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Abstract

English

Cementitious materials are the main pillar of modern construction and
urbanization. With their endless practical applications and diversity of utilization
from small village houses to skyscrapers, power plants and even nuclear waste
disposal structures, they can be seen everywhere. The main driver for this study
was to investigate the thermo-hydro-mechanical (THM) behaviour of
cementitious engineered barriers, in particular, the barrier for high level nuclear

waste containers considered in the Belgian deep geological disposal program.

The principal objective of this study is to investigate the THM behavior of
concrete within a multiscale framework. More importantly, to be able to predict
fundamental properties of concrete based on its composition to enable
optimization of its design. This, however, cannot be achieved without an in-
depth study of phenomena and parameters, which are affecting the macro-
behavior of the concrete. Since such barriers are exposed to thermal loading
emanating from decay of the high level waste, a range of coupled processes
usually referred to as THM processes are involved in their performance.
Therefore, this thesis proposes a stepwise, multi-component and multiscale
framework to model THM behavior of cementitious materials starting from
microstructural modelling by representing microstructure of the material based
on its chemical composition and reaction condition (curing, age, temperature,
etc.). This modelling tool is then coupled with an algorithmic scheme adapted to
convert such microstructure to a representative pore network and simulate
transport properties. Regarding the mechanical and thermal properties, including

elastic modulus, coefficient of thermal expansion and heat conduction



coefficient a micromechanical scheme has been implemented by means of
numerical homogenization using Cast3m, where the cement microstructure is
once again the main input parameter. Subsequent to the development of such
hydro-micromechanical framework (pore network and micromechanical
modelling), drying shrinkage was the first aspect to be addressed as an important
and a potentially detrimental process for long-term performance of concrete
structures. Hereby, the drying shrinkage of cementitious materials is computed
using a novel and multi-mechanism drying shrinkage model. This model takes
into account three individual mechanisms responsible for drying shrinkage of
cementitious materials: capillary force, surface free energy and disjoining
pressure. In addition, a detailed stress analysis on microstructural level is carried

out, which highlights the importance of such studies.

Finally, a multiscale and microstructure-informed THM simulation of an
engineered barrier for high level nuclear waste container is carried out, where
the material parameters are derived using the aforementioned framework (hydro-
mechanical). The main objective of this application is to identify spatial regions
of the engineered barrier that are prone to crack formation and propagation due
to evolving thermal load and its consequences to hydro-mechanical behaviour of

the barrier.



Abstract

Dutch

Cementgebonden materialen zijn de belangrijkste pijler van moderne bouw en
verstedelijking. Met hun eindeloze praktische toepassingen en diversiteit in
gebruik, van kleine dorpshuizen tot wolkenkrabbers, energiecentrales en zelfs
structuren voor de verwijdering van nucleair afval, zijn ze overal te zien. De
belangrijkste drijfveer voor deze studie was het onderzoeken van het thermo-
hydromechanische (THM) gedrag van cementgebonden barriéres, in het
bijzonder de barriére voor containers met hoog radioactief afval die in het
Belgische programma voor diepe geologische berging worden overwogen.

Het hoofddoel van deze studie is om het THM-gedrag van beton binnen een
multischaalkader te onderzoeken. Wat nog belangrijker is, om de fundamentele
eigenschappen van beton te kunnen voorspellen op basis van de samenstelling,
zodat het ontwerp kan worden geoptimaliseerd. Dit kan echter niet worden
bereikt zonder een diepgaande studie van verschijnselen en parameters die het
macrogedrag van het beton beinvloeden. Aangezien dergelijke barriéres worden
blootgesteld aan thermische belasting die voortkomt uit het verval van het
hoogactief afval, zijn een reeks gekoppelde processen die gewoonlijk THM-
processen worden genoemd, bij hun prestaties betrokken. Daarom stelt dit
proefschrift een stapsgewijs, meercomponenten- en multischaalkader voor om
het THM-gedrag van cementachtige materialen te modelleren, uitgaande van
microstructurele modellering door de microstructuur van het materiaal weer te
geven op basis van zijn chemische samenstelling en reactieconditie (uitharding,
leeftijd, temperatuur, enz.). Deze modelleringstool wordt vervolgens gekoppeld
aan een algoritmisch schema dat is aangepast om een dergelijke microstructuur
om te zetten in een representatief porienetwerk en transporteigenschappen te
simuleren. Met betrekking tot de mechanische en thermische eigenschappen,
waaronder elastische modulus, thermische uitzettingscoéfficiént en
warmtegeleidingscoéfficiént, is een micromechanisch schema geimplementeerd
door middel van numerieke homogenisatie met behulp van Cast3m, waarbij de
cementmicrostructuur opnieuw de belangrijkste invoerparameter is. Na de
ontwikkeling van een dergelijk hydromicromechanisch raamwerk (porienetwerk
en micromechanische modellering), was krimp tijdens drogen het eerste aspect
dat moest worden aangepakt als een belangrijk en potentieel schadelijk proces
voor de prestaties van betonconstructies op lange termijn. Hierbij wordt de
droogkrimp van cementachtige materialen berekend met behulp van een nieuw
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en multi-mechanisme droogkrimpmodel. Dit model houdt rekening met drie
individuele mechanismen die verantwoordelijk zijn voor het drogen van krimp
van cementachtige materialen: capillaire kracht, vrije energie aan het oppervlak
en ontkoppelde druk. Daarnaast wordt een gedetailleerde stressanalyse op
microstructureel niveau uitgevoerd, die het belang van dergelijke studies
onderstreept.

Ten slotte wordt een multischaal en microstructuur-geinformeerde THM-
simulatie van een technische barriére voor een container voor hoogactief
kernafval uitgevoerd, waarbij de materiaalparameters worden afgeleid met
behulp van het bovengenoemde raamwerk (hydromechanisch). Het hoofddoel
van deze toepassing is om ruimtelijke gebieden van de gebouwde barricre te
identificeren die vatbaar zijn voor scheurvorming en voortplanting als gevolg
van de zich ontwikkelende thermische belasting en de gevolgen daarvan voor
het hydromechanische gedrag van de barricre.
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1 Introduction and outline

1.1 Background

Chapter
Cementitious materials are the main pillar of modern construction and
urbanization. With their endless practical applications and diversity of utilization
from small village houses to skyscrapers, power plants and even nuclear waste

disposal structures, which is where the idea of this thesis initiated, cementitious

materials can be seen everywhere.

The integrity of non-reinforced concrete structures at early stages of construction
depends on many factors. One of these is the formation of cracks, which may be
crucial in some applications. One particular application is the deep geological
disposal where a multi-barrier concept is considered. Indeed, the reference
solution for long-term radioactive waste management currently being studied
foresees to condition B&C wastes in disposal packages, also called “Monoliths
B” and “Supercontainers” respectively, that are intended to be disposed in the
geological repository. Those conditioning operations are planned to be
performed in two dedicated surface facilities, usually called the “post-
conditioning facilities” for B&C wastes. Monoliths B and Supercontainers will
then be emplaced in the geological disposal facility (GDF), respectively in the
B-zone and in the C-zone of the GDF. (ONDRAF/ NIRAS RD&D plan 2013).
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Chapter 1 - Introduction and outline

The Supercontainer is a prefabricated concrete container that surrounds the

Primary Waste Packages (PWPs) for category C waste as seen in Figure 1-1

Buffer Buffer
Filler

Filler Overpack Insert

Overpack
Overpack

Canister SNFA Canister
Concrete lid Concrete lid

Envelope

Envelope

Figure 1-1. Supercontainer components RD&D Plan ONDRAF/ NIRAS 2013 (category
C-waste) adapted from/[1]

The Supercontainer consists of the following components:

A carbon steel overpack that contains the PWPs (CSD-V or SNFA

encapsulated in a canister);
= A cylindrical buffer consisting of a concrete container and a concrete lid;

= A cementitious filler between the overpack and the concrete buffer, that fills
the annular gap between the overpack and the pre-cast buffer component

during fabrication of a Supercontainer;
= A stainless steel sheet wrapping the concrete buffer.

The Supercontainer packages are disposed in disposal galleries where a concrete
lining guarantees the stability of these ones. A cement backfill fills the gap

between the concrete lining and the Supercontainer. Figure 1-2 presents a cross-
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Chapter 1 - Introduction and outline

section of the Supercontainer inside the backfilled disposal galleries. An
extensive study on construction practicability of Supercointers has been

conducted in [4] where a half scale test of the real structure is constructed and

Space between overpack
and canisters, filled with
barosilicate glass irit

Disposal gallery lining

{ concrete wedge blocks )

- -, Woid
Mechanical Support 5
waste emplacement

Figure 1-2. Cross-section of Supercontainer adapted from [1]

studied.

Given the conceptual plan design, it is worth noting that the C waste (high-level/
long life radioactive waste) emit large amount of heat which will significantly
increase the temperature in the Supercontainer leading to thermo-hydro-
mechanical (THM) perturbations. It has been anticipated that the temperature in
Supercontainer containing vitrified high-level waste (VHLW) could increase up
to more than 90° at the interface between the filler and the buffer [5]. The

presence of such thermal gradient intensifies the chance of cracking.

The mechanism responsible for crack formation in non-reinforced concrete is
highly complex involving a number of coupled processes. These depend upon
the cement composition, water to cement ratio, moisture, temperature and
aggregate fractions, and internal or external loading. The problem is challenging
and falls under a broad class of studies referred to as thermo-hydro-mechanical

problems (THM). In particular, the moisture field plays a crucial role in the
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Chapter 1 - Introduction and outline

stress-strain behaviour of the material under thermal transients. Inclusion of the
moisture field invokes several important processes such as drying shrinkage and

creep induced by moisture transport, conduction, convection, etc.

From the perspective of mathematical models, the most commonly used
approach to address the above problem is via a continuum approach, which
considers concrete as a homogeneous medium. To mention some of the

remarkable works done in this area [6-11].

Parameters for such models are obtained by means of laboratory and in-situ
experiments and via inverse analysis. The main problem with the continuum
approach is that the underlying physical and chemical processes are not
explicitly considered. As a result, this approach might lead to inaccurate results
compared to observed data. Concrete is a heterogeneous material consisting of
aggregates, interface transition zones, air pockets and bulk cement paste. Most
physical and chemical processes manifest themselves at the scale of bulk cement
paste while their root cause originates from lower scales. In particular,
established technical approach to model mechanical properties of concrete such
as shrinkage or creep, which are provided in standard codes and generally used
in practice to estimate behavior and performance of concrete. These models are
calibrated against each set of experiments using empirical coefficients. There are
major drawbacks with such modelling approaches, firstly these models need to
be calibrated against each set of experiments with specific material design,
secondly the reported values are in an average sense cross sectional property,
and not suitable for use in finite element analysis where material point data is
necessary at every Gaussian point. Moreover, the processes are decoupled in
such calculations, so any change in the contributing parameters to THM
behavior, for example, curing, temperature, relative humidity changes, etc.,

demand a new set of calibration against experiments [12-15].
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Therefore, these drawbacks confirm the need for more predictive approaches
where material design optimization and a physics-based model are part of the
modelling framework. This however is already attempted by many researchers
for specific composition types and material attributes e.g. hydration reaction,
mechanical properties, retention curve, etc. [3, 16-18] These modelling
approaches have been relatively successful [2, 19, 20] to account for a single
property or phenomena. To mention a few, [21-24], have proposed different
models to capture THM behavior of OPC based materials but a coherent
coupling of processes and scales are missing in their work, i.e. the constitute
laws are either derived and applied solely from macro scale observations, no
direct coupling of microstructure is present in their modelling approach,
mechanism responsible for shrinkage at different scales is not well defined, the
transport properties and pore space is not accounted for and finally they do not
aim to be predictive, meaning that calibration still remains a key attribute in their

modelling approach.

1.2 Aims of thesis

The overarching objective of this study is to investigate the THM behavior of
concrete within a multiscale framework. More importantly, to be able to predict
fundamental properties of concrete based on its composition to enable
optimization of its design is one of the main aims of this work. This, however,
cannot be achieved without an in-depth study of phenomena and parameters,
which are affecting the macro-behavior of the concrete. Therefore, a fully
coupled framework in which, material properties are derived using a multiscale
modelling technique right from material composition and its microstructure is a

great added value to the field of concrete technology. Such framework can
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significantly facilitate the material optimization and lower the time for possible
experiments and finally result in a more refined and reliable design. In this
regards, A hierarchical multi-scale, multiphysics framework guided by

microstructure description is established to deliver following objectives:

¢ A microstructure-informed pore network modelling framework where
transport properties such as water retention curve and water permeability
are estimated

e A multiscale drying shrinkage model where drying shrinkage strain is
directly computed from cement mix composition

¢ A micromechanical model to compute mechanical properties such as
elastic modulus and coefficient of thermal expansion at two level of
cement paste and concrete.

e A preliminary attempt for THM analysis for Supercontainer using
material parameters derived from developed framework in this study in
order to investigate firstly the evolution of Supercointaner under thermal

loading and secondly examine its damage and cracking potential.

1.3 Scope and limitations

The literature in field of concrete technology is truly vast, consequently the
number of published works and proposed models is huge. Although it is aimed
to review this field, it is not feasible to cover the entire research area and
certainly many other models than those cited herein have been proposed over the
years. The focus of the reviewed researches was on models that give a material
point description of concrete and study concrete more in a theoretical manner
than engineering and empirical fashion. The limitation of the models proposed

here can be summarized as follows:
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Throughout the thesis it is assumed that C-S-H gel consists of two
distinct types of low and high density gel.

The developed pore network has been developed with assumption of a
constant connectivity or coordination number assigned as six for all the
pore classes.

The shape of pores and throats are assumed to be spherical and
cylindrical respectively.

The mechanical properties of solid skeleton and bulk porous structure are
assumed to be constant over the course of drying.

The pore network and the drying shrinkage model are only tested with
OPC-based materials and blended systems are not tested.

The presence of interfacial transition zone (ITZ) in upscaling the drying
shrinkage and mechanical properties from cement paste level to concrete
level is neglected.

In THM modelling of Supercontainer the hydration reaction of filler and

the lid is neglected.

1.4 Outline of thesis

This thesis consists of two scientific papers (chapter 2 and chapter 3) and three

independent chapters. The first paper proposes a new framework to estimate

water sorption isotherm (WSI) via a multiscale approach, which integrates

particle packing, cement hydration kinetics and pore network models. Thus no

experimental data concerning pore size distribution or WSI (except for

geometrical parameter) is needed as inputs other than the composition of the

material, known microstructural features of high density (HD) and low density

(LD) C-S-H phases for OPC based materials and cement hydration kinetics
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model, which is usually calibrated with hydration experiments. The capability of
the framework is demonstrated by comparing the model predictions with a
number of experimental desorption WSI. Desorption WSI has been the focus
because the ultimate goal of the first chapter is oriented towards drying shrinkage

problems within the context of unsaturated poroelasticity.

Chapter 2 presents a new analytical framework that relies on minimal inputs and
combines a number of existing techniques to estimate reversible drying
shrinkage strain of OPC-based materials. This includes a multiscale framework
for estimating water (de)sorption isotherm (WSI) from Chapter 1, an analytical
homogenization technique to estimate bulk modulus, and a multi-mechanism
based drying shrinkage formulation. The minimal inputs needed are the cement
composition, microstructural information and mechanical properties of hydrated
phases of hardened cement paste. A pore network model that forms the core
module of the multiscale WSI provides a quantitative basis for the drying
shrinkage formulation. The unique feature of the framework is that only two
calibration parameters are involved: (i) a geometric parameter used in the pore
network model, and (ii) a constant in the disjoining pressure relationship, which
is set to unity mainly due to a lack of knowledge. Importantly, there is no need
to calibrate these parameters for every experiment. Results from the framework
are compared against shrinkage data from literature that encompass both virgin
materials (samples that have never been dried prior to the test) and non-virgin
materials. A reasonably good correspondence has been achieved with respect to
the non-virgin materials, whereas, the results for the virgin materials are
examined mainly to gain qualitative understanding of the role of the
microstructure on irreversible deformation and thus to propose a

phenomenological model.

The first two chapters were applicable for stationary conditions, therefore in

order to introduce time-dependent modelling capability to the framework
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Chapter 4 takes the pore network modelling one step forward by modelling
saturated and unsaturated permeability of cementitious materials using a novel
algorithmic implementation. This chapter presents a multiscale and largely
predictive approach, which can drive the information from microstructure and
integrate them into a representative numerical framework to model both intrinsic
and unsaturated permeability. This numerical framework consists of different
modelling tools discussed in Chapter 2 of this thesis to arrive at a statistically
representative pore network, which is used as a basis to carry out moisture
transport calculations. The proposed pore network modelling framework is
validated against an extensive set of experimental data that includes a very wide

range of materials.

Chapter 5 describes a micromechanical framework that is adopted, firstly, to
model mechanical properties of cementitious materials such as elastic modulus,
Poisson’s ratio and coefficient of thermal expansion (CTE), and secondly to
examine the effect of drying shrinkage at cement paste and concrete levels. The
aim of this analysis is to firstly provide a more informed insight on thermo-
mechanical processes on lower scales i.e., microstructure, cement paste and
concrete level, and secondly examine our current understanding of drying
shrinkage at cement paste and concrete levels. The computational framework
starts with a hydration model that is employed to generate a synthetic
microstructure that is consistent with cement hydration process, and the resulting
microstructure provides geometrical input to a finite element model (FEM) in
which mechanical, thermo-mechanical and hydro-mechanical analyses are

carried out to determine the aforementioned properties.

Finally, Chapter 6 presents a demonstration on how the multiscale framework
developed in chapters 1-5 can be utilized to model THM analysis on structure
level. In this regards, a preliminary finite element analysis integrating all the

developments of this multi-scale framework is performed at the level of the
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structure with the modelling of the second half-scale supercontainer test [4]. This
test consists the application of a thermal load inside a concrete cylinder mimic
the placement radioactive heat emitting waste effect and the effect of the
temperature increase on the concrete in large scale condition. The coupling term
existing in the THM analysis is the temperature which alters the transport and
mechanical (thermal and drying creep) properties and moisture field which is
coupled to mechanical loading in a form of shrinkage strain. In this chapter the
evolution of thermal and moisture fields are reported and the resultant stress field
is discussed in details. Finally, an isotropic damage model is hired to examine

damage probability of the structure during the thermal loading.

The flow of the information and how the developed tools and methods in this
PhD study work coherently in order to deliver THM modelling parameters and
perform a large scale modelling analysis is illustrated in Figure 1-3 where
modelling relies on microstructure as the main source of information and the
framework starts with microstructure modelling which provides the input for
three main sub-frameworks developed in this study denoted as THM parameter
estimation section and it includes, (a) pore network modelling for transport
properties, (b) drying shrinkage model and (c) micromechanical modelling for
thermo-mechanical modelling. This part of the framework is where the real
contribution and added value has been made. Finally, the framework is
centralized in an FEM numerical code in order to perform a large scale time

dependent THM analysis where Supercontainer is used as reference case study.
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Figure 1-3. The developed workflow for multiscale THM modelling of concrete
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2 A Multiscale Framework to Estimate Water

Sorption Isotherms for OPC-based Materials

Based on ‘A multiscale framework to estimate water sorption isotherms for
OPC-based materials’
Babaei S., Seetharam S.C., Miihlich U., Dizier A., Steenackers G., Craeye B.

Published in: Cement and concrete composites - ISSN 0958-9465 - 105(2020)
doi: 10.1016/J.CEMCONCOMP.2019.103415

2.1 Introduction Chapt@r

The importance of water content vis-a-vis the durability of cementitious
materials is long established [12, 25]. In particular, water sorption isotherm
(WSI) is a key material property that is used extensively in the study of moisture
transport of unsaturated cementitious materials with a view to gain improved
understanding of many durability problems such as drying shrinkage, creep,
corrosion, carbonation, freeze-thaw, etc. The mechanisms affecting WSI are
highly complex and depend on concrete composition such as cement type and
content, water to cement ratio, aggregates, additives and fillers, moisture content

and environmental factors such as ambient temperature [26].

A central theme of this study is to explore the possibility of going from the
knowledge of mix composition to predicting WSI. Such a framework is of
profound importance, for instance, in the study of durability of concrete
structures in the existing nuclear power plants. Hence, as far as possible,
predictive approach to the determination of WSI is pursued so that any OPC
based mixes can be accommodated without the need for an experimental

campaign for every mix composition.
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Chapter 2 - A Multiscale Framework to Estimate Water Sorption Isotherms for OPC-
based Materials

The principal approach to obtain WSI is via appropriate experimental techniques
such as conventional wetting/drying [27, 28], dynamic vapour sorption [29, 30]
and centrifuge experiments [31, 32]. For low permeability materials like
cementitious materials, it is often time consuming to determine WSI accurately
for the complete range of degree of saturation (S;) [33]. However, once
experimental data become available, an analytical model can be fitted in a way
that WSI can be predicted for various conditions, for example, different water to
cement ratios and porosity. An overview of such analytical models is available
in Burgh et al. [34]; a notable work cited in their reference is that of Kumar et
al. [35], which explored numerous analytical models to successfully predict WSI
for a range of porosity. The accuracy of such models not only depend on their

mathematical form but also on access to experimental WSI.

A second approach to predict WSI is to derive it from microstructural
information such as pore size distribution and the type of water associated with
different pore classes. Kelvin’s equation is then used to establish an equilibrium
relation between water content and capillary pressure, especially for gel and
capillary pores. In this regard, Pinson et al. [36] predicted WSI by classifying
water into interlayer, gel, capillary and surface adsorbed water. As a first
approximation, they assumed a linear relationship between water content and
capillary pressure for the interlayer space, i.e., for relative humidity below 15%.
For the gel and capillary pores, they extracted pore size distribution from Barrett-
Joyner-Halenda (BJH) method and then combined it with Kelvin’s equation to
derive WSI. For the empty pores in gel and capillary pores, they also considered
the effect of adsorbed water via Langmuir and Brunauer—-Emmett—Teller (BET)
methods. Burgh et al. [34] proposed a model for WSI that also considers
interlayer, gel and capillary pore classes as Pinson et al. [36]. They used a
modified form of classic Powers and Brownyard hydration model [37] to capture

pore volumes. Then a continuous probability distribution is used with shape and
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scale parameters calibrated with experiments to describe the whole pore size
distribution range. With the pore size distribution, Kelvin’s equation is used to
determine the equilibrium relationship between water content and capillary
pressure. More recently, Masoero et al. [38] studied the densification of
Calcium-Silicate-Hydrate (C-S-H) gel and its effect on WSI during hydration.
Their model combines a C—S—H gel description from nanoscale simulations with
evolving capillary pore size distributions using a simple hydration model,
however only for C3S. This information is then coupled with Kelvin’s equation

to obtain WSIL.

An interesting and alternative approach to predict WSI is the pore network model
pioneered by Mason [39], which conceptualizes a porous material as a network
of pores connected by throats (constrictions or windows) and locally invoking
Kelvin’s equation. He demonstrated the capability of the network model to
predict adsorption-desorption hysteresis using a hypothetical network. It was
possible to capture hysteresis because pore blocking is a natural consequence of
the network model where pore connectivity is inherently defined. In this regard,
Islahuddin and Janssen [40] applied the pore network model to numerically
explore WSI of Berea sandstone based on topologically equivalent network

obtained from micro-CT scanning.

