modulus

Evolution of the macroscopic Young’s modulus from a combination of data from the
EMM-ARM set-up and loading/unloading cycles from the creep tests is reported in Figure
4.25. To obtain a smooth curve, experimental data was fit using a sigmoid function. Progress
of Young’s modulus is almost linear with respect to degree of hydration.
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Figure 4.25 — Evolution Young'’s modulus over time and degree of hydration. Data were fit using a sigmoid
equation.

Other parameters

As presented in the introductory section, the Biot-Bishop approach for poro-elasticity
requires a number of additional parameters. The elastic Poisson’s ratio was considered con-
stant and equal to 0.22. The Ks parameter, the bulk modulus of the solid material composing
the cement paste, was set to 44 GPa and constant. The viscous Poisson’s ratio was set to 0.22
and constant, similarly to the elastic ratio. The computational time steps were set to 0.003 day,

in order to have a time increment of the order of one third of the shortest characteristics time
of the rheological model.
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4.5.3 Model output and discussion

Elastic and viscous strain were computed at each time step and summed to obtain the
total autogenous shrinkage. Results are shown on Figure 4.26, splitting the elastic and viscous
components of the strain. The overall trend of the predictions is in reasonable agreement with
the experimental data. However, the shrinkage amplitude for the PC 0.4 is overestimated by
the model by about 400 um and the amplitude of the LC? is underestimated by about 200 pm.
The computed elastic strain is comparable between both samples and this is in accordance
with similar pore pressures and a lower Young’s modulus for the LC3. The simulated viscous
strain is about three times higher for the PC than the LC3, which is in agreement with the
previously presented results on basic creep compliance. Results from Hu [16] on plain cement
paste at a W/C of 0.35 predicted a viscous strain about three times more important than the
elastic one, which is similar to what was calculated here.

The discrepancy between the simulations and the experimental data could be of various
origins, considering the number of assumptions required to build this model. The next part is
an attempt at understanding the possible causes and implications.

e If the superposition principle is not valid for the materials and the coupling between
creep and shrinkage is important, the creep data processing would not be valid and the
rheological model would not be representative of the materials.

* An wrong estimation of the driving force could explain the different responses in the
simulation. Relative humidity was consistent among the various studied samples, but
average pore pressure was then estimated using only the saturation level combined with
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Figure 4.26 — Autogenous shrinkage modelling results. The elastic and viscous strain contributions of
the prediction are plotted individually. The elastic strain is comparable in both simulations. That is
not the case for the viscous strain, which is nevertheless in agreement with the observations on uniaxial
compressive basic creep.
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capillary pressure. Saturation level of the porosity is not a value that is easily measured
experimentally and must be obtained through calculation. Moreover, saturation level
is an approximation of Bishop’s coefficient, which represents the fraction of the pore
network surface in contact with pore water. The validity of this assumption has been
questioned [13].

* Ahigher bulk modulus Ks of the solid material would increase the total strain undergone
by the porous material. However, this quantity is more likely to decrease with hydration,
as it represents the bulk modulus of the non-porous binder matrix, and hydrates in
general have a lower stiffness than the clinker phases [32], [20]. This effect could never-
theless be tempered in LC3: the Young’s modulus of the clay mineral is rather close to
that of C-S-H [7].

* Lower elastic and/or viscous Poisson’s ratios would increase the calculated strains.
This could indeed be a source of error, as a slight variation (+0.02) in these ratios
could decrease the difference between the model and the experiment to about 100 um.
Nevertheless, the initial value of 0.22 is already on the lower end for Poisson’s ratio in
cementitious material.

* The rapidly evolving properties of the rheological model implies that a short advance or
time delay in the estimation of the average pore pressure can cause an important over-
or underestimation of the strain at early age.

* Lastly, the viscous contribution of strain is obtained from uniaxial creep behaviour of
the material, which is then converted to a linear bulk strain using a viscous Poisson’s
ratio. This simple transition from a strain due to an axial stress to a strain caused by a
hydrostatic pressure could not reflect the real situation.

