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ABSTRACT

ROMA, R. F. Chemical and Creep Models Applied for Concrete Affected by Alkali-
Aggregate Reaction. 2021. 111 p. Engineering Master’s Thesis in Civil Engineering
Graduate School, Catholic University of Pernambuco, Recife, Brazil.

Concrete structures suffering from Alkali Aggregate Reaction (AAR) are also
affected by other deleterious mechanisms such as creep and shrinkage. In Brazil and
many other countries worldwide, numerous cases of building foundations and concrete
dams were investigated due to the damage associated to AAR. Macroscopic AAR
models must have to consider the influence of the main environmental parameters, such
as temperature, saturation degree and the speed of the evolution of the chemical
reaction. To be relevant in structural applications, concrete creep models have to
consider several important phenomena, such as non-linearity, multi-axiality, thermal and
drying effects. In order to prevent those pathologies, plan rehabilitation works or create
new design procedures, the numerical simulation through finite elements method (FEM)
is recognized as a very useful tool. The aim of this work is to implement a chemical model
to simulate the advancement of the reaction and a mechanical model to simulate creep
and shrinkage phenomena in COMSOL Multiphysics®, as a way to reassess concrete
structures suffering from those mechanisms. The model to represent the AAR was
developed by Morenon (2017) and the creep and shrinkage models were developed by
Sellier et al. (2016), currently in use on other commercial softwares like CAST3M and
Code_Aster. The models were implemented in COMSOL separately in order to evaluate
their responses, comparing to theoretical results and experimental benchmarks
proposed by the developers of such models. The chemical model to reproduce AAR was
compared to the theoretical results shown by the developer of the model (Morenon,
2017), and the creep model was compared to experimental data regarding creep strains
in different directions of a specimen under various loads and different temperatures. The
results of the simulations were in reasonable good agreements with the results taken
from the literature, with a maximum error of 10%, showing that the implementation in
COMSOL was a success. Although, the shrinkage model didn’t show any good results,
and some numerical instability was encountered when the coupling of such models was
done, and to fully reproduce a concrete structure affected by those deleterious
phenomena, a coupled chemo-mechanical-damage model in a rheological framework
must be implemented, which will be the aim of the next research projects.

Keywords: Alkali-Aggregate Reaction; Creep; Shrinkage; Numerical Simulation;
COMSOL Multiphysics®




RESUME

ROMA, R. F. Modéles chimiques et de fluage appliqués au Béton Affecté par la
Réaction Alcali-Granulat. 2021. 111 p. Thése de Maitrise en Génie Civil, Université

Catholique de Pernambuco, Recife, Brésil.

Structures de béton que souffrent a cause de la réaction alkali-granulat sont aussi
affectées per autres mécanismes de détérioration comme le fluage et le rétrécissement.
Au Brésil et dans autres pays au monde, cas nombreux des fondations des constructions
et béton DAMS ont été investigués a cause du dommage associé a la réaction alkali-
granulat. Modéles macroscopiques de la réaction alkali-granulat doivent considérer
l'influence des paramétres naturels principaux, comme température, dégrée de
saturation e la vitesse d'évolution de la réaction chimique. Pour étre relevant aux
applications des structures, modéles de fluage béton doivent considérer plusieurs
phénoménes importants, comme la non-linéarité, multi-axialité, e des effets thermaux et
de séchage. Pour prévenir ces pathologies, réhabilitation des plans ou créer nouvelles
procédures de design, la simulation numérique pour la méthode des éléments finis est
reconnue comme un outil trés utile. Le but de cette recherce est d'implémenter un
modeéle chimique pour simuler I'avancement de la réaction et un modéle pour simuler les
phénoménes de fluage et le rétrécissement sur COMSOL Multiphysics®, comme un
moyen de réévaluer des structures de béton qui souffrent de ces mécanismes. Le
modele pour représenter la réaction alkali-granulat a été développé pour Morenon (2017)
et les modéles de fluage et de rétrécissement ont été développés pour Sellier et al.
(2016), utilisés aujourd'hui pour autres softwares commerciales comme CAST3M et
Code_Aster. Les modéles ont été implémentés en COMSOL séparément afin d'évaluer
les réponses, en comparaison avec les résultats théoriques et les repéres
expérimentaux proposées pour les développeurs de ces modéles. Le modéle chimique
pour reproduire la réaction alkali-granulat a été comparé aux résultats théoriques
montrés par le développeur du modele (Morenon, 2017) et le modéle de fluage a été
comparé aux données expérimentales concernant les déformations de fluage dans
différentes directions d'un échantillon sous diverses charges et différentes températures.
Les résultats de la simulation ont été en assez bon accord avec les résultats tirés de la
littérature , avec un erreur limite de 10%, que montre que l'implémentation en COMSOL
a été un succes. Le modéle de rétrécissement n'a pas montré des bons résultats, et
quelques instabilités numériques des modéles ont été trouvées quand la couplage des
modeéles est fini, et pour reproduire complétement une structure de béton affectée par
ces phénomeénes de détérioration, une comparaison chimio-mécanique-dommage dans
un cadre rhéologique doit étre mis en ceuvre, ce qui sera l'objectif des prochains projets
de recherche.