In conclusion, with the exception of Masoero et al. [38], the first two approaches
strongly rely on experimental WSI for calibrating the model parameters before
they can be used for predictions. Although, Masoero et al. [38] do not use
experimental WSI, their model is demonstrated for C3S (Alite) system only. In
addition, the first two approaches will need some calibration to incorporate
sorption hysteresis unlike the alternative approach. Finally, to the authors’
knowledge, the alternative approach, i.e., the pore network model has never been

applied to complex microstructures such as cementitious materials. Although the
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pore network model is applied for other porous materials, it relies entirely on

experimental pore size distribution as a key input.

This study therefore proposes a new framework to estimate WSI via a multiscale
approach, which integrates particle packing, cement hydration kinetics and pore
network models. Thus, no experimental data concerning pore size distribution or
WSI (except for geometrical parameter) is needed as inputs other than the
composition of the material, known microstructural features of high density
(HD) and low density (LD) C-S-H phases for OPC based materials and cement
hydration kinetics model, which is wusually calibrated with hydration
experiments. The capability of the framework is demonstrated by comparing the
model predictions with a number of experimental desorption WSI. Desorption
WSTI has been the focus because the ultimate goal of the present study is oriented
towards drying shrinkage problems within the context of unsaturated

poroelasticity.
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2.1 Multiscale framework

Large gel pores
From LD C-S-H Capillary Pores from

Small gel pores
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Figure 2-1. Typical pore size distribution of cementitious materials

The proposed multiscale framework for water sorption isotherm integrates three
models: (i) cement particle packing, (ii) microstructural cement hydration
kinetics, and (iii) pore network. For lower (gel) pore size range, which is
characterized by HD and LD C-S-H, the particle packing model computes total
porosity and pore size distribution relying on a principal assumption that the
variability of HD and LD C-S-H characteristics in terms of particle packing is is
limited for OPC [41]. Based on fundamental inputs such as cement composition

and reaction conditions, the microstructural model computes volume fractions
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of various hydrated phases, capillary porosity and pore size distribution but for
a higher capillary pore size range (> 1 pm), which is primarily dictated by the
limitation of resolution of the model used. However, these two models do not
cover the mid pore size range (small capillary pores), i.e., between tens of nm to
1 um, as demonstrated in Figure 2-1. Therefore, an approximation to cover this
missing pore size range is proposed (Section 2.3) and justified (Section 2.5).

Based on the computed pore size distribution for the full range of pore sizes, the

water to cement ratio,

‘ Reaction condition e.g.
curing etc.

Cement Composition ‘

1

I-————————————T——————--————l

L

Microstructure
Modelling

Particle Packing

Figure 2-2. Proposed multiscale framework for estimating water sorption isotherm
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pore network model computes WSI for a given material composition. These

steps are illustrated in Figure 2-2.

2.1.1 Particle packing model: nm scale

In order to estimate porosity and pore size distribution of lower (gel) pore size
range, a conceptual model that describes the microstructure of C-S-H gel has to
be chosen. Various conceptual models such as layered, colloidal and fractal
models have been proposed in the recent past [42]. The particle packing model
used in this study follows the colloidal model for C-S-H gel proposed by
Jennings [43] and illustrated in Figure 2-3. This is a self-consistent model with
respect to a number of experimental data, for example, specific surface area and
density measurements. The term “particle’ used in this study equates to the term
‘C-S-H globules’ in the Jennings’s model. These globules (particles) are packed
together to form HD and LD C-S-H and the spacing between the globules are
referred to as gel pores. Thus, if the packing density for HD and LD C-S-H are
known then their respective gel porosities as well as pore size distribution can
be geometrically extracted. It is however worth noting that the Jennings’
colloidal model is not the only available conceptual model, different assumption
of C-S-H gel structure which is an active field of research can lead to different
pore size distribution. Due to computational complexity however, the mono-
sized spheres are the only studied geometry in this thesis [44].

However, the pore size distribution of pores larger than the gel pores cannot be
estimated with the particle packing model. Some assumptions are made to fill

this missing information as discussed in Section 2.3.
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The two types of C-S-H phases, namely, HD C-S-H and LD C-S-H are well-
characterized [45-47]. The difference between the two C-S-H phases mainly lies
in their gel porosity and packing density; the HD C-S-H being characterized by
a gel porosity, @yp, of roughly 0.24, and the LD C-S-H being characterized by
a gel porosity, ¢;p, of roughly 0.37. It is worth noting that the corresponding
packing densities, (1 - @yp) = 0.76 and (1 - @ p) = 0.63, come very close to the
maximum packing densities of mono-sized spherical packing. The packing
density of HD C-S-H is of striking similarity to the highest possible density of
ordered spheres, known as the face-centred cubic lattice, equal to 0.74, and the
packing density of the LD C-S-H is of striking similarity to the so-called random
close packing (RCP) of 0.64 [44, 48-50].

LD C-S-H
Gel porosity 0.37

Cement grain

HD C-S-H

Gel porosity 0.24 ‘,"

Figure 2-3. Particle packing and globule concept from Jennings model.

The particle packing model used in this study is similar to the work of Fonseca

et al. [42] and Liu et al. [2]. The choice for the size of the particles is based on
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Jennings’s [43] conceptual model, which considers mono-sized particles of size
5.6 nm (Figure 2-3). With respect to pore size distribution, a representative
volume element (RVE) of size 150x150x150 nm?® is chosen after testing three
different RVE sizes (100 nm, 150 nm and 200 nm). Liu et al. [2] also arrived at
the same RVE size after testing various RVE sizes. So, Initially, a small number
of mono-sized particles each of diameter 5.6 nm are randomly distributed in
space, and then they are compacted to the maximum extent without overlapping
by moving spheres closer to the centre of the RVE. A new set of particles is
added and again compacted. This procedure is repeated until the desired packing
density is achieved. One additional step that is taken in comparison to the work
of Liu et al. [2] is that after compacting, the compacted globules are further
discretized into sub-globules made of mono-sized spheres with size of 2.2 nm,
so that the water in the interlayer space (space between 2.2 nm spheres) are also
accounted to be consistent with the Jennings’ colloidal model. With this, the
extraction of pore size distribution is carried out. (Figure 2-3). The results
obtained from this model corresponds well with the model of Liu et al. [2] for
HD C-S-H as shown Figure 2-4, which is attributed to the fact that the maximum
density has to be achieved irrespective of the algorithm used. However, there is
some deviation for LD C-S-H, which is attributed to the fact that the required
packing density is lower compared to HD C-S-H, which means the results can
become sensitive to the particle packing algorithm and pore size distribution
extraction method. It is also worth noting that typically 40% of the total volume
of RVE of cement paste is comprised of HD and LD C-S-H [12]. Therefore, the

particle packing model accounts for majority of the pore size range.
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Figure 2-4. Comparison of pore size distribution obtained from the 3D particle packing
model used in this study against the 3D particle packing model of Liu et al. [2].: (a) HD C-
S-H, and (b) LD C-S-H.

2.2 Microstructural cement hydration kinetics model: um

scale

All the existing microstructural models are mainly intended to study
microstructural properties such as volume fractions of hydrated phases, porosity,
percolation threshold and degree of hydration but not pore size distribution.
There are currently no cement hydration kinetics models that can estimate
reliable pore size distribution. This is a limitation of this framework. However,
as a first approximation, such a hydration kinetics model is still relied upon for

estimating pore size distribution.

A comprehensive review of microstructural modelling and in particular cement
hydration kinetics models can be found in Thomas et al. [51]. From the latter as
well as author’s own experience, it is found that Virtual Cement and Concrete

Testing Laboratory (VCCTL) suite offers control over wide range of variables
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and input parameters and is experimentally better validated compared to other
hydration models [52]. Hence, VCCTL is taken forward in this study. In
VCCTL, a 3D cement paste microstructure is digitized into a cubic lattice and
each volume element or voxel of the cube is assigned to a phase (porosity, C-S-
H, CH, etc.). VCCTL simulates the hydration process as an iterative procedure
of dissolution, diffusion, and reaction. This iteration evolves the initial lattice
cube and forms a reasonable spatial distribution of the anhydrite cement,
combined hydration products, and capillary porosity. The minimum voxel size
that can be specified is 1 um, which also implies that capillary pores below 1 um
cannot be captured. Hence, only total porosity and pore size distribution of pores

greater than 1 um can be captured.

Note that one may also consider cement hydration kinetics model that are
resolution free or vector-based (e.g. HYMOSTRUC [53]), which have no
limitation on the minimum voxel size. However, as shown by Ye [54], the
modelled pore size distribution results are not promising. Such resolution free
microstructural models are usually used with voxel size larger than 1 ym, as
capturing the hydration and interaction of the cement particles from nano to
micro scale is computationally prohibitive. Moreover, such resolution free
models read the spaces existing between the reaction products but not the pores
within the C-S-H gel as a product of hydration reaction [55]. This in fact justifies
the use of particle packing (Section 2.1.1) as a necessary component of the

framework to estimate gel pore size distribution.
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2.3 Missing pore size distribution: nm to xm scale

The missing pore size distribution from biggest gel pores (14 nm based on
particle packing) to smallest capillary pore imposed by the hydration model (1
um by VCCTL) is derived by using the pore size distribution of the capillary
pores as a surrogate (Section 2.2). In the absence of any data, this should be
treated as a crude approach. The implication of this approximation is discussed
in Section 1.1.1. In this approach, a Weibull distribution function is fitted on the
capillary pore size distribution obtained from VCCTL, which is available from

one um to tens of um. The Weibull distribution function is defined as:

)/3

Fa) =Lty -1

where x is a pore size, [ is the shape factor, 7 is the scale parameter and y is the
location parameter. Once the Weibull distribution is fitted for the capillary pore
size range, the shape is preserved but by manipulating the location and scale
parameter the pore size range is stretched to cover a wider range from 14 nm to
1 um. This missing pore size range is then added to the capillary pore network,

ensuring that the calculated capillary porosity is still respected.
2.4 Pore network model

The estimation of WSI of cementitious material is carried out using a pore
network model with steady state analysis. A pore network is a virtual network of
pores and throats, which are connection between the pores [56]. This model can

reconstruct WSI on the whole capillary pressure range provided accurate
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pore/throat size distribution data as well as topology of the network are available,
including appropriate physics given the pore size range of a typical cement paste

material.

There are several techniques to characterize the pore space. Imaging techniques
such as producing 3D images by mapping the real interior structure of original
material are promising but time consuming and expensive. This mapping can be
carried out using destructive approach of cutting and stacking serial 2D sections,
followed by confocal laser scanning microscopy, non-destructive X-ray micro-
tomography («CT), and constructing synthetic 3D images from high resolution
2D thin sections using statistical methods or geological process simulation [56,
57]. However, as already described in Sections 2.1.1 and 2.2, in this study, pore
space is characterized based on the particle packing and available

microstructural modelling tools (VCCTL here).

In this study, the pore space of the cementitious material is characterized by
means of three main networks: HD C-S-H, LD C-S-H and capillary porosity.
The most important variable to construct a network in this regard is the volume
fractions of these three networks. First of all, the volumetric ratio of HD and LD
C-S-H network is estimated via Jennings-Tennis’s hydration model [58].
Depending on this ratio, the porosity of the whole gel pore space is derived as

follows:
Pget = Pup-Vup + @1o-Vip (2-2)
where @yp is the porosity of HD C-S-H equal to 0.24 [45], Vyp is the volume

fraction of HD C-S-H in C-S-H gel, ¢;p is the porosity of LD C-S-H equal to
0.37 [45], and V;p is the volume fraction of LD C-S-H with Vyp + V,p = 1.

The volume of gel pores is defined as:
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Vgel = Vesn- DPyel (2-3)

where Vesy is the volume fraction of C-S-H gel, which is obtained from the
hydration model (section2.2). The volume of capillary pores is also obtained
from the hydration model. Once the volume fractions of all the networks are
available, a unified network can be generated by merging all these three
networks. Each network has its own pore size distribution and size, which comes
from the hydration model, particle packing model and aforementioned

equations.

2.4.1.1 Geometrical considerations

To ensure that the simulations are reproducible, which means keeping fitting
coefficients to a minimum (Eq. (2-4) and (2-5)), and to avoid convergence
problem, a cubic network with fixed coordination number is constructed for each
phase, i.e., HD C-S-H, LD C-S-H and capillary porosity. The pores and throats
of the network can have different geometries such as cubes, triangles, spheres,
cylinders, etc. To accelerate the simulation, in this study, the pores are defined
as spheres and throats as cylindrical pipes. To construct a cubic network of
specific size, in addition to pore size, the connectivity or coordination number
and throat sizes and lengths are required. The coordination number is defined as
the number of connected throats for each pore. Real porous materials might have
different coordination numbers based on their pore structure but to optimize the
simulation procedure, the coordination number of the cubic network is taken as
six. This means each pore is connected to its six neighbouring pores. Figure 2-5
demonstrates a few examples of networks with coordination numbers of 6, 12

and 26 for a network with 27 pores.
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It is not possible to experimentally obtain throat size distribution as the network
of pores and throats are idealization of complex pore network in cementitious
materials. Hence, some assumptions have to be made. The first rule to define
throat size is to make sure that every throat diameter is smaller than its

neighbouring pores. As a first approximation, the throat size, Riproqr, 1S
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Figure 2-5. Effect of different coordination numbers on a cubic network with 27 pores. a)
coordination number = 6, b) coordination number = 12, ¢) coordination number = 26
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Figure 2-6. The relationship between throat diameter and its neighbouring pores.
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arbitrarily defined as a linear function of the radius of neighbouring pores, Ry,

as follows:

Rinroar = a(min(Rnp)) (2-4)

where a is a factor whose value should be less than 1. For instance, for a
configuration of three pores A, B and C shown in Figure 2-6 with radius R, < Rj,

< R., the throat size for their connecting throats should be:

Rab = OfRa, RbC = aRb (2-5)

It is also worth mentioning that the throat length is also defined using a
comparable equation as Eq.(2-5), where the length of the connecting throat

between two pores is defined as:

Ltnroat = w(max(Rnp)) (2-6)

with w being a scaling factor, which should be greater than 1 so that there is no
overlapping of pore neighbouring pore bodies. In this study, the following values
have been assigned to the coefficients: ¢ = 0.3 and w = 1 + a. The a value is
calibrated with an arbitrary WSI (experimental WSI presented in Section 2.5.2)

and is held constant.

The following procedure is adopted to generate the overall pore network

geometry:

a) Assuming that the volume fraction of LD C-S-H is higher than HD C-S-
H, the first step in the network construction is to generate an LD C-S-H
network as a cubic network of 100 pores on each side of the cube,
distributed within a 200x200x200 um® RVE. Since capillary pores,
which are usually bigger (up to tens of ym) than the gel pores, are added
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b)

to the same RVE, the RVE dimensions are considered slightly larger than
is necessary for solely gel pores.

The second step is to generate the HD C-S-H pores and embed them
inside the cubic LD C-S-H network until their volume fraction reaches a
certain ratio to LD C-S-H volume fraction estimated from the hydration
model (Figure 2-7(a)). This is achieved by embedding the HD pores
(grey) between the LD pores (green) as illustrated in the inset of Figure
2-7(a). This step should also ensure that the ratio of HD to LD C-S-H as
estimated from the Jennings-Tennis’s model is respected. It is worth
mentioning that during this merging process the coordination number is
continuously checked and if necessary, throats are trimmed to meet the
coordination number of six for the overall network. Furthermore, note
that the HD C-S-H can be as big as the LD C-S-H network or even bigger
than the LD C-S-H network depending on its volume fraction. If they are
of the same size, it does not matter, which network is constructed first.
The sequence should however be reversed in case the HD C-S-H network
is larger than the LD C-S-H network. It is worth noting that, by merging
these two networks the homogenized C-S-H network will result in a WSI,
which falls between the pure HD C-S-H and LD C-S-H networks as
illustrated in Figure 2-8.

The first two steps yield a homogenized C-S-H gel network into which
the capillary pore network is embedded in the third (final) step. The
capillary pores are added in a different manner compared to the C-S-H
pores. Since in terms of number of pores the capillary pores have the
smallest population and to avoid over estimation of ink-bottle effect,
these pores are randomly distributed in the network rather than starting
from the centre. Hence, as shown in Figure 2-7(b), capillary pores (red)

can be spread anywhere in the central region and beyond within the
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homogenized C-S-H network (grey and green). If the RVE is sufficiently
large then the randomness of the capillary pores should not significantly

influence the WSI.

It is important to note that from the point of view of pore network geometry,
RVE basically implies that the domain is sufficiently large enough to cover the
entire pore size range as well as to ensure that the random distribution of pores
do not significantly affect WSI (converged solution). RVE does not necessarily
correspond to the actual RVE size because of the idealization involved in the

representation of pores and throats.

@ HD C-S-H pores @ LD C-S-H pores . —— o Rty
C-S-H distributed
network capillary pores

Figure 2-7. lllustration of merging of different networks (throats are shown for better
visibility of merging process): (a) Homogenization of C-S-H gel network - merging HD C-
S-H pores (green) with LD C-S-H network (grey), (b) Final network including
homogenized C-S-H network (Blue) and randomly distributed capillary pores (red).
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2.4.1.2 Water sorption isotherm

Because of a large variation in pore sizes and their topological arrangement in

low permeability materials as is the case with hardened cement paste, a WSI

displays hysteresis [59]. In the case of cement paste, this behaviour can be

attributed to irreversible processes such as morphological changes in

microstructures, cracking or ink-bottle effect. Both adsorption and desorption

WSI are of interest to understand the moisture transport behaviour of the material

as well as for moisture transport modelling. In this paper, specific attention is

paid to estimating desorption isotherms because of its direct relevance to the

study of drying shrinkage behaviour and issues. Desorption isotherm also
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implies that some sort of invasion algorithm is necessary to mimic desorption of

the initially saturated pore network.

In this study, an idealized pore network is generated using an in-house code
developed in the SciPy and NumPy environment. The OpenPNM [56] library is
then called upon to compute desorption isotherms. The OpenPNM library uses
an “invasion percolation” algorithm based on the work of Wilkinson and
Willemsen [60]. However, additional considerations concerning adsorbed water
are introduced. The invasion of moist air will occur only if the applied capillary
pressure (external RH) exceeds the entry pressure of a pore/throat, which is

calculated using the Young-Laplace’s equation:

PC _ 20 cos (0) 2-7)

r

where ¢ is the surface tension (N/m), € is the contact angle (°), and r is the pore
radius (m) of a given pore/throat, which comes from the pore/throat size
distribution. Since water perfectly wets the silicate materials and the presence of
surface adsorbed water is taken into account, the contact angle is set to zero in

this study [40, 61].

The invasion algorithm works in such a way that the pores with lowest entry
pressure is first invaded. The throats that are connected to the invaded pores then
become accessible and thus join the invasion front. This procedure is repeated
until all the pores/throats are completely invaded. Further details of the
algorithmic implementation are available in Gostick et al. [56] and references

therein.

The invasion of pores/throats by moist air (external RH) does not imply that all
the liquid water is completely evacuated from them because water may still be
present in the form of absorbed water, which is in equilibrium with the local

relative humidity, 4. Hillerborg [62] defined absorbed water as sum of adsorbed
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and capillary condensation water. He attempted to propose a relationship
between 4, and the radius of curvature of absorbed water by combining the
standard Kelvin and Young-Laplace equations. However, as it was difficult to
define the curvature of the adsorbed water surface, as an approximation, only the
curvature of adsorbed water was considered, which was determined based on the

thickness of adsorbed water, ¢, via:

_ 0.525x10"8RH
a-RHj, Y(+RH/,  +15RH)

t (2-8)

where RH is the external relative humidity (boundary condition) and 4, is

defined via:

—-20
hum = exp (RUT(r—t)) (2-9)

where R,, is the gas constant of water vapour (J/kg/K), T is the temperature (K)
and r 1s the radii of pores/throats. Note that Eq. (2-8) 1s a modification of the

conventional BET model proposed by Hillerborg [62] to account for changes in

hm.

To quantify pore wetting/drying mechanism in the pore network model, P, is
considered as the primary variable. An illustration of simulation of free drying
of a cube of cement paste using the pore network model is shown in Figure 2-9.
In order to mimic real experimental conditions, the pore network is assumed to
be initially saturated (P.=0) and a constant boundary condition of P.>0 (or
RH<1) is prescribed incrementally over the entire RH range (0 to 1). This
condition initiates drying of pores and throats until thermodynamic equilibrium
is reached between the network and the prescribed external P. based on the
invasion percolation algorithm. The equilibrium S; is then computed by taking

the ratio of volume of elements of pore network that are still wet and the total

50



Chapter 2 - A Multiscale Framework to Estimate Water Sorption Isotherms for OPC-
based Materials

volume of the network. Adsorbed water (if present) in the pores/throats is also
accounted for in the calculation of S,,. Note that the entire computation is purely

a steady state analysis for each increment of P..

The real material, Drying from all the sides Invasion from all the sides

Figure 2-9. An illustration of simulation of free drying: (a) free drying of cement paste, (b)
representative pore network invaded from all the sides, (c) sequences of the invasion of moist air
into a cubical hardened cement paste from all the sides with random drying paths (from 1 as not
invaded to 4 as fully invaded)

2.5 Validation

The proposed framework is validated against a wide range of measured
desorption isotherms available in literature [33, 63-67]. The chosen datasets
include plain cement paste, mortar and concrete to examine the capability of the

modelling framework to handle different cementitious materials. The W/C of
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these materials varies from 0.34 to 0.8. The mineral composition and a short
description on preparation and measurement methods of the studied cases are
presented Table 2-1. Further details of the experiments can be found in [33, 63-
67].

Recall from Section 2 that the ultimate goal of the present study is oriented
towards understanding of drying shrinkage problems within the context of
unsaturated poroelasticity (e.g. [24]), where WSI is a key input data. In
unsaturated poroelasticity, apart from S;, the primary variable is typically
capillary pressure instead of relative humidity (RH), which is measured
experimentally. Therefore, all experimental RH data used in this study are
converted to capillary pressure via Kelvin’s equation, which is assumed to be

valid irrespective of microstructure or RH.

The hydration model considers appropriate curing conditions, including
temperature as reported in Table 2-2. In particular, the curing period varies from
56 days to 1 year at which time the rate of change of degree of hydration is
expected to be minimal. Accordingly, variations in pore size distribution or
porosity is also considered to be minimal and hence neglected beyond the curing
period. Similarly, the pore network model considers laboratory temperature
reported in Table 2-1 in order to correctly interpret temperature dependent RH

changes.
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Table 2-1. Materials studied (CP: cement paste; M: Mortar; Co: concrete).

Experimental Experimental
Material GsS CsS GA C4AF w/C Aggregate/Cement
conditions technique
Immersion in Drying
limewater for 56  progressively for
CP1 56.5 18 6.3 11.4 0.45 - days 270 days using
ASTM C157,
T=25+0.2
1 year old Drying controlled
specimen without by saturated salt
CP2 57.28 23.98 33 7.6 0.34 - water exchange, solutions,
vacuum rewetted ~ T=21+0.5°C
for drying
Endogenous Drying controlled
oP3 2461 3714 1056 77 035 ] curing conditions by saturated salt
for 1 year solutions, T=20°
C
CP4 6584  22.72 3.25 8.19 0.45 - Same as CP3 Same as CP3
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Immersion in

Climatic

CP5 17.53 54.67 134 14.4 0.5 - limewater for 5 chamber, T=20+1
months °C

CP6 17.53  54.67 13.4 14.4 0.8 - Same CP5 Same CP5

Ml 62.74 17.39 7.92 11.95 0.5 3.03 Same as CP3 Same as CP3

M2 17.53  54.67 13.4 14.4 0.5 3 Same as CP5 Same as CP5

M3 17.53  54.67 13.4 14.4 0.8 3 Same as CP5 Same as CP5

Col 74.27 9.66 0.74 1533 045 45 Same as CP3 Same as CP3

Co2 3243 4454 1239 1055 040 4.46 Same as CP3 Same as CP3




Chapter 2 - A Multiscale Framework to Estimate Water Sorption Isotherms for OPC-based Materials

Table 2-2. Results from VCCTL and Jennings-Tennis’s hydration model (CP: cement paste, Co: concrete, M: Mortar): All % values

are rounded.