To sum up, the model seems to indicate that the superposition principle is adapted as a
first order approximation. The amount of experimental or calculated inputs required for the
calculation, each coming with their own uncertainty, could in addition explain part of the
discrepancy.
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4.6 Conclusions

This study on autogenous shrinkage of LC? paste leads to the following findings. Firstly,
as expected with SCMs and the dilution effect on clinker, LC3 mixes show a delay of the initial
shrinkage onset. This retardation is longer for higher substitution levels and, for naturally
occurring clays, independent of the grade of the clay. This effect is much reduced when
using model clays based on industrial grade, flash-calcined metakaolin. As illustrated in the
previous plots, plain cement-based mixtures have a noticeable initial expansion before the
monotonous shrinkage regime. This expansion is extremely reduced when using calcined
clays, even in low amounts (as in LC3-65 1:1 for instance). Overall, the studied LC? blends had
similar shrinkage amplitude to equivalent W/S plain cement mixes, except for the LC3-65 —
solely studied with the 45% clay — which showed a larger shrinkage than cement references.
The main reason for this important strain is the high average pore pressure.

At equivalent W/S, LC3 binders show lower shrinkage than plain cement mixtures. This
is a consequence of the higher internal relative humidity and saturation level. The comparable
level of shrinkage among LC3-50 binders is explained by the very similar microstructure and
water content over time. In these mixes, clinker quickly reacts up to about 75% hydration
during the first 2 to 3 days, producing a similar amount of hydrates in all cases. This is followed
by the onset of the pozzolanic reaction of metakaolin. The rate and amount of consumed
metakaolin is very consistent among all LC® samples with clays from 25% to 60% grade. This
implies that the amount of water and portlandite consumed, as well as the new hydrates
formed, are similar. Hence, this indicates that the relative humidity and saturation level
of all these blends should be similar. This is supported by the calculation of the average
pore pressure, showing similar values for the studied mixes. Together with a similar Young’s
modulus, this explains the similar shrinkage behaviour of this set of samples. This behaviour
is also observed in model clays. However, data showed that a model clay could not mimic
a natural clay with the same amount of metakaolin. The suggested reason is the better
availability and reactivity of the flash-calcined metakaolin used in these mixes.

The modelling approach based on the stress superposition principle of visco-elastic
materials yielded a reasonable estimation of the autogenous shrinkage. In spite of the creep
measurements being carried out under an axial stress that was about half of the average pore
pressure undergone by the samples, the model is able to grasp the changes in strain rate quite
well. This shows that the superposition principle is a satisfactory method to deal with creep
data, although not being formerly proved or disproved.
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Conclusions and future perspectives

The main goal of this research project was to investigate delayed strains in LC? materials,
specifically basic creep and autogenous shrinkage strains. The final chapter of this thesis
summarizes the main findings concerning these phenomena and their potential links with

microstructure evolution. Numerical models were also used to interpret the experimental
results further. Naturally, questions rose from this investigation; the last part of these chapters

suggests steps to be taken for further research.
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Chapter 5. Conclusions and future perspectives

5.1 Basic creep of LC3 mature paste

5.1.1 Experimental part

Basic compressive creep tests were carried out on plain cement and LC? samples, using
calcined clays of different grades. Measurement started after 28 days of curing and lasted 28
days. The main findings from the experimental results are listed:

* Basic compressive creep compliance of mature LC? binders is lower than that of plain
cement samples. This is valid for clays with a calcined kaolinite content as low as 25% in
a LC3-50 type mix.

e The compliance reduction in LC3-50 is similar for all mixtures containing at least 10%
of metakaolin in total. This is illustrated on Figure 5.1 below. This corresponds to
the necessary amount of metakaolin to consume most of the portlandite from clinker
hydration.

* At equivalent W/B or W/S, LC3-50 binders have a lower creep compliance than plain
cement mixes.

T
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Figure 5.1 — This graphs show the evolution of the fitted creep amplitude factor with initial metakaolin
content for mixes with a W/B of 0.4. The amplitude factor is not decreasing significantly after a threshold
value of about 12% of initial metakaolin content.

5.1.2 Creep kinetics and microstructure

Creep data was processed and fitted with either a power law or a logarithmic function.
The power function was better adapted to fit experimental data shortly after loading, whereas
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5.1. Basic creep of LC3 mature paste

the logarithm was better suited to later age. A microstructural characterisation of the samples
atloading age was carried out using XRD, SEM-EDS and mass balance. The results help to
interpret the experimental data in the following way:

* When fitting with a power law, a similar exponent could be used to fit all studied sam-
ples (plain cement, LC3-50 or LC3-65). This means that the observed differences in
compliance can be expressed as a single amplitude factor.