Mots Clés: Réaction Alcali-Granulat; Fluage; Rétrécissement; Simulation Numérique;
COMSOL Multiphysics®




RESUMO

ROMA, R. F. Modelo quimico e de fluéncia aplicados ao concreto afetado pela
reacao alcali-agregado. 2021. 111 p. Tese de Mestrado em Engenharia Civil,

Universidade Catolica de Pernambuco, Recife, Brasil.

Estruturas de concreto sofrendo de Reacgdo Alcali-Agregado (RAA) sdo também
afetadas por outros mecanismos deletérios como fluéncia e retracdo. No Brasil e em
muitos outros paises, um grande numero de casos de fundagbes de edificios e
barragens de concreto foram investigados por causa do dano associado a RAA.
Modelos macroscépicos de RAA devem considerar a influéncia das principais variaveis
ambientais, como temperatura, grau de saturacao e a velocidade de evolucao da reacao
quimica. Para ser relevante em aplicagdes estruturais, modelos de fluéncia devem
considerar diversos fendbmenos importantes como a nao linearidade e multi-axialidade,
e efeitos térmicos e de secagem. Para prevenir estas patologias, planejar obras de
reabilitacdo ou criar novas diretrizes de projeto, a simulagdo numérica através de
Métodos de Elementos Finitos (MEF) é reconhecida como uma ferramenta muito util. O
objetivo deste trabalho é de implementar um modelo quimico, para simular o avango da
reacao, e um modelo mecanico para simular os fendmenos de fluéncia e retracdo no
COMSOL Multiphysics®, como uma forma de reproduzir estruturas de concreto
sofrendo destes mecanismos. O modelo para representar RAA foi desenvolvido por
Morenon (2017) e os modelos de fluéncia e retracio por Sellier et al. (2016), atualmente
em uso por outros softwares comerciais como CAST3M e Code_Aster. Os modelos
foram implementados no COMSOL separadamente de forma a avaliar seus resultados,
comparando a resultados tedricos e benchmarks experimentais propostos pelos
desenvolvedores dos modelos. O modelo quimico para reproduzir RAA foi comparado
aos resultados tedricos apresentados pelo desenvolvedor (Morenon, 2017), e o modelo
de fluéncia foi comparado aos resultados experimentais de medicdo de deformacao por
fluéncia em diferentes direcbes em corpos-de-prova de concreto sob diferentes
condicdes de carregamento e temperatura. Os resultados das simulagdes tiveram
correlagdo razoavel com os resultados obtidos na literatura, com discrepancia maxima
de 100%, mostrando que a implementacdo no software COMSOL foi bem executada.
Entretanto, o modelo de retracdo ndo mostrou resultados aceitaveis, e instabilidades
numéricas foram encontradas na tentativa de acoplar os modelos quimicos e
mecanicos, e para reproduzir totalmente a estrutura de concreto afetada pelos
fendmenos deletérios, € necessario implementar um modelo quimico-mecanico-dano
acoplado, desenvolvido em estrutura reolégica, que sera o objetivo das proximas
pesquisas.

Palavras-chave: Reacdo Alcali-Agregado; Fluéncia; Retracdo; Simulacdo Numérica;
COMSOL Multiphysics®.
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CHAPTER 1

1. INTRODUCTION

The concrete is probably the most used civil construction material in the modern
world. Developing countries such as China, India and Brazil stand out as the largest
consumers of this material in the execution of buildings and infrastructure. The durability
of concrete structures must be guaranteed in order to prevent expensive maintenance
or even failure of those structures (METALSSI & TOUTLEMOND, 2012).