Material ~ W/C C-S-H in HDC-S-H LDC-S-H HDC-S-H LDC-S-H Capillary
cement in C-S-H in C-S-H Porosity Porosity Porosity

paste gel gel

(%) (%) (%) (%) (%) (%)
CP1 0.40 51 54 46 7 9 21
CP2 0.34 45 64 36 7 6 10
CP3 0.35 45 70 30 8 5 15
CP4 0.45 44 40 60 4 10 25
CP5 0.5 47 28 72 3 13 37
CP6 0.8 49 22 78 3 14 47
Ml 0.5 40 28 72 3 11 25
M2 0.5 44 28 72 3 12 16
M3 0.8 39 28 72 3 10 18
Col 0.45 40 42 58 4 9 10
Co2 0.40 45 43 57 5 9 14
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2.5.1 Influence of capillary pores

Recall from Section 2.3 that a crude approach was proposed to account for the
missing capillary pore size distribution in the range 14 nm to 1 um. To justify
this approach, the influence of capillary pore size range on WSI is examined in
this section with the help of a series of virtual experiments. A network including
C-S-H gel pores with evenly distributed HD and LD pores (50% HD C-S-H,
50% LD C-S-H) is generated, following which a capillary network is added.
Influence of variation of the mean pore size of the added capillary network and
its volume fraction are then studied. The volume fraction of the capillary network
varies from 40% of the total porous phase (Eq.2-1) to 70% and four different
mean pore sizes are considered: 0.1 gm, 0.5 pm, 1 gm and 10 gm. The predicted
WSI for such networks with 40%, 50%, 60% and 70% of volume fraction of
capillary porosity is presented in Figure 2-10. It is seen that as the volume fraction
of capillary porosity increases, the effect of its pore size range becomes slightly
more pronounced. For example, the network with 40% capillary pores and mean
capillary pore size of 10 um has a maximum deviation of 6% compared to a
network with mean capillary pore size of 0.1 um. Whereas, the same comparison
for a network with 70% capillary pores has 9% deviation. Although the
difference of 3% does not seem to be a big deviation, these networks are
constructed in an ideal sense where the proportion of HD and LD C-S-H is fixed.
In reality, higher porosity means either higher W/C or lower hydration degree
and consequently higher percentage of LD than HD C-S-H, which shifts the

whole retention curve.
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Figure 2-10. Comparison of drainage curves for networks with different volume fraction of
capillary pores and four different mean capillary pore sizes. (a) 40% capillary pore, (b) 50%

capillary pore, (c) 60% capillary pore, and (d) 70% capillary pore.

However, an important conclusion from Figure 2-10 is that the capillary pore size
distribution and capillary pore size range (> 14 nm) do not significantly affect

WSI. At least three reasons can be attributed to this insensitivity:

a) The population of capillary pores are at least two orders of magnitude
lower than gel pores to have any pronounced effect. For example, for the
material CP5, the calculated volume fraction of C-S-H gel is 47% (of
which 72% is LD and 28% is HD C-S-H) and that of capillary porosity
is 37% (Table 2-2). The 47% C-S-H gel fraction with aforementioned LD
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and HD C-S-H ratios results in 13% of LD C-S-H gel pores and 3% of
HD C-S-H gel pores. This distribution results in 1 million LD C-S-H
pores and 1.28 million HD C-S-H pores. In contrast, the calculated
capillary pores are only 23,552 in the total pore space.

b) From Eq. (2-10), the relative humidity at which a pore radius of 20 nm
(7293 K) is invaded is 0.95. Whereas, a big capillary pore with a radius
of 10 um is invaded at a relative humidity of 0.99. Because of this narrow
range of relative humidity covering the whole range of capillary pores,

the invasion sequence is not considerably affected to significantly

influence WSI.

Ty = — R (2-10)

c¢) Inaddition, because of the random distribution of capillary pores as well
as its smaller population in the overall pore network, the invasion
sequence is not considerably affected. For example, not all the capillary
pores are exposed to air once the relative humidity reaches 0.95 because

some of them are trapped between the gel pores.
Therefore, the crude approach proposed in Section 2.3 to handle the missing pore
size distribution in the pore size range of 14 nm to 1 um is justified, at least for

predicting WSI.

2.5.2 WHSI predictions

Based on the material composition defined in Table 2-1, predicted phase
fractions of C-S-H and the porosity of LD C-S-H, HD C-S-H and capillary pores

are presented in Table 2-2, which form basic inputs for generating pore networks.
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The results show that the capillary porosity and volume fraction of LD C-S-H
increase with increase in W/C and the volume fraction of HD C-S-H shows
opposite trend (7able 2-2). The results also show that the capillary porosity of
cement paste is larger than that of concrete for the same W/C. All these are

qualitatively consistent with the known behaviour of OPC [59].

Figure 2-11 to Figure 2-13 show comparisons of experimental WSI against the
pore network model results for the materials mentioned in Table 2-2. It is seen
that for all materials the model provides reasonably good correlation. The
accuracy in the lower saturation regime is considerably higher than the rest of
the curve, revealing that the C-S-H gel has a reproducible behaviour and its
variation is more limited than capillary pores. However, there are some
deviations for materials CP2, Col and Co2, which may be attributed to
uncertainties in the composition of the materials used in the experiments as well
as the idealizations and assumptions in the particle packing and pore network
model. Nevertheless, it is reasonable to conclude that the particle packing model

provides reliable inputs for pore network modelling.

For the materials CP1, CP3, CP5, M2, Col and Co2, the model slightly
underestimates WSI in the mid-range saturation regime. Part of the reasoning is
the same as mentioned above for lower S, but in addition, the reliability of the
pore size distribution extracted from the hydration kinetics model is also a major
factor. Recall from Section 2.2 that the existing hydration kinetics models are
not intended to capture pore size distribution and is admitted only as a first

approximation in this study.

Furthermore, note that CP5 and M2 are from the same dataset where a standard
for cement type used is reported but XRD information of the chemical
composition is not available. Col and Co2 are concrete (cement paste +

aggregate) and the ability of hydration models to account for the presence of
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aggregates is yet to be examined. Finally, CP1 is a one year old sample, which
means self-desiccation would have occurred, which is not considered in the

present framework. The above issues add further uncertainties, which are
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Figure 2-11. Experimental observations vs. simulation using the pore network model. (a)
CP1, (b) CP2, (c) CP3, (d) CP4,(e) CP5 and (f) CP6.

reflected in the marginal deviations observed in the predicted WSI.
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Figure 2-12. Experimental observations vs. simulation using the pore network model. (a)
Ml, (b) M2, (c) M3.
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Figure 2-13. Experimental observations vs. simulation using the pore network model. (a)
Col, and (b) Co2.

61



Chapter 2 - A Multiscale Framework to Estimate Water Sorption Isotherms for OPC-
based Materials

Table 2-3 shows that R? value (coefficient of determination [68]) is 0.85 or above
for the studied cases. Given the available tools and assumptions, the overall

performance of the multiscale framework is highly encouraging.

Table 2-3. R2 (coefficient of determination) values for the predicted desorption

curves.

Material R’ value

CPI 0.94
CP2 0.88
CP3 0.92
CP4 0.95
CP5 0.92
CP6 0.95
Ml 0.94
M2 0.92
M3 0.94
Col 0.93
Co2 0.85

2.6 Conclusions

A largely predictive multiscale framework for the estimation of WSI is proposed.
This is achieved by integrating the following models: (i) particle packing, (ii)
cement hydration kinetics, and (iii) pore network. The need for predicting pore
size distribution necessitates the use of particle packing and cement hydration

models, including Jennings-Tennis’s model to obtain additionally the HD-LD C-
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S-H ratio. Based on the predicted (complete) pore size distribution of the
material, the merging of HD C-S-H, LD C-S-H and capillary pore networks has
been proposed, which actually leads to a very large pore network with few
millions of pore bodies and throats. Both capillary water and adsorbed water are
considered in estimating water content for WSI calculations. The pore network
is implemented in the SciPy and NumPy computational environment with
recourse to an existing library called OpenPNM, which uses an efficient invasion
algorithm. A quasi-static analysis of the network using Kelvin’s equation is then
invoked in pore bodies and throats to estimate desorption WSI, the latter because

the ultimate goal of this study is to address drying shrinkage problem.

The capability of the framework has been demonstrated with eleven independent
experiments available from literature. A reasonably good correlation with
experimental WSI has been demonstrated for all the experiments, with
deviations explained. In fact, the R’ value is equal to or above 0.85 for any of
the comparisons. It is important to note that calibrations primarily stem from the
cement hydration kinetics and Jennings-Tennis’s model, which are usually based
on hydration experiments for OPC based materials. Secondly, for the particle
packing model, the knowledge of the particle size and packing density is
required, which also comes from experimental investigations. From the pore
network model perspective, only one calibration parameter exists, which is
related to the throat size, and can be calibrated on any one experimental WSI.
This framework therefore allows a greater flexibility to study WSI behaviour of
arbitrary OPC based materials. Note that if experimental pore size distribution is
available then the pore network model is solely sufficient to estimate WSI. One
of the main advantages of using pore network modelling is that it is not only
useful for WSI (including hysteresis) but also for estimating liquid permeability

and vapour diffusivity of cementitious materials. Hence, the proposed work is a
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promising approach to address many hydraulic parameters for moisture transport

studies within a single framework.

Finally, it is acknowledged that there are shortcomings in the models used in the
proposed framework. For instance, uncertainties associated with the chosen
cement hydration kinetics model, the missing pore size distribution because of
the limitation of model resolution of the cement hydration kinetics model and

the applicability of Jennings-Tennis’s model for arbitrary OPC based materials.
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3 An Analytical Framework for Estimating Drying
Shrinkage Strain of OPC Based Hardened Cement
Paste

Based on ‘An analytical framework for estimating drying shrinkage strain of
OPC based hardened cement paste’

Babaei S., Seetharam S.C., Dizier A., Steenackers G., Craeye B.

Published in: Cement and concrete composites - ISSN 0958-9465 - 115(2021)
doi: 10.1016/J.CEMCONCOMP.2020.103833

3.1 Introduction

Chapter

For massive civil engineering concrete structures, the drying shrinkage strain is
usually neglected because water exchange with the surrounding environment is
very slow and mostly its effect such as cracking is limited to a thin outer layer
of the structure [15]. Moreover, in massive structures, peak temperature due to
heat of hydration remains only for a few days thus limiting any adverse effect on
drying rate [69]. However, this may not necessarily be the case in applications
related to massive non-reinforced concrete engineered barriers for deep
geological disposal of radioactive waste [70, 71]. In particular, the so-called
Supercontainer concept currently under consideration in Belgium, encapsulates
within a concrete buffer, high-level radioactive waste (HLW) materials that
release decay heat over hundreds of years. Depending on the type of waste,
temperatures can reach 100 °C at the interface between the HLW canisters and
concrete buffet [72], with an increased tendency to initiate a severe drying front
at the interface and further into outer layers of the buffer. Therefore, the
knowledge of drying shrinkage strain in the entire relative humidity (/) range

becomes necessary. This is in addition to the contribution from other eigenstrains
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such as thermal and creep strains. In such applications, optimum choice of
cement formulation at the design phase is essential and hence a priori knowledge
of drying shrinkage strain would be a valuable input for numerical assessment
of thermo-hydro-mechanical (THM) behaviour of structural concrete. Therefore,
an approach that allows a priori estimation of drying shrinkage strain of
hardened cement paste from the knowledge of cement composition and
microstructural characteristics of the material paves a way forward for better
understanding of the cracking potential of cementitious components or
structures. Such an exercise is not limited to the aforementioned application
alone but to other situations where drying shrinkage cracking is a problem, which

underlines the necessity the importance and renovation of this framework.

The development of predictive models for drying shrinkage strain has
significantly advanced in the last half a century (e.g. [13, 73-76]). The basis for
most of the advanced approaches rely on the idea of multiple mechanisms
operating at different pore scales (Powers [77], Brochard et al. [78], Vandamme
et al. [79], Pinson et al., [36] , Luan and Ishida [80], Nguyen et al. [81]) and
importantly the approaches are relevant for reversible drying shrinkage strains
only. The commonly adopted multiple mechanisms approach was in fact
originally put forward by Powers [77], who presented a thermodynamic analysis
of volumetric shrinkage strain of hardened cement paste attributable to solid
surface tension or surface free energy (Eq. 12 in [75]), disjoining pressure (Eq.
17 [80]) and capillary pressure (Eq. 19 in [21]), but only included qualitative
examples of individual volumetric strains. Their thermodynamic analysis
essentially relates change in Gibb’s free energy to water content in different pore
classes via Kelvin’s law and involves only one unknown constant in the
disjoining pressure equation. A fundamental input is the water content in
different pore classes: (de)sorption isotherm is the basis for this type of analysis

and all similar approaches discussed further. Furthermore, they argue that the
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capillary pressure term represents the combined effect of both disjoining and
capillary pressure for capillary pore range, but capillary pressure is not
applicable for lower humidity range (~ <0.45), where only disjoining pressure is
dominant. In what follows, particular attention is paid to the state of the art multi-
mechanisms models for reversible drying shrinkage strain similar to that of

Powers [77].

Coussy [75] showed that the capillary pressure alone cannot capture observed
total volumetric strain of hardened cement paste and thus introduced an
additional interfacial energy term, whose value increases with decrease in 4.
However, they conclude that their macroscopic approach of combining capillary
pressure and interfacial energy fails to capture the macroscopic strain below
relative humidity of 50-40%. Luan and Ishida [80] and Rezvani [21] used a
multi-mechanism approach similar to Powers [77], in which they consider
contribution of shrinkage strains from capillary pressure and disjoining pressure
only. In particular, Luan and Ishida [80] argue that the effect of surface energy
is only relevant at very low % and that the change in disjoining pressure can be
regarded as being equivalent to the change in surface energy at complete
desorption. They demonstrate excellent agreement with measured uniaxial
shrinkage strains for cement paste at two W/C ratios. Pinson et al.[36] also
follow similar idea as Powers [77] by proposing three mechanisms operating at
three pore classes (capillary, gel and interlayer) to capture total reversible
shrinkage strain. Unlike Powers [77] who considers a thermodynamic
relationship for the shrinkage contribution due to disjoining pressure, Pinson et
al. [36] use a molecular approach plus a calibration factor to capture the
shrinkage strain contribution from the interlayer water. They also demonstrate a
good agreement with desorption experiment although their approach predicts a
transitory swelling upon drying between about 30% and 20% RH. More recently,
Nguyen et al. [81] proposed a multi-mechanism drying shrinkage approach
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similar to Powers [77]. Starting from Gibb’s free energy equation, they derive a
three-term equivalent pore pressure equation representing shrinkage
contribution from capillary pressure, surface free energy and disjoining pressure,
which are then embedded within a poroelastic theory to estimate the shrinkage
strain. Note that their equivalent pore pressure is not the same as Coussy [75],
where only capillary and interfacial energy is considered. Two calibration factors
enter their drying shrinkage equation, one for the surface energy and the other
for disjoining pressure and it appears that they need to be calibrated for each
material. They show excellent correspondence with experimental results for
Portland cement (CEM I) cement for two different W/C ratios of 0.3 and 0.47.
Finally, an interesting approach, which does not belong to the afore mentioned
multi-mechanism approaches, is that of Vlahini¢ et al. [24] who proposes a
constitutive model for drying of an elastic porous material based on the Bishop
[82] effective stress theory. In their approach, instead of pressure averaging, they
consider weakening of the solid as a function of drying (degree of saturation).
They also show an excellent agreement against a second cycle drying experiment
on a 56-day-old cement paste sample. However, their model is valid under
conditions where solid surface energy does not play an important role in
deformation and where capillary pressure is dominant, in other words, / values

above about 50% for hardened cement paste.

In conclusion, the validity of the multi-mechanism approach and the importance
of sorption isotherm is sufficiently justified for drying shrinkage predictions.
Keeping in mind the intended objective, which is to estimate drying shrinkage
behaviour from cement composition, the study presented in this paper deviates
from the aforementioned literatures in the following aspects:

1. A multiscale water (de)sorption isotherm framework (WSI) is invoked to

estimate water content in different pore classes [3].
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An analytical homogenization approach principally based on Christensen
[83, 84] is implemented to evaluate both the solid and bulk effective
modulus of hardened cement paste (Section 3.2.2).

A reversible drying shrinkage formulation is adopted comprising the
Biot-Bishop’s poroelasticity [82, 85], Bangham’s relationship [36, 86]
and Power’s thermodynamic relationship [77].

The role of microstructure on irreversible shrinkage strain is explored
resulting in a phenomenological model that should be seen as a first

approximation (Section 3.3.4.2).

The performance of the analytical framework is examined against a wide variety

of drying shrinkage tests from literature, where complete data are available.

3.2 Analytical framework

An analytical framework for estimating drying shrinkage strain of hardened

cement paste is implemented by combining existing approaches/models as

follows (Figure 3-1):

An existing cement hydration kinetics model, Virtual Cement and
Concrete Testing Laboratory (VCCTL), is used to estimate degree of
hydration and volume fractions of Portlandite, C-S-H and capillary
porosity based on the initial composition of the material. With the
resultant degree of hydration, the volume fractions of high density (HD)
and low density (LD) C-S-H is estimated via Jennings-Tennis’s
hydration model [58]. Depending on the ratio of HD and LD C-S-H, the
porosity of the gel pore space is also derived ([3]). These volume
fractions are used in estimating effective bulk modulus of the material

(step (ii1) below).
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ii. A recently developed multiscale framework for estimating water
desorption isotherm (WSI) [3] based on an integration of a number of
models, which also includes step (i) above. This is the fundamental input
necessary for computing drying shrinkage strain of the material for all
the mechanisms considered.

iii.  An existing analytical homogenization scheme is invoked to compute
effective bulk modulus of the material based on inputs from (i) above.
This parameter is an essential input for the unsaturated poromechanics
theory to compute drying shrinkage strain due to capillary forces.

iv.  An existing approach to estimate drying shrinkage strain principally
based on the multi-mechanism approach proposed by Powers [77], which
is based on thermodynamic equilibrium. The basic premise is that the
total drying shrinkage strain can be attributed to a number of co-existing
forces such as capillary, surface tension and disjoining pressure that
operate at different relative humidity ranges, which are directly

associated with the underlying pore size heterogeneity.

Of the above, only (iii) and (iv) are described in detail, whereas (i) and (ii) have

already been dealt with in [3] but briefly covered in Section 3.3.

70



Chapter 3 - An Analytical Framework for Estimating Drying Shrinkage Strain of OPC Based Hardened Cement Paste

Reaction condition e.g. w/c, age, E
curing etc.. ]

:’ Volume fraction of ‘: i Porosity, capillary \:
1 each phase : i pore size ]
__________ Bri
i
[

........ i
H
_________________ .
{7 Mechanical |
\.__.__properties i
! 1
G, | —
[ Multi mechanisms |
| poromechanics theory |
i e iaelingrrsyer 48 =
I i -5
' | ——————
P prep — T
| Capillary \I | Surface free I Lol
| force ) | energy J o)

z ~

! Input/output parameters
'L 1 Modelling framework
P

i

| | Mechanism active at high relative humidity i.e., Rh>0.45 at 20°

=

| | Mechanism active throughout the drying
]

-—

wechanism active at low relative humidity i.e., Rh<0.45 9

Figure 3-1. Analytical framework for estimating drying shrinkage strain.
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3.2.1 Desorption isotherm from a multiscale approach

Babaei et al. [3] presented a multiscale framework to estimate desorption
isotherm via the integration of the following models: (i) particle packing, (ii)
cement hydration kinetics, and (iii) pore network. The first two models provide
inputs for constructing pore size distribution as well as volume fractions of
various pores, viz., gel (HD C-S-H, LD C-S-H) and capillary pores. The pore
network model uses Kelvin’s equation to determine distribution of equilibrium
water content in the network for different increments of capillary pressure, P,
in other words, the desorption isotherm for a given cement paste. For the
shrinkage strain due to capillary forces, the desorption isotherm (i.e. P vs. S))
provides direct input as required by Equation (3-7). For the shrinkage strain due
to surface tension, the pore network model not only provides equilibrium
volumetric water content (6) as a function of P. (or /), but also the volume of
empty pores with surface adsorbed water, which is needed to compute o as
surface area of emptied pore per volume of porous material in Equation (3-10).
For the disjoining pressure, the pore network model provides equilibrium water
content (weight), w, in pores smaller than 2.75 nm as a function of P. (or /) (i.e.

for & <0.45) as required by Equation (3-12).

3.2.2 Effective bulk modulus from analytical homogenization

The effective bulk modulus of cement paste, K, is estimated using an analytical
homogenization approach proposed by Christensen [83, 84] for two-phase

material, which is based on Hashin’s [87] composite spheres assemblage (CSA)
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model. The above can be generalized to a multiphase system as shown in Xi and

Jennings [76].

Si-11[(Kserf),_,~Ksi (3-1D
Ks,eff = Ks,i + K - - — K.
1 ( s,eff)t—l S,L
+ (1 —=5si-1,1) K.+ 4/ G
S,i 3Yi

where K;; and G; are the bulk and shear modulus of different phases,

respectively, and s is the volume fraction defined as:

1 (3-2)
f—lfl fromi=2toi=N-1
j=1fi

Sy-in =1-— v

Si—1,i =

fi is the volume fraction of phase 7 such that:

j=1

(3-3)

The homogenization sequence is illustrated in Figure 3-2. The first step computes
effective bulk modulus of C-S-H gel by considering HD C-S-H and LD C-S-H
as the two phases. The effect of gel pores in these phases are reflected in their
stiffness values. The second step computes the effective bulk modulus of cement
paste by considering a three-phase system: homogenized C-S-H gel obtained
from the first step, Portlandite plus other crystalline hydration products, and the

anhydrous cement grains.

73



Chapter 3 - An Analytical Framework for Estimating Drying Shrinkage Strain of OPC
Based Hardened Cement Paste

The effective bulk modulus of solid skeleton is calculated using the
abovementioned technique but to calculate the bulk modulus of porous structure,
i.e. including capillary pores, Hashin and Shtrikman [88] found the effective

bulk modulus for two-phase composite where voids are considered as a separate

phase as follows:

(3-4)

Microstructure as
information
source

CEMENT PASTE LEVEL (II)

Anhydrous
cement

CH crystals and
other crystalline
phases

Homogenized C-S-H .

Homogenized C-S-H

Homogenized cement i

Figure 3-2. Generalized Homogenization method with its different levels.

Ky = Ksepr(1 — ®c)? (3-5)

where ¢, is the capillary porosity.
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3.2.3 Drying shrinkage

Based on the proposal by Powers [77], the total shrinkage strain in pure OPC

material may be attributed to three main mechanisms[77, 89, 90]:

1l

Capillary forces: Capillary water in pores are in a state of tension, which
results in compressive stress in the solid phase, thus causing shrinkage of
the material (Powers [90]). Powers [77] reasoned that capillary water
cannot exist at 4 lower than approximately 0.45 because at this humidity
only pores roughly above 2.6 nm will be de-saturated (or in equilibrium
with £=0.45) on the basis of Kelvin-Laplace’s equation. However, pores
below 2.6 nm will be under the influence of strong interfacial forces (see
point (iii) below) such that capillary menisci cannot be formed. Hence,
the capillary-condensation theory is not valid anymore to estimate the
drying shrinkage strain due to capillary forces. Therefore, shrinkage
strain due to capillary forces (&,.) is postulated to operate in the relative

humidity range 0.45 to 1.