* The amplitude of such factor appeared to be partly correlated to the C-A-S-H volume
amount in the paste, but also to the average chemical composition of the C-A-S-H,
indicating that the lower amount of amorphous hydrates in LC3 was a reason for the
decreased compliance, but that the properties of C-S-H could be different.

5.1.3 Basic creep modelling

A two-dimensional finite elements model was used to simulate the viscoelastic be-
haviour of the samples being studied. The inputs of the model are the volume fractions
of phases from mass balance calculation. The only viscoelastic phase is the C-S—H matrix,
comprised of C-S-H gel, capillary water and air voids. The properties of the matrix were
back-calculated to fit the experimental data. Elastic and viscous properties of the C-S-H gel
were obtained through an analytical poromechanical approach. The outcome of the model
helped to to draw the following conclusions:

* The back-calculated Young’s modulus of the C-S-H gel fell within a range from 22 to
26 GPa, and from 60 to 75 GPa for the bulk C-S-H, for all modelled systems, including
plain cement and LC3 with varied clays, see Figure 5.2. This is in good agreement with
the existing literature, be it for C-S—-H gel or bulk C-S-H, which is close to values for
tobermorite. This modulus characterizes the average C-S-H gel, as no distinction was
made between inner and outer products in the mass balance calculation.

* The poromechanical approach indicated that a C-S-H gel with similar elastic properties
could be used to model all the systems, and that variations could be explained by a
different amount of C-S-H gel and capillary porosity.

* The model indicated a much lower creep compliance of the C-S-H gel in the LC3 system:s,
for all clays being studied, independent of the W/B or clay purity, see Figure 5.3.

« The lower compressive basic creep compliance of the LC? materials is then the result of
a lower amount of C-S-H gel, and also of its different rheological properties.

Together with the results from the microstructural analysis, this indicates that the higher
viscosity of C-S—-H could originate from a different arrangement or intermixing with other

119



Chapter 5. Conclusions and future perspectives

phases rather than a significant change of rheology due to the chemical compositions, as the
modelled C-S-H is the same for all the LC3, regardless of its average atomic ratios. The physical
effects causing a change of compliance at the C-S-H scale could be a structural reinforcement
from the clayey particles or an increased amount of interface due to the filler effect of the
limestone and clay powders. The isolation of these effects needs specific investigation.

5.1.4 Perspectives

At the paste scale, longer compressive creep tests should be carried out to isolate the
long-term behaviour of the ternary blends properly. A better monitoring of the compliance
evolution could be obtained by applying minute-long creep tests, as described in Irfan-ul-
Hassans’s work [1]. This would allow for comparisons of the time-dependence of creep
modulus between plain cement and ternary blends, for a better orientation of building codes
for LC3.

Nano-indentation, coupled with a statistical analysis of the results, could provide a
set of data allowing for a direct inference or even a confirmation of the lower compliance of
C-S-H gel in LC? materials [2]. Such a study could be carried out on binders with a C-S-H
composition and quantity similar to LC3, but without metakaolin as a source of aluminium
and silicon. This could prompt us to consider the impact of the chemistry of C-S-H on its
viscous properties and the importance of embedding plate-like particles in the microstructure.

Convincing results at the paste scale should be followed by a creep campaign at the
concrete scale, possibly in tension and bending as well. Standard tests should be carried out
to demonstrated that these materials comply with the various national guidelines.
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Figure 5.2 — Summary of the back-calculated C-S-H elastic properties, obtained using a analytical,
poromechanical approach on the model output.
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Figure 5.3 — C-S-H gel compliance calculated from the statistical model for the LC3-50 mixes using
natural clays of variable kaolinite content (15% to 50%), calcined clay to limestone ratio (generally 2:1,
except for one sample at 1:1) and W/B (0.4, except for on sample at 0.5). The aluminium content of the
C-S-H is linked to the metakaolin content of the mix, but no correlation is seen here.