The behavior of concrete includes the viscosity, elasticity and plasticity, and it
can be characterized as an elasto-viscoplastic material, which its strains can be due to
shrinkage, creep and damage (LEONHARDT & MONNING, 1977). The strains linked to
shrinkage and creep are known as the two main factors affecting the durability of the
structures in the long term. To better understand how those strains occur over time, many
experimental programs, formulations and models with the objective of predicting the
concrete behavior were developed (ABDELLATEF et al., 2015).

In addition, expansion is another type of deformation affecting concrete. The
chemo-physical expansion processes activated by certain environmental conditions can
lead to significant loss in strength and stiffness of many concrete structures. When those
environmental conditions are presented, damage due to expansion might appear, and
those expansions are due to one or more pathologies affecting the concrete structures
(SCRIVENER, 2009; COMI & PEREGO, 2011). The inadequate durability of the concrete
is perceived by the pathological manifestations, whose agents can reside inside itself or
come from the external environment. Internally, these agents can be found in the
chemical and mineralogical composition of cement or aggregates. Externally, aggressive
substances penetrate the interior of concrete structures through the capillary network
(connected porous matrix) in the form of gases, vapors or liquids, leading to chemical
deterioration, which may involve the formation of expansive products (e.g. the alkali-
aggregate reaction).

Some pathologies such as Alkali-Aggregate Reaction (AAR) and Delayed
Ettringite Formation (DEF), external sulfate attack and even frost, are considered as
Internal Swelling Processes (ISP). The ISP cause expansion on the affected concrete,
leading to cracking, decrease of its mechanical properties and loss of early durability
(lifespan of concrete structures). These pathologies often cause severe problems in
terms of serviceability, structural integrity and sustainable operation of the concrete
structures. The two reactions (AAR and DEF) are often observed acting simultaneously
on concrete structures, implying the precise understanding of these processes acting in
two scenarios: alone and combined (MARTIN, OMIKRINE; TOUTLEMONDE, 2012;
MARTIN, BAZIN & TOUTLEMONDE, 2012).

The AAR is a phenomenon involving chemical reactions in which some
constituents of the aggregate react with the alkaline hydroxides dissolved in the solution
of the concrete pores, and it leads to cracking and loss of durability in cement-based
composites. AAR is a chemical reaction in either concrete or mortar between hydroxyl
ions (OH") of the alkalis (sodium and potassium) from hydraulic cement (or others
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sources), and certain constituents of some aggregates; under certain conditions
deleterious expansion of concrete or mortar may result (RAJABIPOUR et al., 2015).

Basically, four conditions must be satisfied in order to generate AAR on concrete:
the presence of reactive aggregate, an adequate level of alkalinity, sufficient moisture in
the pores of concrete and high temperature. The understanding of AAR is very complex
and such processes have an important role on the pathologies found on big structures
such as bridges, railroads, dams and building foundations. The damage caused by AAR
goes from localized cracking to generalized failure and performance degradation. The
effective resolution of this problem is also very complex since the description of the
mechanism of the reaction is not yet endorsed by conclusive theoretical formulation
accepted by worldwide scientific associations, and the experimental tests for careful
observation of the phenomenon requires considerable amount of time and resources.

As the AAR is a process that takes many years to produce visible damage, it is
very important to predict the behavior of the AAR-affected concrete structures, done in
a way that is possible to evaluate the stability and durability of such structures. In the
other hand, the numerical simulations of AAR-affected concrete structures generally
neglect the interactions between AAR, creep and shrinkage (GRIMAL et al., 2007; COMI
& PEREGO, 2011; PAN et al., 2013).

1.1.  JUSTIFICATION AND RELEVANCE OF THE TOPIC

As time goes by, the society needs larger and higher structures than before in
order to continue the process of development of cities and their infrastructures. Such
megastructures (e.g. large raft foundations, dams, long tunnels and bridges) use a huge
volume of concrete in its execution, and such amount of concrete needs a large quantity
of aggregate, but sometimes non-reactive aggregates aren'’t available locally — near to
the construction site — and shipping it wouldn’t be feasible. In addition, reactive
aggregates are readily and abundantly available at lower cost and reduced
environmental impact when compared with non-reactive materials (THOMAS,;
FOURNIER; FOLLIARD, 2013). But the usage of reactive aggregates may lead to the
appearance of AAR if all the environmental conditions are satisfied.