Solid surface tension: Adsorption or desorption of water molecules on
the surface of hardened cement microstructure is accompanied by a
change in surface tension or equivalently surface free energy of the
material. More specifically, there will be a decrease in energy during
adsorption and an increase in energy during desorption. It is well
documented that this change of energy is accompanied by volumetric
strain (e.g. [91-93]). It is possible to relate the change in surface free
energy to the change in vapour pressure by means of Gibb’s equation
([86], [77] and [91]) and thus to the volumetric strain. Shrinkage strain

due to solid surface tension (&,5) is postulated to operate in the entire
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relative humidity range of 0 to 1. This assumption is reasonable because
at any given humidity there will always be pores that will have adsorbed
layer of water in a given representative volume element. Note that both
Feldman and Sereda [91] and Pinson et al. [36] also consider it to be
operative in the entire relative humidity range. It is however unclear if
Powers [77, 89] considered the contribution of surface tension to the

drying shrinkage strain above 4#=0.45.

Disjoining pressure: In the specific case of overlapping interfacial
regions such as a thin layer of adsorbed water between two solid surfaces,
the difference in the hydrostatic pressure of the adsorbed water in the
interlayer and contiguous bulk water from which the adsorbed water
phase was formed is referred to as the disjoining pressure [94, 95], and it
is a function of thickness of the interlayer, and RH and temperature of
the surrounding environment. For the disjoining pressure to be non-zero,
the distance between the two solid surfaces must be less than a certain
threshold value. For the case of hardened cement paste, Powers [77]
estimated this value to be around 2.6 nm. He also estimated the mean
inter-particle distance for the gel pores to be roughly 1.3 nm, which
implies that the disjoining pressure can be active in majority of the gel
pore space. This also implies that in this pore space, van der Waals
attractive forces dominate giving rise to compressive forces between
opposite surfaces, which are counter balanced by the disjoining pressure
and the compressive stress of the solid phase (Powers, 1968 [89]).
Therefore, it is imperative that any loss of water in the pore space due to
drying is likely to result in shrinkage of the material. In light of the

reasoning in point (i) above, the volumetric shrinkage strain due to
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disjoining pressure (&,4) 1s postulated to operate in the relative humidity

range 0 to 0.45.

In the absence of external load and generally observed small strain (Pinson et
al. [36]), the total reversible volumetric drying shrinkage strain (&,,,-) can be

mathematically expressed as:

Eyr = Epc T Eps T Epg (3-6)

3.2.4 Shrinkage strain due to capillary forces (0.45<h<1)

Assuming pore air pressure (u,) to be significantly smaller than pore water
pressure (u,,), €, can be derived from the Bishop’s “single effective stress”

constitutive equation [82, 96] :

£ = XPcaB (3-7)
ve — Kb

3-8

an=(1-2) G

P. = (ug —uy) = RZ In (h) (3-9)

where y is the Bishop’s effective stress parameter taken as equal to the degree
of water saturation (S5)), ap is the Biot’s coefficient, P, is the capillary pressure
(Pa), K}, is the bulk modulus of the skeleton (Pa) and K is the bulk modulus of
the solid phase (C-S-H) (Pa), R is the gas constant (J/mol/K), T'is the temperature
(K), M is the molar mass of water (g/mol), v,, is the specific volume of water

(m3/kg).
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Especially, within the geomechanical/geotechnical community there are
numerous discussions on y as well as applicability of single effective stress
approach, which is beyond the scope of this paper. Readers are referred to
reviews by Jennings and Burland [97] and Nuth and Laloui [98] concerning the
single effective stress approach for partially saturated soils and the difficulties in
measuring a unique value of y, and Vlahinic et al. [24]concerning the derivation
and interpretation of y from micro-poromechanics. Nevertheless, Eq. (3-7) has
been successfully applied by Di Bella et al. [99] and appears to be fairly accurate
for second cycle (or reversible part) of drying but only at /#>0.5.

3.2.5 Shrinkage strain due to solid surface tension (0</4<1)

This study is similar to Pinson’s [36] approach, which is essentially the Bangham
equation [86] that describes volumetric strain from change of surface tension
(surface free energy), €,s:

_ A(oy) (3-10)

Evs
Ky

where o is the surface area of emptied pores per volume of porous material,
which unlike Pinson [36], is directly obtained from the pore network model. y is
the surface free energy of solid that is equal to additional surface tension of pore

wall to the adsorbed water [36, 93] layer and it is computed via:

RT (" dh (3-11)

=y,—— | 6
YVthoh
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where y, is the surface tension at h,, 6 is the volumetric water content of the
surface adsorbed water. =1 is considered as the reference state with the

corresponding surface tension set equal to the surface tension of bulk water.

3.2.6 Shrinkage strain due to disjoining pressure (0 </<0.45)

Based on a thermodynamic analysis, Powers [77] proposed an expression for the
volumetric strain due to the disjoining pressure (Eq. (3-12)):
L RT jhzwd din(h (3-12)

s
where v, is the molar volume of water, 8’ is the coefficient of compressibility
of the material under sustained stress, which is taken as the inverse of bulk
modulus of cement paste, K}, (Pa), and k is a constant of proportionality, which
is taken as unity as a first approximation and w, is water content is pores smaller

than 2.75 nm. V; is the volume of the adsorbent (m?) defined as:

Ve =11 = @) (3-13)

where 1, is the volume of cement paste and ¢, is the total porosity of the paste.

3.2.7 Other models for drying shrinkage strain

This study is particularly focused on estimating drying shrinkage strain based on
multi-mechanism approach (Section 3.2 to 3.2.6). However, there are other
approaches, in particular, the equivalent pore pressure approach of Coussy et al.

[75] and effective bulk modulus approach of Vlahinic et al. [24] that captures
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these mechanisms in a single framework. These are briefly covered in Appendix-
A as the performance of the multi-mechanism approach will be compared with

these single framework approaches.

3.3 Validation

The analytical framework is validated against a number of available
experimental data that encompass total shrinkage strains with and without
irreversible strains for various hardened cement pastes [33, 66, 100, 101]. The
available experimental shrinkage strain is usually the ultimate shrinkage strain,
which is an asymptotic value of the hyperbolic shrinkage strain equation as
defined, for example, in ACI-209. Recall from Section 2-3 that the shrinkage
strain equations (Equations (3-7), (3-10) and (3-12)) are based on
thermodynamic equilibrium, which implies that the calculated strains are
equilibrium values for a given RH, and hence can be directly compared with the
experimental ultimate shrinkage strain. The shrinkage data are available for two
types of materials: (i) non-virgin samples that were dried and rewetted to yield
total shrinkage strains without irreversible strain component (samples CP1 to
CP3), and (i1) virgin samples that were cured right after casting and kept
saturated to yield total shrinkage strains, which include irreversible strain
component (samples CP4 to CP9). Desorption isotherms are also available for
these materials [100]. Recall that the drying shrinkage formulation in
methodology is only able to estimate reversible shrinkage strain, but not the total
shrinkage strain that includes irreversible strain. Nevertheless, the main purpose
of comparing the predicted results with the shrinkage experiments of virgin
samples is to (ii) explore the extent of deviation between the predicted and

measured values and (ii) to quantitatively evaluate the role of microstructure on
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the irreversibility. The chemical composition, curing condition and

experimental techniques of the materials (CP1 to CP9) are presented in Table 3-

1.
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Table 3-1. Chemical composition of the samples (% mass).

Material Material w/C C3S C2S8 C3A C4AF Curing method Experimental Extent of Reference
code method drying of
samples
(RH)
CP1" CEM I 0.50 0.21 0.53 0.10 0.15 Endogenous Drying controlled by 0.25 [33]
curing conditions saturated salt
for 1 year solutions, T=20°C
CP2* CEM I 0.80 0.21 0.53 0.10 0.15 Endogenous Drying controlled by 0.30 [33]
curing conditions saturated salt
for 1 year solutions, T=20°C
CP3* CEM 1 0.45 0.56 0.18 0.06 0.11 Immersion in Drying progressively 0.45 [66]
limewater for 56 for 270 days using
days then dried ASTM C157, T=25
for 270 days and +0.2
rewetted for 28
days
CP4 CEM 1 0.55 0.62 0.19 0.07 0.10 Saturated Climate chamber 0.2 [100, 101]
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CP5 CEM 1 0.40 0.62 0.19 0.07 0.10 same same 0.2 [100, 101]
CP6 CEM 1 0.55 0.42 0.38 0.04 0.12 same same 0.2 [100, 101]
CP7 CEM 1 0.40 0.42 0.38 0.04 0.12 same same 0.2 [100, 101]
CP8 CEM 1 0.55 0.24 0.62 0.02 0.08 same same 0.2 [100, 101]
CP9 CEM 1 0.40 0.24 0.62 0.02 0.08 same same 0.2 [100, 101]

* Babaei et al. [3]
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3.3.1 Cement hydration kinetics

The results obtained from the cement hydration kinetics model, VCCTL [52],
are presented in Table 3-2, which includes degree of hydration, volume fractions
of Portlandite, C-S-H, and capillary porosity at the end of the respective curing

periods.

Table 3-2 also includes the volume fractions of HD and LD C-S-H based on
Jennings-Tennis’s hydration model. Note that the results for the samples CP1-
CP3 were already reported in Babaei et al. [3], but reproduced here for
immediate reference. As expected, the models predict higher volume fractions
of LD C-S-H, capillary porosity and final degree of hydration for compositions
with higher water to cement ratio, which are qualitatively consistent with the

known behaviour of OPC [46, 47, 58, 102].
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Table 3-2. Results from the cement hydration kinetics model at the end of respective curing periods, including experimental data of shrinkage strains

Volu Experimental
Volum )
me Tota Capill Ultimat  Irreversi  Irreversi
Mater ® Total Unhydr Other
W/ fracti 1 ary DO  Portlan Limesto € ble ble/ultim
ial fractio poros ) ated produ
C on C-  poros ) H dite ) ne shrinka  shrinkag ate
code n HD- ) ity Clinker  cts
LD- S-H ity ge e shrinkag
CSH
CSH (m*m’)  (m*m?) €
CP1® 05 0.28 0.10 038 0.21 031 0.85 0.11 0.06 0.04 0.10 - - -
0 0.00372

1
CP2* 0.8 032 0.05 037 033 042 095 0.10 0.02 0.02 0.07 - - -

0 0.00514
4
CP3* 04 027 023 050 017 028 082 012 006  0.05 - - - -
5 0.00296
0
CP4 05 039 009 048 021 032 08 012 004 0.04 - - - 0.40
5 0.00490 0.001709
6
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CP5 04 025 027 052 0.14 025 0.78 0.12 0.08 0.03 - - 0.35
0 0.00410 0.001219
6
Cp6 05 041 0.10 051 0.21 034 0.88 0.09 0.04 0.02 - - 0.36
5 0.00521 0.001804
0
CP7 04 025 027 052 0.15 0.27 0.78 0.10 0.08 0.03 - - 0.29
0 0.00425 0.001189
5
CP8 05 039 0.10 049 020 033 0.88 0.08 0.07 0.03 - - 0.40
5 0.00628 0.002673
2
CP9 04 023 028 051 0.14 028 0.78 0.09 0.09 0.03 - - 0.29
0 0.00436 0.001312
6
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3.3.2 Water desorption isotherms

Based on the multiscale WSI framework of Babaei et al. [3], desorption
isotherms for materials CP1 to CP9 are estimated Figure 3-3, Figure 3-4 and shows
a comparison of predicted and experimental results of desorption isotherms for
CP1 to CP3 and CP4 to CP9, respectively. Once again note that the results for
CP1-CP3 were already discussed in Babaei et al. [3], but reproduced here for

immediate reference. For materials CP4 to CP9, it is seen that the predicted

a) CP1 b) CP2
— Simulation o Simulation
" #  Experimental *  Experimental
T
<
10s o 10
.
2
o
=
10 210
o
@
o
0.2 0.4 0.6 0.8 1.0 02 0.4 06 0.8 1.0
Degree of Saturation Degree of Saturation

Capillary Pressure (Pa)

0.2 0.4 0.6 0.8 1.0
Degree of Saturation

Figure 3-3. Estimated desorption isotherms for materials CP1-CP3 (previously reported in
Babaci et al. [3]

results show reasonably good correlation with experimental results. The
coefficient of determination ranges from 0.88 to 0.95 for predicted isotherm

desorption curves. This increases confidence in the use of the multiscale WSI
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framework. In other words, with the available knowledge of cement

microstructure and the set of models used in the WSI framework, it is possible

to arrive at the desorption isotherm directly from cement composition.

a) cpa b) CP5 c) CP6
w— Predicted e Experimental — Predicted
*  Experimental *  Predicted *  Experimental
T ©
8 EL’ B %’
10 © 10 ¢ 10
= =5
2 2
0 0
4 3
o o
= 2
10° S 10 S 10
[=% (=%
@ ©
(&} o
0.2 04 0.6 08 1.0 0.2 0.4 0.6 08 1.0 0.2 04 06 08 10
Degree of Saturation Degree of Saturation Degree of Saturation
d) cP7 e) cP8 f) cP9
— Predicted — Simulation w— Simulation
#  Experimental *  experimental *  Experimental
@ ©
8 E-’ 8 EL‘ 8
10 ® 10 210
) 3
@ @
123 123
4 L
o o
2 Py
10’ S 10 S 10
[=% [=3
@ ©
(s} o
0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0

Degree of Saturation

Degree of Saturation

3.3.3 Effective bulk modulus
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Figure 3-4. Estimated desorption isotherms for samples CP4-CP9 using Babaei et al. approach vs
experimental data.

Based on the volume fractions of various hydration products and experimental

data on Young’s modulus and Poisson’s ratio of individual phases of the cement

paste (Table 3-2), K}, and K, of the materials CP1 to CP9 are estimated as shown

in Table 3-4.
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With the exception of materials CP1, CP2 and CPS8, the homogenization
technique captures experimental K}, results well. The deviations in the case of
CP1, CP2 and CP8 are attributable to the differences between the actual material
and the microstructural model results, for instance, with respect to the volume

fractions of various phases and ratio of LD and HD C-S-H.

Table 3-3. Mechanical properties of hardened cement paste constituents [41, 45, 50,

103]
E (GPa) v (-)
C-S-H Gel
HD C-S-H 29.4+2 .4 0.24
LD C-S-H 21.7£2.2 0.24

Cement Paste

CsS 135 0.3
CaS 140 0.3
GA 145 0.3
CsAF 125 0.3
CH 38 0.305
Other products 52 0.32
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Table 3-4. Calculated bulk modulus vs experimental data.

Material Experimental Calculated Bulk Calculated solid bulk

code bulk modulus modulus (Kp) modulus (K) using
(Kp) (GPa) using proposed proposed model
model (GPa)
CP1 10.5 11.52 18.5
CP2 6.0 7.50 16.6
CP3 12 12.20 17.4
CP4 11.0 11.85 18.9
CP5 13.8 13.67 18.48
CP6 11.0 11.27 18.05
CP7 12.4 12.61 17.45
CP8 9.27 10.34 16.25
CP9 12.8 12.02 16.10

3.3.4 Drying shrinkage strain

3.3.4.1 Non-virgin material - reversible strain

Figure 3-5 (a)-(c) show a comparison of ultimate drying shrinkage strain of non-
virgin materials (CP1 to CP3) as a function of degree of saturation. Note that for
CP3, the experimental drying range is above RH=0.45 (corresponding $;=0.47),
where the disjoining pressure is postulated to be inactive, hence the shrinkage
strain attributable to the disjoining pressure is zero. Overall, the predicted values
show good correspondence with experimental data with coefficient of

determination of 0.98, 0.91 and 0.99 respectively for CP1, CP2 and CP3,
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although with a slight overestimation for CP1 and CP2 at very low degree of
saturation. Even though the WRC for CP1 and CP3 are slightly less accurate, the
drying shrinkage strains are reasonably well predicted. However, data
concerning experimental uncertainty are not available to completely confirm the
degree of accuracy. In relative terms, CP2 shows less overall accuracy based on
the coefficient of determination (0.91). Note that CP2 has also the most
unconventional composition i.e. w/c =0.8 and is a blended cement. The
fundamental input for the construction of pore network originates from the
cement hydration kinetics model, which provides volume fractions of various
type of pores and hydration products; the latter also linked to the estimation of
bulk modulus of the material. The accuracy of the microstructural model for such
a blend relies on the extent of calibration (with isothermal calorimetric data) that
have been performed with this unconventional material type, which could be one
source of uncertainty. The consequence is that the predicted WRC is slightly less
accurate in the entire range of degree of saturation. In addition, since CP2 has a
lower strength compared to CP1 and CP3, there is a possibility that CP2 has

higher microcrack density, which is not captured by the mutli-mechanism model.

Figure 3-5(a)-(c) also shows contributions from the three shrinkage mechanisms.
The general trend is that the contribution of surface free energy to the shrinkage
strain is relatively less than the disjoining and capillary forces, but is still
quantitatively important. The exception is however for CP2, where the
contribution from surface free energy is more than the capillary forces. The
exception is because the total porosity of CP2 is very high 0.47 (W/C=0.8),
which is directly accounted for in the o term in the surface free energy (Equation
(3-10)). Whereas, for the capillary force, the porosity is reflected in two
properties: (1) K; (Equation (3-5)), and (i1) desorption isotherm. Firstly, although
K, is important, it does not explain the difference even if the predicted Kj, is

replaced with experimental Kj,. Secondly, the high porosity results in a
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desorption isotherm that is characterized by lower capillary pressure for a given
degree of saturation, compared to the materials with lower W/C ratios (CP1 and
CP3). This results in a lower contribution from the capillary forces to the total
shrinkage strain. However, the validity of the assumption y = S; remains

questionable.
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Figure 3-5. Contribution of each mechanism on predicted ultimate drying shrinkage vs. experimental data for non-virgin materials.
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Figure 3-6 presents a comparison of results from the analytical framework that
includes multi-mechanisms, Coussy et al. [75] that includes interface energy
(Appendix Al) and Vlahinic et al. [24] that includes effective bulk modulus
(Appendix A2) for CP1-CP3. The coefficient of determination of the predicted
results varies from 0.91 to 0.99, 0.21 to 0.97 and 0.49 to 0.79 for the analytical
framework, Coussy et al. [75] and Vlahinic et al. [24] respectively, thus offering

an improved confidence in the capability of the analytical framework. Recall that

2
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Figure 3-6. Predicted ultimate drying shrinkage from various models vs. experimental data

for non-virgin materials.

Coussy’s model (Equation (3-16)) mainly relies on the WRC (S;P.) to capture
interfacial energies, and is also stated to be reliable up to RH=0.4-0.5 according
to Coussy et al. [75]. It is noted that as long as the capillary forces (S;FP,)
dominate (Figure 3-5a and 3-5c), Coussy’s model shows reasonable
correspondence with experimental data, which is the case with CP1 and CP3,

although the deviation is much more with the latter. However, for CP2, which
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has a relatively high W/C=0.8, it is shown that the calculated surface forces
(Equation (3-10)) and disjoining pressure (Equation (3-12)) are dominant
compared to the capillary forces (Equation (3-7)) (Figure 3-5b). Therefore,
Coussy’s model shows considerable deviation, which implies that their
interfacial energy term does not fully compensate for the surface forces and
disjoining pressure predicted by Equation (3-10) and Equation (3-12),
respectively, specifically for high W/C.

3.3.4.2 VIRGIN MATERIAL - TOTAL STRAIN

Figure 3-7 (a)-(f) show a comparison of ultimate drying shrinkage strain of virgin
materials (CP4 to CP9) as a function of degree of saturation. The predicted
values generally show poor correspondence with experimental data except in the
higher saturation range (5>0.8). The coefficient of determination for the multi-
mechanism model ranges from 0.37 to 0.80 with a mean value of 0.64, for
Coussy’s model it ranges from 0.27 to 0.70 with a mean value of 0.57 and for
Vlahinic’s model it ranges from 0.2 to 0.6 with a mean value of 0.36. This is to
be expected because during the first drying permanent deformation occurs
(irreversible strain), which accounts for 29% to 40% of the total ultimate
shrinkage strain (Table 3-2). Irreversible shrinkage may include processes such
as densification of LD C-S-H [102, 104-106] and/or formation of microcracks
[46, 106, 107] that are not captured by the multi-mechanism approach. In
particular, it is clear that the strain due to capillary forces, surface free energy
and disjoining pressure relies on two fundamental parameters, which are (i)
desorption isotherm and (ii) bulk modulus. Firstly, a constant bulk modulus is
considered for all the mechanisms and hence no microstructural changes are

reflected. While it is possible to consider the variation of the bulk modulus as a
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function of degree of saturation as in the effective bulk modulus concept
(Appendix Al) of Vlahinic et al. [24], it still cannot compensate for the
difference between the total strain and reversible strain, for example, as shown
in Figure 3-7 (f) for CP9. Secondly, desorption isotherm is not significantly
sensitive to small microstructural changes (Section 3.1 in [3]) and thus even
though desorption isotherm may be determined on virgin samples, it will still not

quantitatively reflect the microstructural changes.
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To further explore the role of microstructure, irreversible shrinkage strains are
extracted from the experimental data for CP4-CP9 by subtracting the total
shrinkage strain obtained from the drying and wetting branch of the experimental
isotherms at RH=1. Table 3-2 presents the maximum irreversible shrinkage
strains for materials CP4-CP9 (column 11). A first observation is that the
irreversible shrinkage strain is proportional to the extent of drying. For example,
sample CP4 is subjected to more drying (S5/~0.2) compared to CP7 (§~0.35), and
accordingly the irreversible shrinkage strain is slightly higher in the case of CP4.
It is also seen that the higher the amount of LD C-S-H, the higher is the
irreversibility (Figure 3-8(a) and Figure 3-8(b)). Jennings [47, 102] argued in his
C-S-H conceptual model that drying densifies the low density C-S-H. Thus the
experimental results confirm Jennings [47, 102] model. Furthermore, the only
shrinking phase in the hardened cement matrix is C-S-H, therefore, it is evident
that the volume fraction of C-S-H gel is proportional to the total shrinkage strain.
Accordingly, Figure 3-8(c) shows the irreversible shrinkage strain as a function
of product of volume fraction of LD C-S-H and total C-S-H. It is also observed
that the surface area of the material has a noticeable influence on shrinkage [22,
36, 91]. Since surface energy is the only force active throughout the whole drying
range (Figure 3-7), it can be a valid candidate for estimating irreversible
component of shrinkage. Other factors affecting the irreversibility are the solid
bulk modulus and porous bulk modulus, which are functions of volume fraction
of various hydration products but mostly C-S-H and porosity. These factors
provide a basis to propose a phenomenological approach to account for the

volumetric irreversible shrinkage strain, &, ;;--. One proposal could take the form:

Evirr = (evsVe—s—uVip c—s-1) /Mt (3-14)

Where ¢, is shrinkage due to surface free energy, V._s_p 1s volume fraction of

C-S-H, V;p c_s_y 1s volume fraction of LD C-S-H. which is observed to be at
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least valid for the six datasets presented in this paper (Figure 3-8(d)). Adding
&y,irr With &, ;- will yield the total drying shrinkage strain as shown in Figure 3-7
(legend: multi-mechanism). It is seen that the multi-mechanism model results
now correspond well with the experimental data for virgin materials, especially
for CP6-CP9 with coefficient of determination of 0.99 for all the four. However,
the level of accuracy is less satisfactory for CP4 and CP5 whose coefficient of
determination are 0.86 and 0.91, respectively indicating that the multi-
mechanism approach may still be missing some important mechanisms or it is
possible that there are some experimental uncertainties. It is important to note
that Eq.(3-14) is merely a phenomenological model, which happens to work on
these materials and no further conclusion can be made given such small number

of data points.
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Figure 3-8. Irreversible shrinkage and its correlation with microstructural information.