As for shrinkage, creep measurements in drying conditions should be carried out. The
higher amount of available capillary water in the LC3 pore network could have an effect on
drying strains.
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Chapter 5. Conclusions and future perspectives

5.2 Autogenous shrinkage

5.2.1 Experimental part

Autogenous shrinkage of LC? binders with various clays was monitored for 56 days
after casting and compared to plain cement samples. The following list summarizes the main
observations from these tests:

* The presence of SCM causes a dilution effect and a delay of the shrinkage onset, which
is proportional to the replacement fraction.

* LC3-50 type mixes showed a comparable shrinkage than W/B or W/S equivalent plain
cement after two months of hydration.

* Low-reactivity clays caused only a modest amount of shrinkage, whereas moderate to
high reactivity natural calcined clays had a similar effect on autogenous shrinkage. Pure
metakaolin as pozzolan caused a rapid shrinkage followed by a stable regime from about
7 days on.

* Shrinkage of LC3-65 mixes (i.e. containing 65% of clinker) was found to be higher than
plain cement mixes.

5.2.2 Shrinkage and hydration

¢ For all studied mixes, a clear and expected correlation between autogenous shrinkage
and average pore pressure was highlighted.

* The similar shrinkage rate and amplitude observed for the LC-50 mixes with moderately
to highly reactive clays is explained by a similar microstructure evolution. In these
mixes, clinker phases quickly reach a similar degree of hydration within 3 to 5 days.
The pozzolanic reaction of calcined kaolinite begins around 2 to 3 days after mixing,
consuming the portlandite produced and the capillary water at a similar rate for these
blends. If there is enough metakaolin to consume most of the accessible portlandite, this
will cause a comparable refinement and desaturation of the porosity in these samples.
The result is an analogous capillary force at the origin of autogenous shrinkage.

* The situation is comparable in LC3-65, but the higher cement content can further
decrease saturation before relative humidity is further decreased by the pozzolanic
reaction, resulting in higher capillary stresses and shrinkage than LC3-50.

This implies that autogenous shrinkage in LC3 is controlled by the amount of clinker rather
than the grade of the clay. This means that shrinkage mitigation has to come from the mix
design and not by a selection or blending of the available clay.
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Figure 5.4 — This figure represents the evolution of autogenous shrinkage compared to the degree of
hydration of cement (solid lines, left axis) and to the metakaolin consumption (dashed lines, right axis).
Figures next to data points represent the sampling age, which is the same for both curves for a given
sample.

5.2.3 Autogenous shrinkage modelling

The poro-viscoelastic model could grasp the trend of autogenous shrinkage for a plain
cement and LC? mix, by separate computation of the elastic and viscous strains. The addition
of a Kelvin-Voigt unit and suppression of the single damper from the initial model allowed
a better fit of the ageing creep behaviour than the original model. The model is still very
sensitive to the initial conditions, as a temporal mismatch between the pore pressure and
ageing rheological model can results in an over- or underestimation of the strain during
the first days. Nevertheless, this approach used the stress superposition principle for visco-
elastic materials and yielded qualitatively reasonable results, illustrating that the principle is
applicable to such materials.

5.2.4 Perspectives

As for creep, a test campaign in drying conditions would be advised to monitor shrinkage
of LC? in field-like conditions. The high free water content in early age LC? samples could
imply a higher drying strain and potentially a great risk of cracking, especially if exposed to
drying during the 3 first days of hydration.
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Chapter 5. Conclusions and future perspectives

The predictive model could be improved using a different approach to obtain the viscous
behaviour of the material. One suggestion would be to apply a short duration test method,
such as that described in [1]. This procedure would have the advantage of not requiring
an independent measurement of the autogenous shrinkage. Ageing viscosity could then be
expressed as a power or logarithmic function, with time-dependent coefficients.

5.3 Closing words

This research project allowed to shed light on the visco-elastic behaviour of the promis-
ing ternary mixes of limestone and calcined clays. Experiments and models helped to highlight
the specific visco-elastic behaviour of C-A-S-H gel in LC3 and to understand how microstruc-
ture evolution was related to macroscopic shrinkage thanks to a combination of various
experimental techniques and numerical tools. The low creep observed in LC? binders is of
great interest for engineering applications, as is it an asset for the long term stability of struc-
tures. Moreover, a slower viscous flow could easily be taken into account in the actual building
codes by means of simple coefficients when dealing with LC3. Some creep is advantageous
at the early age for relaxing constraints, but, as demonstrated here, the early age autogenous
shrinkage of these binders is limited and should not pose any problem if the structures are
correctly engineered.