The deterioration caused by the ISP leads to high cost maintenance or
rehabilitation of the affected concrete structures, and many countries all over the world
have been reporting evidences of DEF and AAR on these kinds of infrastructures and
buildings. According to Taylor, Famy & Scrivener (2001) and Hobbs (1999), in many of
these cases the DEF happened simultaneously with the AAR, when siliceous aggregates
were used on concrete. In the literature there are a lot of reports showing those two
phenomena — DEF and AAR — often manifested together since both are activated by
high temperatures on the curing stage, followed by exposure in a high humidity
environment.

In many countries a large amount of resources has been applied to the repair
and maintenance of concrete structures affected by the AAR. For example, according to
Oberholster, quoted by Kuperman (2007), South Africa had spent the amount of U$ 350
million only between the 1970s and 1996. In the year of 2008, the organizers of the 13th
International Conference on Alkali-Aggregate Reactions in Concrete (ICAAR) estimated
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the annual cost to rehabilitate and substitution of constructions affected by ISR is U$ 2.6
billion.

Another good example is the case of the Elgeseter Bridge, in Norway, built
between 1949 and 1951 and costing kr$1.5 million at the time. In 1989 the bridge was
already damaged due to shrinkage, creep and corrosion of the reinforcements concrete
columns, but in the early 90’s many other damage due to AAR was also verified, and the
cost to repair all the bridge in 5 years was around kr$ 6.8 million at the time (JENSEN,
2004).

Such huge amounts of money are a big concern to the civil construction industry
and also the governments all over the world, leading to the creation and funding of many
research centers (e.g. LMDC-INSA) in order to develop technology suitable for
characterization, mitigation and repairing of the affected structures. The main research
centers are located in France, Canada, United Kingdom, Germany and United States of
America.

According to Divet et al. (2003), there are three components to the investigation
of structures suffering from ISP:

e Chemo-physical characterization focusing primarily on the materials (cement
and aggregates);

e Computational modeling of the evolution of damage and assessing the
structural response of the structure;

e Managing the structure.

The presenting research project, a partnership between UNICAP (Universidade
Catolica de Pernambuco — Recife, BR) and ICAM (Institut Catholique de d’Arts et Métiers
— Nantes, FR) is focused on the computational modeling, as the numerical simulation is
an adequate instrument to quantify the extension of the damage caused by the AAR,
assisting on the decision making regarding structural recovery works and also serving
as a basis to modify some structural design criteria. In possession of all the information
shown above, the research of numerical modeling of ISP affecting concrete structures
must be done with caution and precision in order to mitigate the effects of these
phenomena still on the design project stage, avoiding the high costs of maintenance and
rehabilitation on those affected structures.

This research program was done during the COVID-2019 pandemic scenario, a
very hard time for everyone worldwide. The ones involved in this work had put a lot of
effort in order to maintain the schedule of the program, and most of the weekly reunions
were done in a virtual platform.

1.2. OBJECTIVES

1.2.1. General Objectives

This work aims to perform a numerical simulation of the chemical and creep
behavior of concrete affected by Alkali-Aggregate Reaction (AAR) on an isotropic non-
linear bidimensional model using the software COMSOL Multiphysics®. This software is
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based on Finite Element Method (FEM) for the solution of mechanical analysis for linear
and non-linear problems.

1.2.2. Specific Objectives

e Organize and present a literature review about AAR chemistry modelling, as
well as creep and shrinkage modelling.

e Implement the chemical model proposed by Morenon (2017) in COMSOL
Multiphysics®, which calculates the pressure of the gel regarding the volume of
gel created and the advancement of the reaction, comparing the results in order
to validate the implementation.

e Implement the creep and shrinkage models proposed by Sellier et al. (2016) in
COMSOL Multiphysics®, which relates the permanent and reversible creep
strains to the elastic strain in any direction and also to some fitting material
parameters obtained in creep tests. The validation of the implementation was
made by comparison with experimental benchmark proposed by the developers
of the model.

1.3. METHODOLOGY

For the development of this work, primarily it was done a literature review in order
to search for the most advanced and suitable numerical models related to AAR, creep
and shrinkage. The models developed and published by the LMDC-INSA Toulouse,
coordinated by the professors Alain Sellier, Stéphane Multon and others, were selected
due to its background: they were calibrated by extensive experimental programs and
experimental data found in literature. The very up-to-date models showed results in very
good agreement to the experimental results.