3.4 Conclusions

A new analytical framework to estimate drying shrinkage strain for OPC-based

materials is presented. As a starting point, the framework principally requires

cement composition, microstructural information and mechanical properties of

hydrated phases. There are only two calibration parameters: (i) a geometric

parameter used in the pore network model, and (ii) a constant in the disjoining
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pressure relationship, which is set to unity because of a lack of knowledge (hence
strictly no calibration). Importantly, there is no need to calibrate these parameters

for every experiment. The following specific conclusions are reached:

1. Predicted desorption isotherms are in good correspondence with wide
ranging experimental data from literature. In this study, six isotherms
have been validated, which is in addition to the eleven isotherms
already validated by the authors in their previous work Babaei et al.
[3, 108], thus offering further confidence in the pore network model
that forms the core module of the multiscale WSI framework.

ii.  With some exceptions, the predicted bulk modulus of hardened cement
paste is in good agreement w.r.t. the experimental data from literature.
The deviations are attributed to the uncertainty in the results of the
hydration model.

iii.  The chosen drying shrinkage formulation has offered reasonably good
results and offers insights into the active mechanisms during drying.
In particular, the general trend is that the contribution of surface free
energy to the shrinkage strain is relatively less than the disjoining and
capillary forces, but is still quantitatively important for accuracy.
Moreover, this trend depends on the W/C ratio. The formulation
performs generally well compared to the equivalent pore pressure and
effective bulk modulus concepts.

iv.  Itisnot surprising that the drying shrinkage formulation does not offer
satisfactory results w.r.t. experiments on virgin materials, which are
subject to first drying cycle. Examining the experimental results vis-a-
vis hydration kinetics model suggest that the higher the amount of LD
C-S-H, the higher is the irreversibility. A phenomenological model is

proposed that quantitatively captures the irreversible shrinkage strain.
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3.5 Appendix A

3.5.1 Equivalent pore pressure concept — Coussy

Coussy et al. [75] used equivalent pore pressure concept to compute drying
shrinkage strain. In their model, interface energy, U, was defined as the sum of

energy of all the interfaces including, liquid-gas, solid-liquid and solid-gas:

1 -
U =f P.(s)ds 3-15)
S

l

Equivalent pore pressure, m, is defined via:
n=P" —-U (3-16)

where P” is the average pore pressure (S;P.). The drying shrinkage strain is then

calculated via:

e (3-17)
Ky

3.5.2 Effective bulk modulus concept — Vlahinic et al.

Vlahinic et al. [24, 109] proposed a constitutive model, which considers loss of
stiffness of the material as the main parameter that dictates the volumetric
deformation, which is attributed to microstructural evolution during drying.
Their approach deviates from Bishop [82], which considers average pore
pressure as the main parameter that dictates the volumetric deformation. The loss

of stiffness is thus expressed in the form of reduction of K; with decrease in
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degree of saturation, K (S;), which is an experimentally aided estimate as defined

in Eq. (3-19).

b1 (3-18)
SUC - PC(Kb R(Sl))
_ K, — K, -
R(S) ~ Ky =~ (S (3-19)
_ (1 =5)¢, (3-20)
o(S;) = —1 ~S,00

where ¢ is the porosity of the effective solid, ¢ is the initial porosity and S; is

the degree of water saturation.
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4 Permeability of hardened cement paste using the

pore network model

4.1 Introduction
Chapter

Cementitious materials are ubiquitously used in urbanization. They can be seen
everywhere in civil and infrastructure constructions from small components to
whole buildings. Besides their classical use in construction, these materials are
also envisioned for use both as encapsulation of radioactive waste and as
engineered barriers for disposal of radioactive waste, which is one of the direct
relevance of this thesis. One of the major governing parameters for performance
and safety assessment of cementitious materials is their permeability because
this has a direct link with the transport mechanisms of aggressive substances
responsible for degradation of the cementitious matrix. In addition, it is a
measure of how the cementitious material can withstand drying due to external
environmental loading, which can have a decisive impact on shrinkage induced
cracks. Permeability itself as a general term is an indication of the ability for
fluids (gas or liquid) to flow through porous material. The intrinsic water
permeability (also called specific permeability or absolute permeability) is the
measured permeability for a fully saturated state and the unsaturated water
permeability or relative permeability is the measured permeability at lower
degrees of saturation. However, measuring permeability is not straight forward
and there are two main approaches to measure it in laboratory, direct and indirect
measurements. While the former is done usually by means of applying a certain
pressure gradient or flow rate on a cylindrical sample and quantifying the
permeability using Darcy’s law, the latter approach involves either the

application of a transient pressure pulse technique or the application of
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poromechanical techniques or inverse analysis of moisture loss experiments. A

review of these experimental methods can be found in [110-113].

However, the experimental measurement of permeability is time consuming and
results can vary depending on the experimental method. Furthermore,
measurement of unsaturated permeability is even more challenging given the
fact that having control over all the contributing parameters is hard to achieve.
Therefore, the unsaturated permeability is usually measured using inverse

analysis of weight loss experiments [111, 114].

Considering the importance of permeability and experimental challenges to
overcome, there have been various attempts to model permeability starting from
classical models such as Kozeny’s work [115] that relates the permeability to the
porosity and later modified by Carman known as Kozeny—Carman equation
[116]. The Katz-Thompson model [117] that was initially developed to predict
the permeability of sedimentary rocks and relates the permeability to
microstructure of the cementitious material using an analytical approach. And
more recently with advancements in numerical approaches there has been
several studies to estimate transport properties of cementitious materials
complex numerical models that have been proposed. To mention a few on
numerical models, G. Ye et.al [118] presented a network model by means of
extracting the pore space from simulated cement microstructure and embedding
them into a network. They estimated the fluid flow by applying Hagen—
Poiseuille law on the conduits and calculated the intrinsic permeability using
Darcy’s law. Their model only accounted for capillary porosity, which implies
that there will be overestimation of the permeability value. Zalzale et.al [119]
applied a 3D lattice Boltzmann technique to model permeability at different
degrees of saturation. In addition to permeable micron-sized capillary pores they
managed to also include weakly-permeable nano-porous calcium silicate hydrate

(C-S-H) pores in their model. The critical parameters, C-S-H density and
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capillary porosity, were taken from 'H (hydrogen) nuclear magnetic resonance
relaxation analysis. Their model however accounted only for variation of
capillary pore size distribution and applied pore blocking of these pores. Their
pore blocking algorithm was based on the principle that the biggest pores get
blocked first regardless of its location. Kai Li et.al [120, 121] employed discrete
element method (DEM) to generate and characterize microstructures and
estimated the permeability using conventional moisture transfer equation.
However, their microstructure only included the capillary pores and the gel pores
were neglected. Their computational approach for unsaturated permeability is
similar to Zalzale et.al [119].

As mentioned all these previously proposed models either require some
empirical or experimental parameters involved in the modelling or they do not
take all the pore size range of the material into account. Therefore, this chapter
presents a multiscale and largely predictive approach, which can drive the
information from microstructure and integrate them into a representative
numerical framework to model both intrinsic and unsaturated permeability. This
numerical framework consists of different modelling tools discussed in Chapter
2 of this thesis to arrive at a statistically representative pore network, which is
used as a basis to carry out moisture transport calculations. The proposed pore
network modelling framework is validated against an extensive set of
experimental data that includes a very wide range of materials[67, 110, 112, 114,

122-126].
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4.2 Multiscale pore network

The pore network is constructed using hierarchical homogenization of pore
space (Figure 4-1) similar to that elaborated in Chapter 2 and in [3] but since
permeability is more sensitive to spatial distribution and arrangement of pore
classes the microstructure is reflected slightly different into a pore network

framework.

In Chapter 2, the network was constructed to determine the saturation degree at
different relative humidity and thus the volume fraction of each pore class would
be directly transferred to the network meaning that if the pore space consists of
0.5 gel pores and 0.5 capillary pores in terms of volume fraction then the same
ratio in terms of volume fraction would have to exist in the network as well.
Therefore, the resulting network would be much bigger (in terms of number of
pores) but in this chapter in order to transfer the data from microstructure to the
pore network the volume fraction of each pore class is converted to their
population number, for instance a microstructure with capillary porosity of 0.25
and 0.6 C-S-H gel in microstructure level, is represented by 1.47 million of
capillary pores and 1 million of gel pores assuming the gel porosity is 0.28.

Network generation is carried out in four steps:

(1) An initial cubic network with size of 100 um and 1 million pores is
created for homogenized network at C-S-H level.

(i1) Largest fraction at level (i) (C-S-H level) is chosen as the master
phase and added to the network. Their population is calculated based
on the LD/HD ratio at level (i) and total number amount to 1 million
pores. 1i.e., Mygster C —S — H = Dominant C — S — H phase *

le6
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(iii)

(iv)

V)

Pores of secondary phase at level (i) are added to the master network
to form a homogenized network at level (i) holding HD and LD C-S-
H gel pores.

The capillary pores are randomly distributed in the homogenized gel
network to form a network, which includes all the three pore classes.

The number of capillary pores is equal to TNegpiary =

(capillary porosity /

gel porosity) * le6

Throats are added to connect pores and their size is calibrated as

described in Babaei et al. [3]

Once the pores are embedded, there are multiple possible ways to connect them,

the coordination number in this research is assumed to be six as it assures enough

connectivity within different classes of pores and also does not over facilitate the

flow in the network as cementitious materials are known to be weakly

permeable[3]. Regarding the size and length of this connecting throats the same

values are applied as mentioned in Babaei et al. [3]. It is also worth recalling that

there is a missing gap between the two scales as the biggest gel pore is 12 nm

and smallest capillary pore possible with microstructural modelling is 1 um, this

gap however is filled using a numerical approximation as explained in Babaei et

al. [3].
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Figure 4-1. The microstructure and the pore space within the proposed multiscale

modeling

4.3 Permeability calculations

4.3.1 General principle

The general principle of computing permeability from the constructed pore
network is to apply a water pressure gradient across any two opposite faces of
the network and computing average water flux. Darcy’s law can then be invoked

to back calculate the permeability of the network as follows:

= KAAp 4-1
Q=K (4-1)
where QO is the flow rate (m?/s), 4 is the network cross section area (m?), L is

length of the network (m), u is the dynamic viscosity (Pa.s), AP is pressure
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difference across the two opposing sides (Pa), and K is permeability of the

network (m?).

This formulation is applicable for water filled conduits only, i.e., for saturated
porous medium. In the following sections, algorithms to compute intrinsic and

unsaturated permeability are detailed.

Figure 4-2. Measurement of intrinsic permeability by applying pressure gradient

4.3.2 Intrinsic permeability

The intrinsic permeability is independent of measurement factors such as,
measurement method, sample size, pressure gradient, etc., and depends solely

on pore space structure of the cementitious material.

The method described below essentially provides an estimation of the intrinsic

permeability, meaning that all the pores are contributing to the flow rate and are
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fully saturated. In order to compute the flow through the network an exact
solution of Navier-Stokes equation, i.e. the Hagen-Poiseuille’s law is applied for
each conduit formed by two neighbouring pores and their connecting throat. The
flow rate, g., and hydraulic resistance, R, for each conduit is computed via [40,

127]:
q. = R, AP (4-2)

R, = [Rip1+Rit+R—;2]—1 (4-3)

where p1, ¢ and p2 refers to pore /, throat and pore 2, respectively that forms one
conduit system. Throats have a constant diameter and Hagen—Poiseuille’s law is
directly applicable for computing their hydraulic resistance, but since the pores
in the generated network are assumed to be spheres, they have varying cross
section, depending on the connecting throat diameter in the entire network.
Therefore, to compute the hydraulic resistance, R, of each element (throat and

pores) the approach proposed by Akbari et.al. [127] for slightly varying micro-

channels is used as follows:

R=q/AP [16m ,ufxz pdx (4-4)

I
where I3 =7/ 2 With I, = J, @*+2%)dA is called the specific polar

moment of cross-sectional inertia. x4 is the dynamic viscosity, Ai and Az are the

cross sectional area at x; and x; as in (Figure 4-3).
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Figure 4-3. Geometry of a slightly varying micro-channel adapted from [127]

Once, the hydraulic resistances of all the conduits in the pore network are
computed, an arbitrary positive pressure gradient is applied on any two opposite
faces of the network (say in the x direction), with zero flux imposed on the
remaining faces. The following mass conservation is solved for each pore as

follows:

j=1Rij (i —x) =0 (4-5)
where j is the index of neighbouring pores, which is equal to the coordination
number for pore i (here = 6), R;; is hydraulic resistance between i and j, and x is

the unknown quantity being solved for, which is the pressure field here. For

instance for pore i=1 and its neighboring pores of j=(2,3,4,5,6,7), it results in:
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_(Rl'z + R1'3 + R1'4 + R1’5 + R1,6 + R1‘7).X1 + Rl’z.xz + R1,3.X3 +
R1‘4.x4 + R1‘5.x5 + R1,6.x6 + R1,7.x7 = 0
(4-6)

For the entire pore network, the mass conservation equations can be assembled

to calculate the unknown pressure field, x:
x=A"1b (4-7)

where A is a matrix composed of set of linear equations in accordance with the
abovementioned equation for each pore in the network. The vector b contains
components of the boundary condition, which is a constant arbitrary pressure
applied on two sides of the network i.e., Dirichlet boundary condition. The flow
field is computed based on the calculated pressure field as explained above.
Finally, to determine the network’s effective water permeability, the total flow
rate is calculated at the boundary pores lying in a plane perpendicular to the flow
direction. The water permeability is then obtained via Eq.(4-1) as explained

earlier.

The calculations are repeated for the remaining pairs of opposite faces or sides
to yield permeability in all mutually perpendicular directions. Finally, the

average of the three permeability values are computed.

4.3.3 Unsaturated permeability

The calculated intrinsic permeability is not valid for partially saturated state in
which some of the pores are empty and thus do not contribute to the water flow.
In order to simulate relative humidity, two independent algorithms are

implemented and executed in parallel on the same network to resemble realistic
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partially saturated flow mechanism. The calculation methodology is the same as
intrinsic permeability for network generation and calculation of hydraulic
resistance. However, a preceding step involves running an invasion algorithm,
which simulates drying process in response to the external boundary condition,
which in this instance is the capillary pressure, P.. Invasion algorithm essentially
invades air phase into the network from all sides following the approach
described in Chapter 2 or in other words conduits get desaturated in accordance
with the applied P. on the boundaries. The relative permeability is then
computed via a number of sequential iterations of invasion algorithm and

permeability simulation as follows (Figure 4-4):

(1) The intrinsic permeability is calculated at P.=0 Pa (or RH=1), i.e. for the
fully saturated network. For this an arbitrary positive pressure gradient is
applied across any two opposite sides.

(i1) Invasion algorithm is applied on the network by incrementing P. to
desaturate the pores. The pores and throats, which are invaded (or
desaturated) are assigned to be blocked from water flow.

(ii1) The permeability of the partially blocked network will be determined in
accordance to step (1).

(iv) The above sequence is continued for different increments of P to cover
the entire range of degree of saturation (or RH). It is obvious that when
the degree of saturation of the network is close to zero, most of the
network conduits are blocked.

In the example shown in Figure 4-4, four snapshots of desaturation of fully
saturated pore network is shown. The desaturated pores seen in yellow colour

are the ones that are blocked for water flow.
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Figure 4-4. Sequential invasion of the network and calculating the relative

permeability for each sequence (here 4 different degree of saturations).

4.4 Results and validation

The method proposed in this paper is validated against an extensive number of
experiments available in literature. The validation is conducted in two parts: (i)

intrinsic and (ii) unsaturated permeability.

Table 4-1 shows the experimental details of each dataset. Note that the measured
value for intrinsic permeability may differ depending on the experimental
approach [111, 114, 128] and it can vary up to an order of magnitude and even
higher [111, 114]. That is why an estimation within a range of order of
magnitude is still acceptable. In addition to measurement uncertainties, there can
be a factor of back calculation error effect involved in reported values, e.g. when
the permeability is back calculated using Van Genuchten [129] retention curve

but the fitting is not perfect.
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Table 4-1. Experimental data from literature [67, 110-112, 114, 122-126]. *Hardened cement paste (HCP)

Material Author Measurement Material W/C Age Curing Intrinsic
method Type (days) permeability (m?)
CP1 Baroghel- Inverse analysis from  HCP 0.34 365 Sealed then 104
Bouny (1999)  mass loss vacuum rewetted
CP2 Aietal (2001) Thermo-permeametry HCP 0.4 548 Sealed and moist ~ 8.65 x102?
cured
for 24 h then
cured
underwater
CP3 Ye (2005) Pressure cell HCP 0.4 28 Sealed then 9 x 1022
CP4 0.5 vacuum rewetted  1.33 x 10"
CP5 0.6 1.82 x 1013
CP6 Grasley (2007) Dynamic HCP 0.5 80 Limewater 3 x 102!
CcP7 pressurization 0.6 32 6.5 %10
(DP)
CP8 Phung (2013)  Constant flow HCP 0.4 28 Limewater 8 x 102!
CP9 0.5 3 x 1020
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CP10 0.6 7 %1020
CP11 Kumar (2014)  MIP HCP 0.45 28 sealed 4 x 102!
CP12 0.5 1 %1020
CP13 0.64 2 x 10"
CP14 Zamani (2014)  Inverse analysis HCP 0.4 28 Under water 4 x 102!
CP15 Egan (2017) Inverse analysis HCP 0.45 56 Limewater 3 x 102!
CP16 0.55 6% 102!
CP17 0.65 2 % 102
CP18 Zhang (2018) Beam Bending - HCP 0.5 365 Limewater Avg=12x10"

Sorptivity
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4.4.1 Intrinsic permeability

The estimation of permeability involves carrying out microstructural modelling

(hydration calculations) using the cement composition data reported by various

researchers in Table 4-1(OPC here). The results from the microstructural model

is presented in Table 4-2, based on which pore network is constructed for each

material composition, which is subsequently taken forward to estimate

permeability. Note that to simulate permeability, 18 pore networks have been

constructed corresponding to the 18 data sets available in Table 4-2. A

comparison of results from the proposed method against experimental

observations are presented in Figure 4-5.
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Figure 4-5. Estimated values using pore network modelling vs. experimental

observations (*dash lines order of magnitude lines).
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Table 4-2. The microstructure information of the studied materials.

Material C3S C28 C3A C4AF W/C C-S-H LD C-S-H HD C-S-H Capillary Total Estimated
(wt%) wt%  (wt% wt%) (wt% (vol%) (vol%) (vol%) Porosity Porosity Permeability
) ) ) (vol%) (vol%) (m?) — ko
CP1 57.28 2398  3.03 7.59 0.34 0.57 0.18 0.32 0.12 0.24 8.51E-22
CP2 67.1 17.5 7.7 7.6 0.4 0.53 0.22 0.25 0.13 0.25 1.27E-21
CP3 63 13 8 9 0.4 0.52 0.22 0.24 0.14 0.25 4.00E-21
CP4 0.5 0.50 0.33 0.13 0.19 0.29 2.21E-20
CP5 0.6 0.46 0.37 0.09 0.23 0.33 4.72E-19
CP6 483 21.5 7.6 9.1 0.5 0.49 0.33 0.13 0.19 0.30 1.94E-21
Ccpr7 0.6 0.46 0.36 0.10 0.22 0.32 7.86E-20
CP8 62.5 18 9 10 0.4 0.50 0.21 0.23 0.14 0.25 4.45E-21
CP9 0.5 0.48 0.32 0.12 0.19 0.30 2.75E-20
CP10 0.6 0.45 0.40 0.05 0.24 0.34 1.17E-19
CP11 59.2 16.7 9 10.3 0.45 0.53 0.29 0.20 0.18 0.29 1.13E-20
CP12 0.5 0.51 0.35 0.14 0.20 0.32 2.53E-20
CP13 0.64 0.46 0.40 0.06 0.27 0.37 6.39E-19
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CP14 66.9 20 3.5 4.4 0.4 0.58 0.25 0.27 0.14 0.27 2.33E-21
CP15 56.5 18 6.3 11.4 0.45 0.50 0.28 0.18 0.17 0.28 1.11E-20
CP16 0.55 0.47 0.38 0.07 0.22 0.32 5.40E-20
CP17 0.65 0.44 0.38 0.06 0.26 0.36 4.25E-19
CP18 53.6 17.5 7.5 8.8 0.5 0.49 0.33 0.13 0.19 0.29 2.72E-20
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The results show a very good correspondence with the experimental
observations. In fact, the results fall well within the same order of magnitude for
17 out of 18 studied cases. This confirms that the proposed model can
successfully and systematically transfer information from microstructure into a

pore network, which is representative of permeability of HCP.

The predicted value for CP17 is the only case where the model fails to estimate
within the same order of magnitude as the experimentally observed value.
However, in this case, the permeability is indirectly measured; firstly fitting a
Van Genuchten [129] curve on experimental retention curve and then back
calculating the mass loss using the fitted Van Genuchten curve. This method
however is sensitive to fitting parameters of the retention curve and thus can be
affected by the accuracy of fitting. Moreover, different types of measurements
can lead to different results and this is mainly due to experimental uncertainties.
For instance, CP13 and CP17 have a relatively similar composition but the
measured permeability for CP13 is exactly one order of magnitude less than that
of CP17, while ratio of their permeability estimated by the proposed model is 3.
The same argument holds for CP16, whose permeability value lies just at the

border of the order of magnitude line.

While for CP7, the lack of accuracy can be at least partly attributed to the
measurement method. The experimentally measured value for CP7, which is an
OPC with W/C of 0.6 is measured to be 6.5 x 102! m? that is at least an order of
magnitude lower than similar compositions with the same W/C ratio (CPS5,
CP10) and using different experimental methods. As mentioned the
measurement method can also affect the measured value and this seems to be the
case here. Furthermore, the estimated values using pore network seems to be
mostly close to the values measured by constant flow and indirect measurements

(inverse analysis).
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From the microstructural modelling results presented in Table 4-2 it is seen that
the permeability can be correlated with the ratio of HD and LD C-S-H at C-S-H
level and the capillary porosity at microstructure level. A parametric analysis
(Figure 4-6) shows that for the study cases the permeability is directly
proportional to the capillary porosity (Figure 4-6 (a)) and inversely proportional
to the HD C-S-H gel porosity(Figure 4-6 (b)), which is the lowest permeable
phase of C-S-H. In terms of comparative parameters, consistent trends for Vip
c-s-H /Vup cs-H (Figure 4-6 (¢)) and V capillary/ Viotal porosity Tatios (Figure 4-6 (d))
are also observed (Vx denotes volume fraction of phase x). One parameter that is
found to be correlating the best with the estimated intrinsic permeability is the
factor a defined as a = W/C * Vcsu * Vapillary porosity. Hence, the higher the a,
the higher the permeability (Figure 4-6 (e)). This trend is consistent for all the
data points with a small deviation from linear trend noticeable. The experimental
observations also confirm the same trend. Such parameters come remarkably
handy when a qualitative comparison needs to be done without doing

complicated calculation.
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Figure 4-6. Parametric analysis of intrinsic permeability for the studied materials.
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4.4.2 Unsaturated permeability

Unsaturated permeability is simulated using the method explained in section
4.2.7. The unsaturated permeability is usually measured using inverse analysis
of mass loss curve as direct measurement is not feasible. For the material CP1
and CP18 the unsaturated permeability values are available based on the inverse
analysis, which will be used for comparisons. Additionally, comparisons will be
made against the unsaturated permeability obtained from a calibrated water

retention curve using the well-known Van Genuchten [129] model.