Data gathered in this work are valuable to tailor the mix design of LC3 to the available
resources. It was demonstrated here that only a certain amount of metakaolin was consumed
during the evolution of the microstructure, and it is also known that only a fraction of the
limestone is reacting. Therefore, a part on these materials could be replaced with even more
inexpensive filler or low-value — potentially harmful for the environment — industrial by-
products, such as ashes or sludge, effectively increasing the sustainability of LC3 further.

Experimental data from basic creep and autogenous shrinkage measurement are available
on-line from go.epfl.ch/thesis_ston.
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.\ Experimental data processing

Some specific methodology is necessary in order to study the first time derivative of
experimental data. Indeed, a direct Ay / Ax derivation may not give any usable results, espe-
cially if the raw data is smeared with high frequency noise. The main workarounds are either
to fit the experimental data with a set of derivable functions or to use a specialized algorithm.
For this study, 10-fold Tikhonov regularisation [1] was used both to smooth the raw data and
get the first derivative. In essence, instead of a direct derivation, this algorithm numerically
solves an integral equation on the second derivative of the dataset, using parameters that
minimize the error from the experimental dataset. The optimization is carried out through
applying the algorithm on 90% of the data points, then comparing the outcome of the fitting
to the 10% remaining points. The set of parameters giving the lowest error is kept to process
the whole set of data. The output can then easily be used for further fitting or processing.

This fitting of the first derivative is then carried out using a least squares method. To
ensure that the fitting function is appropriate to describe the material behaviour, the fitting can
be done on a forward extending time windows. Fitting is carried out iteratively increasing the
amount of considered data points forward in time. The convergence of the fitting coefficients
and RMSE is then analysed. The stability of the coefficients and reduction, or at least stability,
of the RMSE are indicators that the fitting function is adapted to the problem.

In the present study, considering the experiment duration (28 days), the maturity of
the samples at loading (28 days as well) and the load level (10% to 15% of the strength) the
obtained data should fall in the period of short-term basic creep and therefore could be
efficiently fitted with a power law. However, the data is approximated both with a power law
or a logarithm to determine which function is best suited to the experimental framework. The
main difference between these functions is their long-term behaviour. Indeed, as logarithmic
functions eventually increase slower than any other function, strain predictions made using
a power law will be higher than when using a logarithm. As long-term predictions are well
beyond the scope of this study, either functions should be adapted to interpret and model the
phenomena within the considered time frame.
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A.1 References
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Data on concrete

Compressive creep tests were carried out on some concrete specimens during this research
project. Mix designs and experimental results are summarized in this appendix.

B.1 Materials and method

Cement used was Heidelberg LabCement, with Durcal 5 Limestone, and either 66%
calcined kaolinite content clay from South America or 45% from South Asia. The LC? binders
had a 2:1 calcined clay to limestone ratio. The aggregates used were Swiss siliceous aggregates
from riverbed, with a maximal diameter of 16 mm and a granulometry satisfying the SN EN
206-1 standard. Table B.1 summarizes the mix properties of the studied concretes.

Table B.1 — Summary of the mix designs, curing procedure and mechanical strength of the concrete
samples used for compressive creep tests. U stands for underwater cure and S for sealed cure.

Binder dosage Curing Comp. Str.
Sample name wiB [kg/m®] time (28d) [MPa]
PC 0.45-340 0.45 340 28d (U) 64.1
LC3-50 (66%) 0.45-340 0.45 340 28d (U) 68.3
PC 0.45-340 0.45 340 90d (S) 63.1
LC3-50 (45%) 0.6-300 0.6 300 90d (S) 31.6
LC3-65 (45%) 0.6-350 0.6 350 90d (S) 42.1

B.2 Experimental results

Figure B.1 shows the results of basic compressive creep and autogenous shrinkage
measurement tests. At similar mix design by mass, LC? concrete has an dramatically lower
compliance. On this aspect, tests carried out at the paste and concrete scales are qualitatively
comparable.
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Figure B.1 — Basic creep compliance and autogenous shrinkage of tested concrete. Hollowed symbols are
used for the samples cured underwater for 28 days, solid symbols for the 90 days sealed cure. Thick lines
represent creep compliance and thin lines autogenous shrinkage.
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