For the chemical model, it was selected the model proposed by Morenon (2017),
which takes into account the main environmental and material parameters that influence
on the advancement of the reaction and the ASR gel pressure generated. For the creep
and shrinkage behavior, it was selected the model proposed by Sellier et al. (2016).

Those models were implemented on COMSOL Multiphysics®, a commercial
cross-platform finite element analysis, solver and multiphysics simulation software. It
allows conventional physics-based user interfaces and coupled systems of partial
differential equations (PDEs). COMSOL provides an ideal and unified workflow for
electrical, mechanical, fluid, acoustics, and chemical applications.

When the models were successfully implemented, the modules were validated
by comparison with experimental and numerical benchmark found in literature. The
coupling of all the models showed numerical instability, therefore it's the full coupled
chemo-mechanical model is not presented in this work.

For the readers, probably there is still a question remaining: why, amongst all the
FEM softwares available, the author chose COMSOL? The answer for this question
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remains on the procedures adopted to develop this research, as those chemo-
mechanical models have already been implemented in other commercial softwares like
CAST3M and Code_Aster. Also, COMSOL is able to simulate sensors in concrete
structures, as seen on the works of Alcantara Jr. & Gongalves Jr. (2015) and Pomarico
et al. (2016), hence it would make possible — in the near future — to simulate a real
concrete structure affected by ISP and the sensors inside of it, comparing the real data
with the numerical simulations, providing an enormous contribution to the scientific
community and civil construction industry.

1.4. OUTLINE OF THE MASTER THESIS

The first chapter is a general introduction about the problematic of the
degradation of concrete structures, the importance of studying it and some costs related
to those problems, which highlights the justification behind this research. Also, it's
presented the objectives related to the research project and the methodology used in the
development of this work. At least, it's shown the organization of the report.

The second chapter is about the literature review of this research, regarding the
main concepts on the two subjects of the work: alkali-aggregate reaction (AAR) in
concrete and the mechanical behavior induced by creep and shrinkage. The first part,
which is about AAR, it's presented a historical background and the problem in Brazil,
followed by a brief explanation about the formation of the gel produced by the reactions,
a resume about the swelling and cracking mechanisms related to AAR, the factors which
influence in this reaction and the main numerical models related to this problem. The
second part, regarding the mechanical behavior of concrete, it’s first presented the main
concepts about creep and shrinkage, the factors which influence those phenomena and
the main mathematical models, and secondly it's presented a brief concept about the
poro-mechanical theory and the poro-mechanical models for swelling products in
concrete structures.

The third chapter concerns about the materials and methods used in these
research project, regarding the numerical models for both AAR (Morenon, 2017), creep
and shrinkage (Sellier et al., 2013), explaining the required formulation and the main
material parameters and its suggested values. Next, it's presented the implementation
of those models in the software COMSOL Multiphysics®, and a simple step-by-step
procedure for any researcher to do the same.

The fourth chapter concerns about the results of such simulations, according to
the theoretical behavior and some experimental benchmarks available on the works of
the developers of the models presented in Chapter 3.

The fifth and last chapter concerns the main conclusions about the work,
regarding the limitations and the positive points encountered by the author, and of course
some perspectives for future works.
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CHAPTER 2

2. LITERATURE REVIEW

For well-designed concrete structures, the main source of damage is the
shrinkage, creep and expansion processes, which can act combined or not. The
expansion processes are often called Internal Swelling Processes (ISP), which are
pathologies that degrade the concrete structures due to the formation of an intrapore
product, and its swelling is responsible for damaging the solid skeleton of concrete.

This chapter is then divided in two parts, the first one is dedicated to the AAR and
the second part is dedicated to the main mechanical behaviors of concrete which are
necessary to numerically assess a concrete structure. Those mechanical behaviors can
be resumed in creep and shrinkage, poro-mechanical theory and the main poro-
mechanical models related to AAR.

In the subject of AAR, first is provided an historical background and an overview of
the problem in Brazil, followed by the main reaction mechanisms and the most significant
parameters on the formation of expansive product (AAR gel), and for the last is related
the main mathematical models found in the literature related to the formation of the gel
and its expansion.