The Van Genuchten model for retention curve and unsaturated permeability is

defined as follows:

1

bmu r—
St = <(L)b’"“'1 + 1) (+-8)

Amu

where a,y,,, and b,y,,, are fitting parameters, which require fitting for each set of
water sorption experiments available for the materials CP1 and CP18.
The unsaturated permeability is defined as:

ky = kokyri (S) (4-9)

where kj is the intrinsic permeability for CP1 and CP18 (Table 4-1) and k,;(S;)
is the relative permeability defined as:

1.2
k,, = Slo.s [(1 _ (1 _ Slbmu)%) l (4-10)
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Figure 4-7 shows a comparison of the results of the pore network and the Van
Genuchten model and the experimental data from the mass loss experiments for
the materials CP1 and CP18. For both materials, the pore network model is more
accurate than the Van Genuchten model. This proves not only the network is
representative for intrinsic permeability simulation, but also for unsaturated
scenarios the constructed network can provide a better result compared to the
classical models. The advantage of the proposed framework lies in the fact that
it contains more information and relevance from the material that is representing
while such relevance and link is missing in case of empirical models. Note that
the experimental trend for CP1 is unreliable because it shows that the unsaturated
permeability is higher at lower degree of saturation. This is likely to be caused

by experimental uncertainties [67, 111, 114].
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Figure 4-7. Unsaturated permeability estimated using pore network VS. experimental

measurements

It is also worth noting that the unsaturated permeability estimated by pore
network as well as the experimentally measured values remain in the same order
of magnitude of the intrinsic permeability up to RH=0.5. At this relative

humidity, pores with size of 12 nm are desaturated. Pores smaller than 12 nm are
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mostly small capillary pores and gel pores. This indicates that gel pores are also
contributing to the flow, even though because of their size they are weakly
permeable, but their contribution is definitely not negligible this was also
concluded in [119]. One additional conclusion to be drawn is that up to 50% RH
the water permeability would still be in the range of intrinsic permeability
indicating that moisture flow in the liquid phase is the major mechanism in this
range as argued previously by multiple authors, to mention a few [67, 111, 114,
130]. In other words, no two-phase flow model is necessary to model moisture

flow in unsaturated cement paste up to this RH level.

4.5 Conclusions

This chapter presents a new methodology for computation of intrinsic and
unsaturated permeability of OPC-based cementitious materials. The proposed
methodology utilizes a multiscale numerical framework staring from cement
composition and its microstructure to constructing a hierarchical pore network
and computation of the permeability. Moreover, a novel multi-algorithmic
approach is developed to compute unsaturated permeability at different degrees

of saturation.

The proposed approach is validated against an extensive number of experiments
available in the literature and results are remarkably promising, indicating the

flexibility and reliability of the framework.

In terms of disadvantage of the proposed framework, its reliance solely on
microstructural modelling and all the initial inputs that are derived herewith
could have a negative impact on the final estimation if the microstructure is not
accurate in reporting the phase fractions. One additional limitation is the

applicability of the framework on the blended systems because of the lack of
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established microstructural modelling for these materials. However, CP2 in the
studied materials includes 6% silica fume and estimated permeability is also
fairly accurate. But applicability on systems with high percentage of additives

such as limestone calcined cement [131, 132] remains uncertain.
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5 Micromechanical analysis of mechanical and hydro-

mechanical properties

5.1 Introduction

Chapter
Concrete is a complex multiscale and multiphase material used in structural
applications worldwide that its mechanical properties and performance has
always been an important topic for researchers and industries to investigate.
Given its complexity, various numerical and analytical frameworks have been
proposed to compute mechanical properties of both sound and degraded states
of the material. To mention a few recent studies in this area, Smilauer and Bittnar
[133] studied a microstructure-based model in order to predict mechanical
properties of hydrating paste. They utilized CEMHY3D for microstructural
modelling and FEM and FFT for computation of Young’s modulus.
Mazaheripour et.al [17] used micromechanical modelling for estimation of
Young’s modulus using a lattice model. Their lattice model was verified with
the results from FEM. They used HYMOSTRUC3D to generate a synthetic
microstructure, which formed a basis for the micromechanical analysis. Lin Liu
et.al [2, 134] studied drying behavior of cement paste using a multiscale
framework and a lattice model at two different scales: (i) C-S-H, and (ii) cement
paste level. While they used HYMOSTRUC3D to generate a synthetic
microstructure, the C-S-H structure was modelled using a particle packing
technique. A more detailed state of the art on microstructure informed

micromechanical modelling is reviewed by Hongzhi Zhang et.al [16].

Even with significant advances in micromechanical modelling, material
properties such as coefficient of thermal expansion (CTE) and drying shrinkage

strains of cement-based materials have not been modelled within a numerical
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micromechanical framework. although attempts have been made analytically, no
numerical homogenization has been carried out. Furthermore, none of the studies
discussed above and those reviewed by Hongzhi Zhang et.al [16] examine the
stress field at the microstructure and concrete scale using a numerical
micromechanical framework. Thus, this chapter describes a micromechanical
framework that is adopted, firstly, to model mechanical properties of
cementitious materials such as elastic modulus, Poisson’s ratio and CTE, and
secondly to examine the effect of drying shrinkage at cement paste and concrete
levels. The aim of this analysis is to firstly provide a more informed insight on
thermo-mechanical processes on lower scales i.e., microstructure, cement paste
and concrete level, and secondly examine our current understanding of drying

shrinkage at cement paste and concrete levels.

The computational framework is similar to some of the studies cited above
wherein a hydration model is used to generate a synthetic microstructure that is
consistent with cement hydration process, and the resulting microstructure
provides geometrical input to a finite element model (FEM) in which
mechanical, thermo-mechanical and hydro-mechanical analyses are carried out

to determine the aforementioned properties.

5.2 Methodology

5.2.1 Mechanical properties of hardened cement paste

The mechanical properties under consideration are the Young’s modulus and
Poisson’s ratio. These are determined by solving the boundary value problem of
the standard conservation (balance of linear momentum) equation at the

microscale assuming no body forces.
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V-6=0 (5-1)

To determine the effective mechanical properties, the effective stiffness tensor

(D®fT) has to be calculated as follows (e.g., Hain and Wriggers, 2008):
(a) = (D) (€ex1) (3-2)

where o is Cauchy’s stress tensor and €,; is the elastic small strain tensor and

the Macaulay brackets defined as follows:

(m) =ﬁ LT (5-3)
The effective mechanical properties are determined by subjecting the
representative volume element (RVE) to boundary conditions that satisfy Hill’s
energy criterion relating the microscopic elastic energy to the macroscopic
elastic energy (Hain and Wriggers [135]). Both linear displacement and uniform
traction boundary conditions satisfies this criterion. In this study, linear
displacement boundary condition is applied, which translates into the four sides
of the RVE subjected to roller support boundary condition (Rigid Motion
Suppression Boundary Condition) and displacement applied to only one side
(e.g., top face in Figure 5-1). However, one side is left free (no constraints) in

order to compute the Poisson’s ratio.

Due to the heterogeneous distribution of various hydrated and unhydrated phases
inside the RVE, some of the boundary elements may not have the same material
properties. As clarified in Hain and Wriggers [136], if the boundary elements or
voxels have different materials such as CSH, CH or unhydrated clinkers, then
the linear displacement boundary condition violates local equilibrium at the

boundary. However, this aspect has not been studied in this work.
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Free surface Displacement

A

S

>

Figure 5-1. Boundary Condition

The mechanical properties for each voxel are assigned based on the phase
distribution obtained from the micromechanical model. Initially, a comparative
study on the size of RVE and its effect of final results on both microstructural
modelling and computed mechanical properties is carried out. Implicit in this
statement is that it is necessary to also run the microstructural model (cement
hydration kinetics) for different RVE sizes, which will form a basis for the
mechanical analysis. The RVE sizes studied are:10, 20, 40, 60, and 80 pm.

The microstructure of the bigger RVEs that are proven to be more representative
[133, 135, 137] are directly exported to CAST3M [138] mesh. The mesh is an
equally spaced, uniform grid, where each element or voxel corresponds to an 8-
noded hexahedral element. Since the output from VCCTL is also voxel based,

the transfer of information to CAST3M is rather straightforward.

132



Chapter 5 - Micromechanical analysis of mechanical and hydro-mechanical properties

5.2.2 Coefficient of thermal expansion

In order to determine CTE a similar approach as in section 5.2.1 is adopted,

however, with a thermo-mechanical constitutive law as follows:
(6) = (D°IT): (€14 — a(T — TY)I) (5-4)

where €1, 1s the total strain tensor, and the second term is the thermal strain
tensor with 7 being the field temperature, a the volumetric CTE, T} the initial

temperature and I the identity matrix.

The boundary condition mimics free thermal expansion of the RVE.
Accordingly, three surfaces are without constraints and three of them are
prescribed with roller support boundary condition. Different phases in the RVE
are assigned their specific CTE values and then a homogenous temperature
change (T — Ty) is applied on the RVE (every integration point). The average
expansion AV of the RVE is calculated by solving the conservation equation. The

following formula allows calculation of the effective volumetric CTE, a,f.

AV

%4

= —aerr(T —To) (5-5)

with V is the initial volume.

5.2.3 Drying shrinkage strain

The drying shrinkage behaviour is studied both at the cement paste and concrete
scales to understand the evolution of stresses in different phases of HCP as well

as in the HCP phase in concrete as a function of drying. Prediction of drying
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shrinkage strain of HCP as a function degree of saturation via a multi-mechanism
approach has already been described in Chapter 3, which forms a basis for the

study objectives stated above.

B oter

hydration
products

Figure 5-2. Drying shrinkage simulated by contacting C-S-H phase. (a) fully
saturated, (b) 80% saturation, (c) 70% saturation, (d) 50% saturation

For the HCP micromechanical model, the C-S-H phase is assumed to be the only
shrinking phase, which means other phases such as AFm, AFt, portlandite and
unhydrated clinkers are assumed to not undergo any shrinkage (they are the
constraint). Thus, for a given material composition, first, the total drying
shrinkage strain of the HCP is determined from the multi-mechanism model for
various degrees of saturation (Chapter 3). The strain in the C-S-H phase is

calibrated until the total drying shrinkage strain computed from the multi-

134



Chapter 5 - Micromechanical analysis of mechanical and hydro-mechanical properties

mechanism model for the given material is reached. For instance, if the
volumetric free drying shrinkage strain at a given degree of saturation is 100
um/m, the RVE of the HCP also experiences the same shrinkage as a whole, but
the C-S-H gel as the sole shrinking phase would contract more than the computed
value via the multi-mechanism model because it occupies only a portion of RVE.
Regarding the assumption of C-S-H as the shrinking phase it should be noted
that since C-S-H is matrix of the HCP and it contains majority of the pore space

this assumption is not far from reality.

In simulation of drying shrinkage at concrete level, it is assumed that HCP is the
only shrinking phase and not the aggregates. The shrinkage of HCP as a function
of degree of saturation is calculated by means of the multi-mechanism model
and is directly imposed on HCP in the concrete RVE to compute the total

shrinkage of concrete.

The micromechanical boundary conditions for the analysis of both HCP and
concrete are the same as for the CTE example (Section 5.2.2), i.e. to mimic
unconstrained shrinkage. The calibration of the shrinkage strain for the C-S-H
phase in case of cement paste RVE and imposition of shrinkage strain for the
HCP phase in case of concrete RVE are achieved using the same thermo-
mechanical framework by suitably adjusting the CTE and temperature gradient

values (Section 5.2.2).

Figure 5-2 illustrates drying shrinkage strain experienced by the microstructure

for the following scenarios: fully saturated, 80%, 70%, and 50% of drying.
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5.3 Validation and discussion

5.3.1 Cement Composition

The studied material is a CEM I with composition as reported in Table 5-2 [ 100,

106, 139]. The results achieved by solving cement hydration kinetics for five

different RVEs (Table 5-1) show that the average phase fraction estimated by

VCCTL is not significantly affected for 20 um RVE and above, however,

converges at and above 60 pm.

Table 5-2. Chemical composition(%omass) of the studied material and its curing method ([10-

12))
Material C3S C2S C3A C4AF W/C Curing method Experimental
method
N55 0.62 0.18 0.056 0.1 0.55 Saturated conditions Climate chamber

for 91 days
(100% RH)

with % control using
sodium hydrate
solution
T=20°C

Table 5-1. Results of microstructural modelling for different RVE sizes (%6volume)

Size of DoH C-S-H Total CH Clinker AFt AFm
RVE Porosity +Ettringite

10pum 0.92 0.47 0.27 0.15 0.04 0.07 0.01
20um 0.92 0.47 0.27 0.15 0.04 0.07 0.01
40um 0.90 0.47 0.27 0.145 0.04 0.07 0.01
60pum 0.88 0.45 0.28 0.145 0.04 0.07 0.01
80um 0.88 0.45 0.29 0.14 0.04 0.07 0.01
100pm  0.875 0.45 0.29 0.14 0.04 0.07 0.01
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5.3.2 Mechanical properties

Linear displacement is applied as shown in Figure 5-1, including the remaining
mutually perpendicular directions so as to determine Young’s modulus in XYZ
directions and the average Poisson’s ratio. Mechanical properties of various
HCP phases are already reported in Table 3-3 in Chapter 3. The topological
arrangement of phase fractions are different as the size of RVEs increases as

shown in Figure 5-3.

RVE 80 pm

RVE 20 um

ﬂ C-8H . Capillary Porosity
. Tortlandite . Clinker
. Aft & AFm

Figure 5-3. Different RVEs with various topological arrangements (N55, CEM ).

Table 5-3 shows calculated vs. experimental mechanical properties [140]. It is
seen that the calculated values show a convergence for a RVE size of 40 um. In
terms of accuracy, the results are in good agreement with experimentally
measured modulus, indicating the reliability of the numerical homogenization
method as well as the coupling of cement hydration kinetics model with FEM

analysis.
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loading (N55, CEM 1)

Table 5-3. The mechanical properties computed for different RVE sizes (N55, CEM ).

REVsize  10pm 20pm 40pum 60pm 80um Experimentally

- measured
roperties values ([13])

E modulus Ex=16.6 Ex=16.8 Ex=16.8 E.=16.5 E:=16.5 15.1

E,~=178 E~159 E~169 E~=166 E,164

E~175 E~16.7 E~16.5 E~16.5 E,~164

Poisson 0.27 0.26 0.26 0.26 0.26 0.26
ratio
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In addition to the effective mechanical properties, in order to investigate the
mechanics of microstructure, the stress distribution in all the phases are
examined. Since cementitious materials demonstrate a quasi-brittle behavior,
tensile stress is known to be critical value to account for possible damage and
failure. Therefore maximum tensile stress (first principal stress denoted in
figures as S11) is chosen as the variable for discussions [16, 141, 142]. Figure
5-4 shows the frequency density of the first principal stress evaluated in the RVE.
As expected, the higher the young modulus of a given phase, the higher the stress
level. Accordingly, the highest to lowest stress values follow the order: clinker,

AFt phases, Portladite (CH), C-S-H and finally pores, respectively.

In terms of RVE choice and its effect on computed stress distribution, it is
strikingly interesting to notice that even though the bigger RVE leads to
smoother stress distribution and consequently less discontinuities, the mean
stress values are similar for all RVEs. This explains why the classical analytical
homogenization techniques can also to some extent capture the general
properties of the material, for example, Young’s modulus, as long as the stress
range remains in elastic regime [133, 142-144]. Note that stress distributions are

best analyzed with larger RVEs.

5.3.3 Coefficient of thermal expansion

An arbitrary (7-79) field is imposed on the RVE as the CTE results do not depend
on the temperature difference in the elastic regime. Furthermore, CTE values are
computed in three mutually perpendicular directions. Similar to the mechanical

properties discussed in Section 5.3.1, calculated CTE values also reveal that
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convergence is reached with an RVE size of 40 um, which is much faster to
simulate as well as post-process compared to the 100 pm RVE, and results are
not significantly different as seen in Table 5-4. The CTE results correspond very

well with experimentally measured value [139].

Table 5-4. Computed CTE for different RVE sizes (N55, CEM I).

REVsize 10pm 20um 40pm 60pm  8Oum Experimentally
measured
value ([12])

Properties

Coefficient CTE,= CTE,= CTEx= CTEx= CTEx= 20

of thermal  25.1 21.9 21.5 21.6 21.1

expansion

(nm/m)

CTE~= CTE,= CTE~ CTE,~= CTE,=21.0
215 215 212 216

CTE~= CTE= CTE~= CTE= CTE~
26.1 21.6 214 21.7 21.0

Due to the imposed temperature difference thermal stresses arise in the RVE.
For the same reason described in Section 5.3.1, the first principal stress (denoted
as S11) is chosen as the variable for further discussions as shown in Figure 5-5.
It is interesting to note that the stress distribution for thermal loading is different
from the distribution associated with mechanical loading. Here, the AFm phase
has the highest stress values compared to the others because of their high CTE
and also relatively high Young’s modulus. Similar to the previous analysis
(Section 5.3.1), for the thermo-mechanical analysis, it is observed that mean
stress values remain in the same range even if RVE size changes because the

material behaviour remains in the linear range.
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Figure 5-5. Stress distribution of different phase fractions under uniform thermal

5.3.4 Drying shrinkage

5.3.4.1 Drying shrinkage — cement paste level

(N55, CEM l)expansion

Since C-S-H is the only shrinking phase, the other hydration products would

restrain the contraction of C-S-H, thus the stress build up in the C-S-H phase is
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Figure 5-6. Drying shrinkage at cement paste level with C-S-H as the only shrinking phase
(N55, CEM 1)

always tensile (positive), while all the other phases experience compressive

stress (negative) and this behaviour will amplify as the degree of saturation drops
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because the drier the system is, the higher the tensile stresses and hence

correspondingly the compressive stresses [2, 15, 75, 134].

The first principal stress distribution of all the phases are shown in Figure 5-6.
The results show that as the degree of saturation reduces the stress values rises
and the stress distribution evolves into a wider distribution for all the phases. It
is also worth noting that as the material dries out the stress level for C-S-H moves
toward higher tensile stress values while the remaining phases experience a
higher compression stress values (moving towards left side). A quantitative
comparison on mean maximum tensile stress values as a function of degree of

saturation reveals that stress level changes drastically for C-S-H phase during

le8
201 @ 40% s @
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® 60% S e
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E |
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g
c L
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AFmM AFt CH CSH Clinker
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Figure 5-7. Mean maximum tensile stress values for different phases at different
degree of saturation (N55, CEM I)
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the course of drying while the variation of mean compression stress on other

phases is not as pronounced as demonstrated in Figure 5-7.

Therefore, as expected the phase prone to damage first and experience cracking
is C-S-H gel. Hence, a deeper look into the C-S-H phase stress distribution as
function of drying would reveal more details on possible damage and crack

initiation in cement paste level. This is further demonstrated in Figure 5-8 (stress

Sxx Sxy Sxz
components denoted as ¢ = lSyx Syy Syz] ) for both normal and shear stress
Szx Szy Szz

components of C-S-H gel. The trend that is apparent during drying is the increase
of mean normal stress values. This can be seen in the form of a considerable shift
of normal stress components distribution curves towards the higher mean values
(right side) as also shown in Figure 5-7, while the shear stress remains on mean
values of zero because of volumetric nature of the shrinkage and free shrinkage
boundary condition assumed here. Additionally, the stress distribution curves get
wider throughout the drying course, which means more local extremums, and
local extremums in microstructure means more locally self-equilibrated forces
in the microstructure and consequently more microcracks [12, 145, 146]. This
was hypothesized by some of the pioneers in the field such as Bazant and
BENBOUDJEMA but in the author’s knowledge not been quantitatively
reported.

In terms of quantitative stress values, it is interesting to note that if pure elastic
behavior for all the phases is assumed then drying shrinkage induced stress
values are extremely high for C-S-H and given the fact that cement paste
demonstrates a quasi-brittle behavior the high tensile stress values can lead to
damage and failure. The maximum tensile stress for C-S-H gel is illustrated in

Figure 5-8 (e) (denoted as S11) and it is shown that mean maximum tensile stress
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by drying range of 70% saturation would exceed 100 MPa and this value would
double by drying the material up to 40% saturation. Note that Hlobil et.al [142]
have reported the tensile strength of C-S-H gel to be 66 and 107 MPa,
respectively, for LD and HD C-S-H gel. Nemecek [147] have measured these
values (tensile strength of C-S-H) to be as high as 264+70 and 700+199 MPa,
while Shahrin and Bobko [148] in a recent work measured and reported similar
values for compressive strength of C-S-H gel (225-606 MPa). It is widely
observed and accepted that compressive strength of cement paste is much more

than its tensile strength [12].

Since the mechanical behaviour of C-S-H gel is not very well established it is
not possible to draw a definite conclusion but what is apparent is that even if a
high tensile strength is assumed for C-S-H gel, for instance, 150 MPa, then this
value is already surpassed by lowering the saturation to 70%. Therefore, drying
shrinkage (at lower degree of saturation i.e., 70%) at microstructure level is
probably accompanied by cracking and creep. The main reason for the first one
is that shrinkage is accompanied by high tensile stress values and due to low
permeability of cementitious materials drying does not occurs uniformly,
consequently this high local stress values are self-equilibrated by microcracking,
which was also argued in [12]. While the latter happens due to presence of water
in gel pores (gel pores are saturated up to a drying range of 40%-50%) and high
value stress field that facilitates sliding creep mechanism in C-S-H gel.
Additionally, Bazant argues in his microprestress theory that by drying, the water
pore pressure changes that would alter the disjoining pressure in the gel pores

and this phenomenon eventually helps the sliding and creep [12, 25].

These observations and conclusions also explain the drying creep effect also
known as Picket [146] effect where the material under drying experiences an
intensified creep deformation compared to sealed and saturated material (basic

creep), the reason as explained is that drying shrinkage (even free drying
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shrinkage) itself accompanies creep and microcracking. Therefore, when the
mechanical load is applied it is applied on an already creeping material with
microcraks therefore the measured drying creep is neither solely due to external
mechanical loading nor shrinkage but a mixed effect of both. In this regard,
Bazant argues that a proper drying shrinkage test is to be conducted on 3 mm
sample over the course of two years in order to overcome the non-uniform drying
and effect of microcracking [12]. Such experimental data is not available in the
literature but given the results acquired here, one can speculate that even if non-
uniform drying and its consequential microcraks are avoided, the stress level
over the course of drying would simply surpass the elastic bound of C-S-H (even
if highest value reported is assumed i.e., 260 MPa it would be surpassed by 50%
sat). Hence, the drying shrinkage would also affect the creep behavior of
cementitious materials regardless of its size. Clearly if the effect of microcraking
is eliminated, the effect of drying shrinkage on creep behavior would be also less
prominent and this has never been shown and discussed quantitatively in the

literature.

Nevertheless, the stress distribution of cement paste at microstructure level
during drying shrinkage has not been available prior to this research and that is
why these information bring further insights into the possible explanation and
justification for the material behavior. However, further refinements and

experimental validation would also help to confirm the above conclusions.
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5.3.4.2 Drying shrinkage — concrete level

This section exclusively studies the shrinkage for the material composition of
the concrete buffer of the Supercontainer concept [4, 70]. The studied material
composition is a self-compacting concrete (SCC) with material design reported

in Table 5-5.