In the subject of mechanical behavior, first is developed a brief concept of creep
and shrinkage, followed by the theory of poro-elasticity and the models making it possible
to numerically simulate the damage on concrete structures, and the effects of swelling
stresses on the porous media of concrete.

2.1. ALKALI-AGGREGATE REACTION (AAR)

In this topic, it's presented a brief historical and theoretical review about the concepts
linked to AAR. The factors which influence the occurrence of those phenomena are
commented as well. This explanation is necessary in order to better understand the
chemical model and its main material parameters presented in the Chapter 3 (Materials
and Methods).

2.1.1. Historical Background and the Problem in Brazil

In the 1930’s, a several number of pathological manifestations with expansive behavior
were found on bridges and pavements in USA, and the real causes were not known at
the time (HOBBS, 1988). Since Stanton (1940) — see Figure 2.1 — proved through
experimental tests that aggregates derived from natural rocks aren’t necessarily
chemically inert materials (as they were supposed to be), the scientific community knows
that the mineralogical constituents of the aggregates reacts with the alkalis from Portland
cement. This chemical reaction was called Alkali-Aggregate Reaction (AAR).
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Flgure 2.1. Thomas Stanton of the Callfornl tate D|V|S|on of nghways and a
bridge parapet wall that is showing of damage due to Alkali-Silica Reaction
(ASR) (THOMAS, FOURNIER & FOLLIARD, 2013).

At the beginning of 1980’s, an important number of concrete structures had their
damages associated to the expansive effect of Alkali-Silicate gel produced by AAR. At
the time, the concern on the phenomenon’s consequence motivated the beginning of
more careful scientific investigations. The problem was put on the spotlight in a way that
the volume and diversification of scientific research on this subject has been
progressively expanded, leading to the growing discovery of new cases (THOMAS,
FOURNIER & FOLLIARD, 2013).

The damage caused by AAR can be found without difficulties in concrete structures
throughout the world, and today more than 50 countries have reported the occurrence of
this phenomenon. In fact, some researchers believe that there are characteristic
damages produced by AAR in concrete structures that are erroneously attributed to other
causes, and it leads the scientific community to think that the seriousness of this problem
(AAR) is even greater than they thought it was.

In Brazil, the firsts scientific works about the reactive potential of the aggregates
are dated from 1960’s when Heraldo Gitahy did extensive research on pozzolanic
materials for the CESP’s Urubupunga complex, which used calcined clay to mitigate AAR
(PACELLI, 1999). This technique was a success because until now there are no
registries of this kind of reaction affecting the buildings. However, it was only in 1997 that
the problematic of AAR gained more attention with the creation of the 1st Symposium on
Alkali-Aggregate Reactivity in Concrete Structures. Silveira (1997) showed that in Brazil,
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the first records of concrete structures affected by AAR are dated from 1946 in the
CEMIG’s Peti Dam, and the aggregate used to fabricate the concrete was originally from
gneiss rock.

Since 2004, the attention of the scientific community in Pernambuco (PE-BR) has
turned to civil constructions in the Recife’s Metropolitan Region (RMR) that was
motivated by the collapse of the building Areia Branca. An extensive inspection was
carried out on the foundation structures and at the end of several diagnoses made by
many professionals, some signs of AAR were verified, although this pathological
manifestation was not the cause of the collapse of the building. In Pernambuco there is
a significant number of constructions proven to be affected by AAR. The cases registered
are: i) six foundation slabs for refrigeration towers; ii) Tapacura’s Dam:; iii) Paulo Guerra’s
bridge; iv) dozens of foundation blocks (pile caps) from buildings situated on the RMR
(ANDRADE, 2006; ANDRADE et al., 2006a; ANDRIOLO, 2000; BRITO JUNIOR;
FERRO, 2016).

The expansions of the aforementioned structures can be attributed to the usage of
a large rock deposit located very close to a geological fault, and such deposit is a source
of extraction of aggregates for concrete. It is known that quartz minerals in regions
subjected to tectonic movements present their crystals with a deformed geometric
arrangement, which is one of the varieties responsible for the slowest expansion rates
that can last for many years (MADUREIRA, 2007).