Table 5-5. Material composition of the studied SCC ([27])

Material Amount (kg/m?)
Cement CEM 1/42.5N HSR 350
Limestone filler 100
Limestone 0-4 840
Limestone 2-6 327
Limestone 6-14 559
Superplasticizer 10
Water 175

As the largest aggregate size is 20 mm, an RVE size of 60 cm is chosen. This
RVE is constructed based on aggregate size distribution available for the
concrete material [4]. Therefore, randomly shaped aggregates with a size
distribution in accordance with Table 5-5 [4] are embedded in a meso-structure,

which represents the material at concrete level.

148



Chapter 5 - Micromechanical analysis of mechanical and hydro-mechanical properties

le—2 Drying shrinkage strain

0.0

—0.21

—0.4 1

_06 4

Shrinkage strain (m3/m3)

—0.81

= Concrete
—1.01 == Cement paste

0.2 0.4 0.6 0.8 1.0
Degree of saturation

Figure 5-9. Drying shrinkage of cement paste and concrete level for Supercontainer,
material composition as (1271])

The shrinkage strain as a function of degree of saturation for the cement paste
phase is computed from the multi-mechanism model (Chapter 3) for the given
material composition (Table 5-5), which his plotted as the blue curve in Figure
5-9. These strains are applied to the cement paste phase of the concrete RVE.
Then, the total shrinkage of concrete is calculated by solving the conservation
equation (Section 5.2.3). The drying shrinkage as a function of saturation for
both cement paste and concrete are shown in Figure 5-9. Also, the stress
distribution of the cement paste phase is computed as a function degree of
saturation (Figure 5-10), which is similar to C-S-H phase at the cement paste

level.

It is a valid assumption that cement paste is the only shrinking phase in concrete

level and aggregates restraining the shrinkage [12]. Therefore, the stress induced
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in the cement paste during the drying is always tensile while aggregates are under
compression. The same observation is noted at the cement paste level between
C-S-H gel as shrinking phase and other hydration products as restraints (Section
5.3.3). Given the quasi brittle behavior of the cement, the tensile stress is
assumed as a critical loading and controls the failure mechanism of the material
as well [12, 16]. It is also apparent that with increase in drying (lower degree of
saturation), higher tensile stresses are induced in the cement paste (Figure 5-10).
It is also interesting to note that stress distribution follows a similar trend to the
microscale level as the drying continues, i.e., the stress distribution expands
more. Quantitatively, also the stress levels if interpreted by pure elastic approach
would be really high as shown in Figure 5-10 (e). The mean value for maximum
tensile stress would range from 10 to 50 MPa for a drying range of 90% to 40%
saturation. This is while the tensile strength of hardened cement paste usually
ranges between 2-20 MPa [149-153] at cement paste level. This leads to the same
conclusion as previous section for microstructure level but since the tensile
strength of cement paste is much lower than the C-S-H gel even considering the
most optimistic reported value by Qian [149] 1.e. 20 MPa, the drying shrinkage

at concrete level seems to be even more critical than at the microstructure level.

These observations confirm all the previously concluded details of drying
shrinkage at microstructure level. However, at the concrete level since the
properties of cement paste are well-documented and measured it can be
concluded that drying shrinkage at concrete level is always accompanied with
microcraking and creep. The microcracking is due to low permeability of
hardened cement paste and its consequent non-uniform moisture field and finally
self-equilibrated stresses, while the latter is because of presence of water in the
paste and high stress values, which cannot be endured by purely elastic response
of the cement paste. While the conclusions at microstructure are not easy to

validate due to a lack of information on properties of C-S-H gel, the conclusion
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for concrete level are more definite. Since both, the microcraking and creep
phenomenon are also involved in drying shrinkage and even in free drying
shrinkage scenario (like the RVE here), it is also worth mentioning that the
classic drying creep deformation is not solely due to external mechanical loading
but drying shrinkage with initiating microcracks and creep intensifies the

measured value for drying creep.
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Figure 5-10. Stress distribution of cement paste over the course of drying for at concrete

level for the studied material (Supercontainer)
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5.4 Conclusions

In this chapter a numerical micromechanical framework is hired to compute
thermo-mechanical properties of cementitious materials at two scale of cement
paste and concrete. In addition, a detailed quantitative study on micromechanical
behavior of cement paste and concrete under thermo-mechanical evolution is
conducted. Finally, the developed framework is utilized to investigate the drying
shrinkage behavior of cementitious materials at two different scales of cement

paste and concrete level where new insights are presented.

The developed framework can accurately compute the thermo-mechanical
properties of hardened cement paste and concrete this is evident in the validation
section. The results of the final section of this chapter are utilized for large scale
thermo-hydro-mechanical simulation in the next chapter where drying shrinkage

plays an important role.

It is important to state that the microstructure developed by the cement hydration
kinetics models such as VCCTL are not the true microstructure and hence stress

distributions can be better analyzed using the actual 3D images.
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6 A Multiscale Approach to Model Thermo-Hydro-

Mechanical Behaviour of non-reinforced Concrete

6.1 Introduction

Chapter

In this chapter the thermo-hydro-mechanical behavior of Supercontainer, a case
study relevant to our interest is carried out. The overarching goal of the series of
numerical analyses to be carried out within this PhD program is to simulate the
27 half scale test of the Belgian concept of Supercontainer (SC) [4, 70]. There
are two half scale (not strictly half scale) tests that have been carried out so far.
The first half-scale test (HST1), performed in 2009, demonstrated to a large
extent that the SC can be constructed using available industrial techniques [4,
70, 154]. HST1 also studied early-age behaviour of the concrete buffer of the
Supercontainer during the different construction stages, with and without
thermal load, and to evaluate the possible risk of early-age cracking
(macrocracking). However, micro-cracks were formed on the surface of the
concrete buffer during the heating phase of HST1. The absence of a dedicated
crack-monitoring system precluded defining the exact time of initiation,

evolution and depth of penetration of these micro-cracks.

To build further on the knowledge acquired in HST1, a second test (HST2) was
performed in 2013, which is the focus of this PhD study. Some of the objectives
of this test were (i) to further investigate the feasibility of constructing the SC,
and (i) to advance our understanding of the thermo-mechanical behaviour of the
self-compacting cementitious (concrete and mortar) materials, (iii) modifying

operational aspects of concrete mixing and casting to prevent the formation of a
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transition casting joint as observed in HST1, (iv) testing a new filler composition

with reduced modulus of elasticity to lower the risk of cracking in the buffer.

The experimental mock-up weighed approximately 32 tons and consisted of two
main construction phases. Phase 1 carried out the construction of a massive non-
reinforced concrete buffer using a self-compacting concrete (SCC) mixture. This
construction phase created a concrete buffer with an inner cavity large enough
to hold a carbon steel overpack, as specified in the Belgian conceptual design.
In Phase 2, a pre-heated carbon steel overpack was inserted into the existing
cavity of the buffer and the free space in the cavity was subsequently filled with
a cementitious filler (assumed to be the same SCC here). The preheated overpack
contained a heat source to simulate the heat emitted by a real canister. Phase 1 is
beyond the scope of this study. The main focus is therefore on the Phase 2

analysis where concrete buffer is matured and thermal load is active (Table 6-1).

Table 6-1. Timeline of HST2

Phase Day Milestone

Phase 1 0 Cast concrete buffer
Phase 1 6 Removal inner mold
Phase 1 29 Removal outer mold
Phase 2 56 Cast filler & start heating
Phase 3 133 Shut OFF heater

Figure 6-1 shows Supercontainer at different stages of construction. It is worth
noting that hydration of filler and lid which are added as in Figure 6-1 (b.2) and

(c) are not taken into account in the simulation.

From a numerical point of view, a fully coupled THM analysis, however, in a

stepwise manner to understand the importance of individual processes on the
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cracking potential of the buffer is conducted. This mainly constitutes a 2D

axisymmetric analysis Figure 6-2.

Figure 6-1. Supercontainer at different stages of construction, (a) casting fresh concrete
in the mold, (b.1-2) concrete matures and mold is removed, (c.1) insertion of Carbon steel
overpack, (c.2) casting the filler (SCC) between the overpack and structure, (d)
installation of the lid and initiation of thermal loading — case study of this chapter.
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6.2 Description of the simulation

As mentioned the main goal of this study case is to firstly demonstrate the
application of the developed multiscale framework (Chapter 2 to 5) and secondly

to investigate the main contributors to the observed cracks during HST2 [155].

6.2.1 Geometry

The studied geometry is a 2D axisymmetric analysis of SC as illustrated in Figure
6-2. Additionally, there are four investigation points defined as in Figure 6-2 (b)
where the actual evolution of temperature, degree of saturation and damage are

available from in situ sensors. The mesh is as in Figure 6-2 (c), where each

)

Ww s0re

Carbon steel overpack
Thickness=16 mm

700 mm

Figure 6-2. 3D geometry (a), studied geometry with investigation points P1-P4 (b),
studied mesh (c).
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element corresponds to an 8-noded quadrilateral element. The analysis has been

done using finite element software CAST3M [138].

6.2.2 Initial conditions

Initial conditions are imposed in accordance with experimental procedure. The
initial saturation degree is estimated with VCCTL with assumption of sealed
hydration for 56 days. The input parameters are cement composition, w/c, curing
and the output is the resulting microstructure which contains volume fraction of

each phase and degree of saturation based on the curing method.

Table 6-2. Initial conditions of simulation

Initial conditions

Thermal
Temperature (T) 20 °C — inside and outside
Hydraulic
Saturation Degree 91% - Hydration model
Mechanical
Mechanical loading Self-weight loading

6.2.3 Boundary conditions

Boundary conditions are imposed in accordance with the experimental

procedure.
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Table 6-3. Boundary condition applied on the geometry

Boundary conditions

Thermal
Temperature 20 °C — outer shell (ambient condition)
Thermal loading Heat source in canister - 300 (W/m)
Hydraulic
Relative humidity Ambient - 78%

6.2.4 THM governing equations

THM governing equation, which are also well-established [156-159] in the

literature are briefly elaborated in this section.

6.2.4.1 Heat (thermal) transport

The thermal field in concrete can be computed based on the energy conservation
law.
oT (6-1)
Ci—=qn—V.
pLt ot an Q

where Q is the heat flux, g is heat source (heat of hydration, if concrete is not
mature), p is the density and C; is the specific heat capacity of concrete. Since
the concrete is weakly permeable it is assumed that the heat transfer in concrete

due to migration of liquid water and water vapour is negligible (convection is

ignored). Therefore, the heat transfer equation here is the same as Fourier’s law:
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Q=—-AVT (6-2)

with A; being the thermal conductivity of concrete at saturated state. However,
there are empirical expressions proposed to account for temperature and
saturation variation effect on A, [59, 157-159]. It is argued that assuming a
constant A; will not affect the accuracy of the model significantly[12]. The heat

flux on the boundaries is due convection mechanism as follows:
Q.n=h(T —Tepyp) (6-3)

Where T is the temperature of concrete structure, T,,, is ambient temperature,
h; is heat convection factor, which depends on environmental conditions such as
air circulation or liquid cooling during test, here it is the natural air circulation
with wind velocity less than 1 m/s (5.6 W/m2/K). In terms of internal thermal
loading, there were two potential options as 50 and 70 years old waste with heat
flux of respectively 360 and 240 (W/m) and the experiment was conducted using
a heat source with 300 W/m. [4, 71], and hence simulations discussed further

refers to this wattage.

6.2.4.2 Moisture transport

Since the external metallic mold is removed before thermal loading the moisture
transport with environment is made possible in HST2. The moisture transport is
modeled using the mas balance equation. Concrete is considered as partially
saturated because of self desiccation as well as exchange of moisture with
atmosphere. Mass balance equations for liquid water, water vapor and dry air are

defined via:

my + div(mwy) = —Myep—Mpya (6-4)
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m, + div(m,v,) = Myey, (6-5)

mg + div(mgav,) =0 (6-6)

where m; = ¢S;p; is the mass of fluid per unit volume (i =/ for liquid water, v for
water vapor and a for dry air); ¢@is the total porosity; S; is the degree of saturation;
pi is the density; m,,, is the mass of vaporized water per unit volume; my,,q is
the mass of water that has reacted with cement per unit of volume; v; is the

velocity of the fluid.

Solid

Gaseous phases
Alr + vapor

N
A asa il Water liquid
N ST IRV RIS
oyl %Y FEMY INNY N

Solid

1 : Vapor water diffusion / air
2 . Darcian flow of liquid water and gas
3 : Evaporation / condensation

4 : Adsorption / desorption

Figure 6-3. Water transfer mechanism
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The velocity of each phase is related to the solid skeleton’s strain, permeation,
diffusion and convection. For simulating drying, it seems reasonable to assume

the following hypothesis:

e The effect of the solid skeleton’s strain rate on the drying process is
negligible and the velocity of the solid skeleton is negligible compared

to those of the fluid phases.

e The gas pressure (vapor and dry air) is equal to the atmospheric
pressure and is negligible compared to the liquid water and capillary
pressures (which equals about -96 MPa at 50 % relative humidity).
Thus, the capillary pressure and the liquid water pressure are assumed

to be equal (p. = pi).

e the parameters governing the drying phenomena do not depend on

cracking.

By neglecting movement of dry air and effect of hydration on drying, we obtain

the following equation:

Py aSl (6-7)
e (=215
pi/1 ot
apc( pl Pys Mw 2)
= div K=—+D h—(—) rad(S))

The final form of moisture transport can be written as:

Si (6-8)

0
—- = div[D(S)grad(s))]

Where D(S)) is the effective diffusivity corresponding to the movement of liquid
and vapor water. In this study however it is assumed that liquid water transfer is

the dominant moisture transfer mechanism as explained also in Chapter 4 (it was
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observed that up to 50% degree of saturation, water permeability is the major
transport mechanism). However, it is acknowledged that vapour transfer could
also influence moisture transport at high temperature. In order to compute the
moisture transport, according to Eq.(6-9) the liquid permeability K;(S;), and
water retention curve S;(p.) are required. These two fundamental inputs are
computed using the pore network framework developed in Chapter 2 and
Chapter 3. However, in order to account for temperature effect, the results from
pore network modelling at an ambient temperature are embedded in Van
Genuchten model described in Eq.(6-10), and then the effect of temperature is

also accounted for.

Water sorption isotherm as:

B 1 (6-9)
Pc = Ay (Sl b — 1)1 bmu

Parameters affected by temperature directly imposed on sorption isotherm as:

_ T=Trer (6-10)
Amu = Amuo € Tmu=Tref

where Ty, = 331.3, Gmyo = Amy(Trer), and Trep = 293.

The temperature dependent viscosity of the water is also computed as follows:

TB’é (6-11)
w = A, 107 C

where 4, =2.414 x10° Pa.s, B, = 247.8 K and C, = 140 K.
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6.2.4.3 Mechanical constitutive laws

Considering the study case of the chapter, thermal loading causes expansion
whereas the drying contraction. While the basis for these contraction and
expansion is a linear correlation with temperature and moisture field via Eq.(6-
14) and Eq.(6-15), the stress levels corresponding to these strain fields can be
interpreted based on either linear or non-linear stress-strain constitutive laws. In
this chapter it is presumed that stress level built in the material is linearly

associated with the strain using the classic Hooke’s law as:

o= (1-d)D:e, (6-12)

€c1 = €7 — (€¢p + €5 + €) (6-13)

where o is stress tensor, D®ff is material’s stiffness matrix ey total strain, which
is the combination of elastic deformation, thermal expansion, drying shrinkage,
and creep, respectively denoted as €], €, €sn and €., and d is the damage
parameter which is assumed to be a scalar value in this study. Creep is indicated
when strain in a solid increases with time while the stress producing the strain is
kept constant. In more practical terms, creep is the increased strain or
deformation of a structural element under a constant load. Creep behavior can
also reduce the stress values in response to strain generated in the structure

(stress relaxation).
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6.2.4.4 Thermal expansion, drying shrinkage and creep models

The coefficient of thermal expansion is measured using micromechanical
modelling and assumed to be constant. The thermal expansion strain is computed

as:
Eth = kthT (6-14)

The drying shrinkage is calculated using the methodology presented in Chapter
3. The volumetric drying shrinkage is initially computed using multi-mechanism
model for cement paste scale in order to estimate the deformation as a function
of degree of saturation. Then a realistic meso-structure using randomly shaped
aggregates and in accordance with real concrete aggregate size distribution
given in [4] is constructed, then the computed shrinkage for cement paste is
imposed on the cement present in concrete scale and the deformation of the
whole RVE is measured. And finally the measured value from concrete level is
reflected in a linear function using shrinkage coefficient then embedded in model
as an equation similar to Eq.(6-14) for thermal expansion but here temperature
is replaced by degree of saturation, which is computed by the above mentioned

methodology.
€sh = ksnS) (6-15)
With &g, as shrinkage strain, kg, as shrinkage coefficient and S; water content.

As demonstrated in Chapter 5 the drying shrinkage strain cannot be
accommodated solely with elastic stress response as the stress levels would be
unrealistically high and it would overestimate the damage. Therefore, creep
seems to be an inseparable phenomena from shrinkage. However, creep here is

due to internal forces (drying shrinkage and thermal expansion) not due to
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external mechanical loading as opposed to the classical definition of drying

creep.

Under stress, a concrete specimen deforms with time more than an identical load
free companion specimen. The difference is the mechanical strain &;which

consists of elastic strain &, and creep strain &, defined as:
s = &t & (6-16)
where ¢, = %with o as stress and E as elastic modulus.

The creep here is treated as a modification in mechanical properties of concrete
in order to obtain more realistic results for damage prediction in the
abovementioned THM simulation. This is done via introduction of creep
coefficient and updating the tension threshold of the material in damage model.
The creep coefficient is defined as the ratio of the creep strain to the elastic strain
of concrete at an age of 28 days (reference elastic deformation) under the same

stress.

& (6-17)
ge

Pc =
The creep coefficient includes basic and drying creep:

Pc = Ppc T Pac (6-18)

Where @, is basic creep and ¢, is drying creep. It is worth mentioning that
basic creep alters in higher temperature and it can increase by a factor of 2.5 by
increasing the temperature up to 80 °C. Therefore, given the case study of this

chapter the basic creep coefficient is revised for higher temperatures as:
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Pboc = Pbco * Ptn (6-19)

Where ¢, 1s specific basic creep and ¢y, is thermal creep coefficient and it is
assumed to be equal 2 adapted from [160, 161]. Specific basic creep is defined
as basic creep at room temperature. Specific basic creep is measured from
experimental data reported in [4, 162] as 0.3 and drying creep is estimated based
on fib 2010 code, which would be equal to 0.7. As mentioned earlier, the main

implication of creep coefficient here is in estimation of the damage.

6.2.4.5 Damage model

Mazars damage model [163, 164] is hired here in order to estimate damage
during THM loading. The evolution of damage is based on the amount of
extension that the material is experiencing during the mechanical loading. An

equivalent strain is defined as:
3 (6-20)
e= D> Wed?
=1

Where (. ), is the Macauley bracket and ¢; are the principal strains. The loading

function of damage is

167



Chapter 6 - A Multiscale Approach to Model Thermo-Hydro-Mechanical Behaviour
of non-reinforced Concrete

f(Ek)=E-k (6-21)

where Kk is the threshold of damage growth. Initially, its value is ko , which can

be related to the peak stress f; of the material in uniaxial tension:

_fe (6-22)

ko =

In the course of loading k assumes the maximum value of the equivalent strain

ever reached during the loading history.

if f(Ek)=0 and f(§k)=0, then

{d ~ h(~k) withd >0, else {d =0
k=E¢ k=0

The function h(k) is detailed as follows: in order to capture the differences of
mechanical responses of the material in tension and in compression, the damage

variable is split into two parts:

d = atdt + acdc (6-23)

where d; and d. are the damage variables in tension and compression,
respectively. They are combined with the weighting coefficients a; and «a.,
defined as functions of the principal values of the strains eitj and & due to

positive and negative stresses:

efj = U= dCloty &= (1 - DCijiaoi (6-24)
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3 eV es 3 (6N es (6-25)
o = Z((el )(el))ﬁ = 2((81 )(el))ﬂ
i=1

&2 &2
i=1

The evolution of damage is provided in an integrated form, as a function of the

variable k:
L k(-4) A (6-26)
a k exp[f(k — ko)]
g =1 ko(1—A,) B A, (6-27)
- k exp|Bc(k — ko)l

The damage parameters here are assumed to be in accordance with a semi-brittle

behaviour of the material. Hence, the values are as [163]:

A, =14 , B, =1900

A, =085 , B, = 11000

With B=1 Eq.(6-25) . It is worth mentioning that in order to account for creep
behaviour of the material and its implication on the damage, the f; term in k,

1s revised as:

Y et 0 (6-28)

fe = fe* Eeff

Herewith the creep behaviour of material is indirectly incorporated in the final

damage calculation. An alternative could also be done by updating the elastic
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modulus to effective E modulus according to fib code 2010 [165] as Eqrf =

Ec

A+’

here.

6.2.5

This however would change the stress values that is why it is not used

Properties

Prior to THM calculation, material related parameters are computed using

techniques developed in this thesis. This section explores the acquisition these

properties.

In order to acquire thermo-hydro-mechanical properties of SC in a multiscale

framework a stepwise analyses is conducted (Figure 6-4):

II.

III.

IV.

Modelling the microstructure of SC at its hardened cement paste level
from its chemical composition and curing condition - initial input.
Constructing a network corresponding to the microstructure to estimate
hydraulic and transport properties: water retention curve and intrinsic
and relative water permeability — Chapter 2 and Chapter 4.

Computing thermo-mechanical properties using micromechanical
method at cement paste and concrete level, i.e., elastic modulus,
Poisson’s ratio, coefficient of thermal expansion (CTE) — Chapter 5.
Modelling the drying shrinkage strain as a function of degree of
saturation using multi-mechanism shrinkage model at cement paste level
— Chapter 3.

Upscaling the drying shrinkage from cement paste level to concrete level
using numerical homogenization and simulated meso-structure at

concrete level — Chapter 3 and Chapter 5.
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In addition to the properties captured in abovementioned steps, there are few
other experimentally measured [4, 71, 162] values that are also needed for a fully
coupled thermo-hydro-mechanical modelling, including damage. The estimated

parameters along with experimentally measured parameters are reported in

Table 6-4. The predicted water retention curve and unsaturated water
permeability are presented in Figure 6-5. It is worth mentioning that for
unsaturated water permeability as discussed in Chapter 3 the pore network
modelling is more accurate than Van Genuchten model, hence, the results from
pore network modelling are taken as the reference values into account (red

curve).
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Pore network modelling: Micromechanical modelling:
*  Water retention curve *  Mechanical properties
»  Intrinsic permeability s C1E
+  Unsaturated permeability *  Upscaled drying shrinkage
i

|
Concrete level [Cement paste Ievelj

/ Cemenl Pasle \ ﬁ C-5-H - Clinker

' Aggregates . Capillary Porosily

Heat
Source

Figure 6-4. Large scale THM analysis with date driven from multiscale analysis modelling
framework
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Table 6-4. Material parameters

Material Parameters (SCC)

Thermal

Convective heat transfer coefficient 5.6 - Empirical

(W/(m-°C))

Density (kg/m?) 2390 - Experiment

Thermal conduction (W/(m-°C)) 1.89 - Experiment

Heat capacity (kJ/(kg-°C) 2390 — Experiment

Density of water (kg/m?) 1000 - Constant

Hydraulic

Permeability (m?) 5.45 x 102! - Pore network modelling

Porosity at concrete level (-) 0.15

Water retention curve See Figure 6-5

Mechanical

E modulus (GPa) 35 - Micromechanical modelling — (36 =
experiment)

Poisson ratio (-) 0.26 - Micromechanical modelling

Tensile strength (MPa) 4.4 - Experiment

Coefficient of thermal expansion (1/°C) 8.5 x 10%°C - Micromechanical
modelling

Compressive strength (MPa) 45.2 - Experiment

Shrinkage Coefficient 3129 x 10 (m* m?) - Pore network —
multi mechanism model

Creep Coefficients Ove =0.3,04: =07, =2 -
Experiment & fib code

Damage parameters for Mazars model A. =14 , B.=1900

A, =085 , B, =11000
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Mechanical loading 1 Self-weight loading
Mechanical loading 2 Drying shrinkage strain
Mechanical loading 3 Thermal expansion

Mechanical (carbon steel canister) [4]

E modulus (GPa) 210

Poisson ratio (-) 0.3

Coefficient of thermal expansion (1/°C) 12 x 10%/°C

le-21
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Figure 6-5. Water retention curve at different temperatures (a), unsaturated water

permeability (b).
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6.3 Results and discussion

In the simulations, the evolution of the structure for a period of 90 days under
thermal loading is studied. This is corresponding to experimental observation of
major cracking, which has happened for thermal loading of 77 days [155, 166,
167]. As a matter of fact the first cracks appeared after 6 days of thermal loading
[155]. The analysis is carried out in two steps: (i) only thermal and drying
shrinkage are explored, and (ii) thermal, drying shrinkage, creep and damage are

explored.

6.3.1 Thermal loading and drying shrinkage — temperature field

Temperature field over the course of 90 days of simulation is reported. It is
apparent that after roughly 45 days the temperature variation becomes slower

and temperature field stabilizes. The temperature rises due to thermal load on the

a) t=22.5 days t = 45 days c) t=67.5 days t =90 days

] ] ] ] |
£2,2686+01

8.430e+01

068.890

<

3.489

38.083

M\\\\Hlm

Figure 6-6. Temperature field evolution in 90 days of thermal loading at four different stages.

Captured each 22.5 days.
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Figure 6-7. Evolution of temperature at investigation points

metallic overpack where the temperature increases exponentially (Figure 6-7) and
consequently heat transfers to the buffer, which due to much bigger volume and
higher heat capacity 2390 vs 502 (kJ/(kg-°C) damps down the heat transfer and
keeps the temperature outside of the buffer as low as 34 °C on the outer side and
23 °C on the upper and lower sides P4 (Figure 6-6 and Figure 6-7). While, the
temperature between overpack and the buffer goes up to 84 °C. Figure 6-7 also

shows that the temperature at the core of the structure would remain below 70 °©

C (P2).

6.3.2 Thermal loading and drying shrinkage — moisture field

The moisture field here is modelled assuming the liquid water transport as the

main mechanism and results are illustrated for each 22.5 days in Figure 6-8. It is
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apparent that drying front is formed on the outer shell (right side) where the
water can escape. The concrete is weakly permeable therefore the drying would
happen very slowly. This is also evident given the fact that the drying front
would not reach anywhere deeper than 5 cm in the core of the structure in 90

days of thermal loading. Expectedly, as time goes by the drying front would

a) t=22.5 days b) t = 45 days 0 t=67.5 days d) __t=90days

Saturation

-7.616e-01
[0.64876

—0.58587

0.52298

Ell‘éme{]]

Figure 6-8. Moisture field evolution in 90 days of thermal loading at four different stages.
Captured each 22.5 days.

— |

move towards the center of the structure where the thermal loading is imposed.
The moisture field does not change fast but due to the fact that it is accompanied
with high stress values it is an important phenomenon that should be taken into

account.
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Figure 6-9 shows the evolution of saturation degree for investigation points
where the saturation for P1 and P2 remains always higher than P3 and P4
because water cannot escape the system while P3 and P4 are located on the
boundary where the moisture exchange happen. Expectedly, since the P3 is the
closest point to the heat source on the boundary, the saturation degree drops to
0.46 saturation while P4 remains above 0.5 degree of saturation. Note that one
should expect some drop in the degree of saturation at the inner radius due to a
very high temperature (84°C) and should propagate in the outwardly direction
depending on the moisture transfer rate. However, moisture transfer due to

vapour flow has been ignored in this study.

Saturation
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Figure 6-9. Evolution of saturation for investigation points
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6.3.3 Thermal loading and drying shrinkage — elastic behaviour

The stress distribution in the SC is illustrated in Figure 6-10 and Figure 6-12 for
a period of 90 days of thermal loading and linear elastic behavior assumption for
materials behavior. The stress distribution here is the result of coexistence of
moisture field as in Figure 6-8 and temperature field as in Figure 6-6. This results
in very high tensile stresses up to 22.8 and 21.8 MPa for axial and tangential
stresses respectively on the outer side and compressive stress on the internal side
up to 16.9 and 14.7 MPa for axial and tangential stresses, respectively. Clearly,
the concrete can stand the resultant compressive stress of 16 MPa as it is lower

than its compressive strength (45 MPa) but this does not hold valid for the tensile

a) t=22.5days b) t =45 days c) t = 67.5 days d) t = 90 days

44

Axial Stress Tzz(Pa)
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292206+
E-?.mazem

16968407
Figure 6-10. Axial stress field evolution in 90 days of thermal loading at four different
stages. Captured each 22.5 days.

stress values. The tensile stress value on the external side of SC is as high as 5

times of its tensile strength (4.4 MPa) assuming a linear stress-strain correlation.
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Corresponding to these high stresses, the damage evolution in the structure is
presented in Figure 6-11. However, note that this analysis does not take into

account creep, which could considerably relax the stresses [12, 146].

Given the stress level on the external side of SC, damage appears at relatively
early ages (5 days) and it expands further by the time where the damage at point
P2 the core of the structure raises up to 0.75 whereas at location P1, which only
goes through compression remains intact (Figure 6-13). Expectedly, the predicted
damage is overestimated if a linear elastic behavior constitutive law is used for
such study case, i.e., thermal loading and drying shrinkage. The damage cannot
be this prominent as such amount of damage means that the structure would
collapse, which is not the case from experimental observation. Therefore, the
creep coefficient is introduced in the damage model to revise the estimated

damage values.
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Figure 6-12. Tangential stress field evolution in 90 days of thermal loading at four
different stages. Captured each 22.5 days.

a) t=22.5days

b) t=45 days

IS} t=67.5days d) t =90 days

Damage
1.000e+00

T —
o
g
o

ED.ZS
0.000e+00
Figure 6-11. Damage evolution in the structure during the thermal loading. Pure elastic
behavior.
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Figure 6-13. Evolution of damage at investigation points (pure elastic behavior)

6.3.4 Thermal loading and drying shrinkage, including creep and

damage

As described earlier, creep and microcracking are coupled with drying shrinkage
at micro and meso scale (chapter 5). It was also shown in the previous section
that at structure scale without consideration of creep the damage would be
overestimated. In this regard, the creep and relaxation of the stress is accounted
for by means of creep coefficient in order to investigate the likelihood of damage

in the SC structure in a more realistic way.
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Figure 6-14. Estimated damage considering creep behavior at different time steps.

The indirect implementation of creep in final damage is done by assuming pure
linear elastic stress-strain correlation as in Figure 6-10 and then revising the
tensile strength value by introduction of total creep coefficient as explained in

section 6.2.4.

It is worth noticing that even with basic, thermal and drying creep taken into
account there is some damage expected to the structure. The damage is mostly
estimated locally at the external surface of the SC where the drying happens and
it only evolves with time. In terms of observed damage in investigation points,
only P3 and P4, which are on external boundary experience damage and it only
reaches 0.32 for P4. The damage estimation here is in agreement with the ones
of experimentally observed cracking on the outer side of HST2 [71, 155]. This
shows that predicted values using the developed framework not only are valid
and applicable on the micro and meso scale but also at structure level they can

provide reliable results.
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Figure 6-15. Evolution of damage at investigation points (creep included behavior).

A qualitative comparison of predicted damage here and cracking observed
during HST?2 is illustrated in Figure 6-16 where two investigation points are
compared against our predictions. The investigation of crack formation and on
the surface of Supercontainer (Figure 6-16) shows formation of crack at early
age of thermal loading and its progress throughout the loading. The Figure 6-16
shows a sample which has been extracted from the core of the structure and it
shows that cracks are deep. On this sample a 38 cm deep crack was captured
which correspond to a possible damage in range of what is predicted Figure 6-11
and Figure 6-14 which are the two pessimistic and optimistic case scenarios

respectively.
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Figure 6-16. Evolution of cracks at two experimental investigation points adapted from [155].

Given the observed results of previous sections and the fact the damage is
expected due to the thermal loading and drying, it is worth investigating which
one of the two i.e., thermal loading or drying plays a more detrimental role in

the observed damage.

185



Chapter 6 - A Multiscale Approach to Model Thermo-Hydro-Mechanical Behaviour
of non-reinforced Concrete

6.3.5 Thermal stresses vs drying shrinkage stresses — elastic

interpolation

In order to quantify the influence of each phenomenon on the performance of SC
structure and their consequential induced stresses at the end of period of thermal
loading of 90 days, the drying shrinkage and thermal loading are decoupled into
two separate case-studies where only one of them independently occurs.
Therefore, the study-cases are: (i) thermal loading without drying effect (stress
induced solely by thermal field Figure 6-6 (d) ), and (i1) drying shrinkage without
thermal loading (stress induced by moisture field Figure 6-8 (d))

The thermal loading as elaborated earlier causes a temperature gradient within
the structure and expansion on the internal side causes a tensile stress on the
external side. The distribution of stress just like the temperature distribution is
wide and it is dispersed throughout the cross section (Figure 6-17 (a)) while the
opposite is true for pure drying shrinkage problem because concrete is weakly
permeable and drying usually happens non-uniformly and so its resultant stress
distribution. This can be clearly observed in Figure xx where stress induced due

to pure drying shrinkage is concentrated on the drying front (Figure 6-17 (b)).

Because of nature of the simulation (axisymmetric) and due to sensitivity of the
concrete to tensile stress the axial stress is reported here. Quantitatively
speaking, the compressive stress values due to thermal expansion are much
higher than the compressive stress due to drying shrinkage, whereas this is not
the case for tensile stress and as a matter of fact the opposite contrast exist. The
tensile stress due to drying shrinkage in our case study could go as high 15 MPa
while in case of thermal expansion the maximum value would be less than half
at 7 MPa but it affects a much bigger area compared to the drying shrinkage.

Therefore, one can speculate that the drying shrinkage can initiate the damage
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because it accompanies locally higher values of stress and thermal loading (in
the sense of thermal expansion) would help propagating the damage. This trend
is also visible in Figure 6-14 where the damage appears at the drying front and

slowly propagates further perpendicular to the drying frontier as seen in Figure
6-14 (d).
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Figure 6-17. Stress field induced due to decoupled temperature gradient (a) and
moisture gradient (b).

6.4 Conclusions

In this chapter a fully coupled THM analysis of HST2 is carried out using inputs

from the multiscale modelling framework developed in this study. The results
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show a good agreement with experimental observations both in estimated

material parameters (e.g., E modulus, CTE

Table 6-4) and multiphysical phenomena (e.g. drying shrinkage and possible
damage), which confirms the capability of the developed methodology. The
methodology can successfully extract data from lower scales and upscale them

up to structure level simulation.

Regarding the case study of this chapter, the SC structure, thermal expansion
and drying shrinkage are the two main phenomena playing a prominent role in
the performance of the structure and also its experimentally and numerically
observed damage [154, 155, 167]. It was observed that drying shrinkage could
cause a locally high stress and thermal expansion a dispersed stress distribution
throughout the structure and combination of the two causes damage and

cracking, which was observed during HST2.

There are many possible parameter combinations in different categories 1i.e.,
material’s design, structure design and the choice of the nuclear waste, that can
be adapted in order to assure the integrity of the structure. But if the structure
and the material designs remain intact there are three possible options for the
nuclear waste that impose different thermal loading on the structure as discussed
in detail in [4]. As demonstrated here and experimentally observed, the 300 W/m
thermal loading and given the boundary condition of the structure can lead to
damage in the structure, therefore the lowest possible heat emitting waste would
be 240 W/m for 70 years old nuclear waste [4], which would increase the
temperature of overpack up to 74 °C, which would decrease the thermal stress.
On the other hand, drying shrinkage would still cause locally high stress values
on the external surface, therefore the boundary condition should not allow the

drying to proceed to degree of saturations lower than 60%. This is possible if the
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surrounding relative humidity is as high as 90%. If these two contributing factors
(temperature and drying extent) are moderately controlled and damped down,
their progressive effect would also decrease significantly, and thus the cracking

and damage would be prevented.

One simple design enhancement is also to keep the external mold after casting,
and cure the structure before the thermal loading which would control the drying.
This will results in stress values reported in Figure 6-17 (a). If interpreted
linearly, the damage and cracking is still possible, but since the material is highly
saturated its thermal creep would be also higher and therefore the stress values
would be relaxed significantly. This can only be concluded confidently if

thermal creep at high saturation degrees is measured.

Finally, creep behavior of the material specially drying creep and thermal creep
are not measured and only interpolated via empirical models which can introduce
uncertainties to the final estimations. Therefore, it is worth further investigating
the creep behavior of the material and update the calculations  with

experimentally measured values.
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7 Conclusions and future perspectives

7.1 General conclusions

Chapter
Upon conducting this study on multiscale modelling of THM behavior of
concrete and development of the elaborated framework in this thesis,

conclusions are drawn and future perspectives are discussed in this chapter.

This thesis contributes to a better understanding of the multiscale THM behavior
of concrete from a numerical point of view. A unique framework is proposed by
means of improving some of the existing numerical modelling tools coupled with
multiscale hierarchical modelling techniques. This framework is developed
incrementally throughout this PhD study and each of its core components are
presented as a chapter in this thesis. Conclusions of each core component or

Chapter is discussed here.

Chapter 2 shows that provided the microstructure and enough information on
pore space of the material is available, pore network modelling can estimate
water retention curve with a good accuracy using the hierarchical network
arrangement and a relatively straight forward topological arrangement of pore
space. This is valid only if the representative pore network is large enough and
all the pore classes are included in the simulation. Even though pore size
distribution in the range of capillary pores 12 nm to 1 um are missing, the
predictions are largely satisfactory. There is only one geometrical factor that
need to be calibrated making the proposed framework largely predictive unlike
any existing studies. This study demonstrates that it is indeed possible to start
with a mix composition to predict water retention curve, which allows for

preliminary assessment of implication of a given mix design.
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Chapter 3 proposes a theoretical framework for estimation of drying shrinkage
strain of HCP directly from material composition and its microstructure using
the input from Chapter 2, an analytical homogenization technique and a multi-
mechanism theoretical formulation. This chapter explores active internal forces
responsible for drying shrinkage at different scales and range of drying. It is
observed that such a model can be far more accurate and predictive compared to
mono-mechanism or empirical models. In terms of calibration parameter, only
one parameter () related to disjoining pressure is assumed due to a lack of
information. The only other calibration parameter is the geometrical factor
related to PNM. However, note that these are fitted only once for an arbitrary
material, thus making the theoretical framework largely predictive. This study
demonstrates that it is indeed possible to start with a mix composition to predict
drying shrinkage strain, which allows for preliminary assessment of the

implication of mix design.

Chapter 4 demonstrates a more advanced application of pore network modelling
by estimating the saturated and unsaturated permeability of hardened cement
paste materials. The framework works by imposing two different algorithmic
simulation of ‘constant flow’” and ‘invasion algorithm’ on the same network,
which is constructed on the basis of microstructure modelling. The results show
a good agreement with wide range experimental observation making this
methodology a very successful demonstration of pore network modelling. It is
also worth mentioning that the retention curve, which is estimated in Chapter 2
is possible to measure (although time consuming and needs composition specific
experiments), however, measuring both saturated and unsaturated permeability
is very time consuming and especially the unsaturated permeability is hard to
directly measure therefore the added value of this work fully justifies the use of

pore network modelling.
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Chapter 5 investigates the micromechanics of thermo-mechanical behavior of
hardened cement paste (HCP). Firstly, this framework is adopted to estimate
thermo-mechanical properties of HCP and concrete from their microstructure
and secondly and more importantly the stress distribution during the thermo-
mechanical evolution is studied and new insights are shared, which has not been
reported previously according to author’s knowledge. Finally, drying shrinkage
process is analyzed at two scales of HCP and concrete and it is observed that in
both the cases shrinkage is accompanied with high stress values which means
significant cracking if the shrinkage is interpreted as linear elastic process which
is not necessarily always the case in reality. Therefore, it can be concluded that
the drying shrinkage (both constraint and free shrinkage) is accompanied with
creep and microcraking. Additionally the drying shrinkage computed using the
framework described in Chapter 3 is numerically homogenized to concrete level
and its application is demonstrated in Chapter 6, meaning the drying shrinkage
is computed directly from material composition for both cement paste and

concrete level.

Chapter 6 is where all the previously developed tools and techniques are
centralized in a numerical modelling framework to model THM behavior of a
large scale structure for a Belgian nuclear waste disposal concept referred as
Supercontainer. This analysis is conducted to firstly demonstrate the
applicability of this study on practical engineering problems and secondly to
validate the THM model against experimental observation conducted as HST2.
Prior to THM analysis following steps are required in order to obtain material

necessary properties:

I.  Modelling the microstructure of SC at its hardened cement paste level

from its chemical composition and curing condition - initial input.
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II.  Constructing a network corresponding to the microstructure to estimate
hydraulic and transport properties: water retention curve and intrinsic
and relative water permeability — Chapter 2 and Chapter 4.

III.  Computing thermo-mechanical properties using micromechanical
method at cement paste and concrete level, i.e., elastic modulus,
Poisson’s ratio, coefficient of thermal expansion (CTE) — Chapter 5.

IV. Modelling the drying shrinkage strain as a function of degree of
saturation using multi-mechanism shrinkage model at cement paste level
— Chapter 3.

V.  Upscaling the drying shrinkage from cement paste level to concrete level
using numerical homogenization and simulated meso-structure at

concrete level — Chapter 3 and Chapter 5.

This shows that some of the most important properties needed for THM analysis
are directly derived from the framework developed in this thesis. Regarding the
results of the simulation it was found that coexistence of drying shrinkage and
thermal gradient in the structure can lead to damage which explains the observed
cracking during the heating phase. Consequently, possible refinements are

proposed.

7.2 Future perspectives

Just as any other research, the proposed work can be further advanced to achieve

better predictive models. The following perspectives are shared herein.

Microstructure modelling was used as the primary source of information in the
developed framework here. Although the microstructure modelling has

advanced remarkably in recent decades and these models are well established
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and calibrated with OPC-based cementitious materials, they still fall short in
keeping up with development of new materials. Therefore, blended cement
systems are not well accommodated in the present microstructure modelling
tools and if added they can considerably broaden the field of study on multiscale
frameworks. Additionally, improvement in the covered scale of simulation can
also bring new insights into the pictures. For instance, having information on
nano-micro-meso structure would help researcher to draw a well-informed
conclusion on each individual phenomena, similar to discussion on drying
shrinkage on two different scale of microstructure (HCP) and meso-structure
(concrete). Therefore, possibility to include new materials and wider range of
hydration RVE size (nano to meso scale) would be great future development,

i.e., a multiscale microstructural modeling tool.

One of the integral components of the developed methodology in this study is
pore network modelling that provides an efficient numerical framework to solve
pore space related problems. While pore network modelling is numerically
efficient and it can accelerate computation significantly the reliability of its
predictions, depends vastly on the quality of the correspondence between the
pore space of the studied medium and the pore network constructed as its
representation. The quality of the representation of a given medium on its own
depends mainly on the characterization techniques that are utilized. Given the
limited resolution or range of pores that can be characterized using established
methods such as direct imaging and adsorption techniques one can conclude that
the wider the pore size range of the material is the more challenging is the task
of pore network modelling to represent such material and this is the case for
cementitious material with a very wide pore size range. Therefore, the first and
the main challenge to address in field of cementitious materials is to represent
such a wide range of pore space and this is where a clear understanding of the

pore space is critical.
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Therefore, there are two possible trajectories for PNM to advance in the field of
cementitious materials (i.e., to construct a more representative network). The
first one is with reliance of PNM on multiscale modelling and available
understanding from well-established theoretical frameworks such as molecular
dynamics and upscaling properties and information, which are needed for
construction of a representative network right from the scale where each class of
pore exist. e.g., a microstructural modelling, which can hold C-S-H gel porosity
as well as capillary porosity within the same hydration model with all the
reaction parameters included such as chemical composition, particle packing,

and curing condition.

The second possible source of information is the experimental observation. With
advancement in measurement techniques (mostly direct imaging techniques e.g.,
fib SEM) and their characterization resolution, the issue of discrete
measurements (where each technique is used for a specific scale) could be
resolved. This results in a better understanding of the pore space properties of
cementitious materials and simply with more measurement data points a better
informed pore network can be constructed where with optimum computational
effort favorable accuracy is reachable. This only can be achieved if data science
is coupled well with experimental observations and a reliable data-driven
methodology is developed. It is also worth noting that the developed pore
network model in this work was not validated for adsorption isotherm. Also the
pore size distribution resulted from particle packing and hydration model are not

compared to experimental observations which can be an added value.

Regarding the micromechanical modelling framework, there are two
refinements for future perspectives. First one is the general advancement in the
input and studied scale and second one is more relevant to the methodology
adopted in this study. Since the input comes directly from microstructure

modelling a similar scale range issue and possible future improvement is sought
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i.e. a multiscale hydration model. Additionally, as an alternative source of
information micromechanical modelling can also benefit from advancement in
imaging techniques where information can be collected actively and
incorporated in such numerical modelling frameworks. Second possible future
refinement is on implementation of non-linear constitutive law and possibly
inclusion of damage mechanics on microscale simulations in order to gain more
insights on macro-mechanical behavior of cementitious materials. Additionally,
a focused study on each mechanism resulting shrinkage can bring new insights
for instance, the disjoining pressure parameter that was assumed to be unity

could also be obtained from molecular dynamics (MD) simulations[168].

The large scale THM analysis discussed in final chapter that employs all the
developments in previous chapters can also be improved by adding following

experimental components:

L. Comprehensive measurements on drying and thermal creep
IL Measurement on drying shrinkage
I1I. Measurements on transport properties

From numerical point of view also following steps can help improving the

reliability of the design:

L. A 3D model including randomly distributed mechanical properties in
order to achieve a more realistic distribution of damage propagation
and cracking

IIL. Validation of crack configuration with large scale experiments

II. A study on the effect of different damage constitutive laws on the
predicted crack patterns

IV. A sensitivity analysis on impactful parameters, material related

parameters and boundary conditions
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V. An attempt to model creep behaviour of the material form the mix
composition in a predictive framework similar to this thesis which

can later on be utilized as an optimization tool.
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The principal objective of this study is to investigate the Thermo-Hydro-Mechanical (THM) beha-
vior of concrete within a multiscale framework. More importantly, to be able to predict fundamental
properties of concrete based on its composition to enable optimization of its design. This, however,
cannot be achieved without an in-depth study of phenomena and parameters, which are affecting
the macro-behavior of the concrete. Since cementitious engineered barriers are exposed to thermal
loading, a range of coupled processes usually referred to as THM processes are involved in their per-
formance. Therefore, this thesis proposes a stepwise, multi-componentand multiscale framework to
model THM behavior of cementitious materials.
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