Since the collapse of the building Areia Branca until 2006, more than 30 cases of
AAR were found on the RMR. According to Andrade (2006), Andrade et al. (2006a),
Andrade et al. (2006b) and Pecchio et al. (2006), the major causes are: i) the existence
of aggregates containing extremely deformed, microcrystalline and recrystallized quartz;
ii) low depth of the water table (near to the ground surface); iii) availability of soluble
alkalis (specially potassium); iv) high ambient temperatures. Unlike the classic cases in
the literature, where deleterious expansions occur over long periods of time, some
constructions on the RMR showed deleterious cracks just in three years of construction.

In some cases, the expansion caused by the AAR is so severe that the internal
tensile stresses in the concrete reached extremely high values (PECCHIO et al., 2006),
as can be seen by the rupture of the stirrup shown in Figure 2.2. The magnitude of these
expansions caused by the AAR in the constructions of RMR can also be visualized in
the photographs shown in Figure 2.3.

Figure 2.2. Crackings caused by AAR on the foundation blocks (pile caps) of a
public building with 13 floors (adapted from ANDRADE et al., 2006a).
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a) Pile cap with 9 years old. b) Pile cap with 11 years old.

¥ ',-, oA T AR
c) Pile cap with 21 years old. d) Pile cap with 10 years old.

Figure 2.3. Crackings caused by AAR on buildings at the RMR
(adapted from ANDRADE, 2006).

After 80 years since Stanton’s first works, many other researches programs had
been done throughout the world. A significant number of works approach the problem in
a very efficient and clear way on how to avoid the reaction before it is consolidated, using
techniques which consists on the use of mineral and chemical addictions, limitation of
the alkali content of cement, showing the importance on the prevention of the
phenomenon. With regard to the treatment of AAR in concrete structures, what has been
seen are empirical measures such as: i) injection of cementitious materials in the cracks;
ii) monitoring of the expansions; iii) cuts to relieve tension caused by the expansive
products of AAR; iv) restructuring of structural members etc.

The Brazilian Standard ABNT NBR 15577 (2008) shows how to perform a risk
analysis on the possibility of the occurrence of AAR by taking into account the conditions
of exposure, dimensions and the importance of the structure or the concrete member, in
order to indicate a possible preventive action. However, the document does not yet
include repairs and/or mitigating actions in situation where the AAR pathological
manifestations are already happening.

To decide on which aggregate should be used on concrete mixture and possibly
some mitigating actions, the Brazilian Standard ABNT NBR 15577 (2008) recommends
the use of the flowchart presented in Figure 2.4, taking into account the risk analysis and
its factors.

According to the flowchart, whenever it is necessary to classify the degree of
reactivity of an aggregate, petrographic analysis must be carried out, and subsequently,
it must be done the reactivity test by MABA — Método Acelerado em Barras de
Argamassa (Accelerated Mortar Bar Test - ABT NBR 15577-4), which classifies the
aggregate as potentially reactive when its expansion limit is equal to or greater than
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0.19%, at 30 days of testing. To confirm the results obtained by MABA and/or there is a
necessity for more accurate assessment of the reactivity of an aggregate, the use of the
MPC — Método dos Primas de Concreto (Concrete Prisma Test - ABNT NBR 15577-4)
— is required. For the aggregate to be considered potentially reactive by the MPC, the
expansion limit has to be equal to or greater than 0.04%, at one year of testing. Values
below those limits suggest that the aggregate is potentially innocuous. If there is a
discrepancy in the results provided by MABA and MPC, it is suggested that only the
results on concrete specimens must be used.

[ Classification of Preventive Analysis ]

Unnecessary Minimum Moderate Strong

<

Aggregate with a history of occurrence YES
of AAR in service or by tests

J;, NO
Classification of the degree
of reactivity of the aggregate

v Vv
( Potentially inocuous ) ( Potentially reactive )

Mitigation
measures

Change of the
aggregate

Construction
Figure 2.4. General flowchart for use of aggregate on concrete

(NBR 15577-1:2008).

2.1.2. The Formation of ASR Gel and its Chemistry

In a general way, Alkali-Aggregate Reaction (AAR) can be considered as a
chemical reaction which occurs inside of a concrete structure, and this reaction involves
four agents (Figure 2.5 and Figure 2.6): i) reactive minerals located on the aggregates;
i) the alkalis located on the concrete pores moisture; iii) water; iv) high temperature.
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Figure 2.5. Diagrammatic representation of AAR.
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Figure 2.6. Conditions to generate ASR (PAN et al., 2012).

The product of this reaction causes expansion and consequently cracking,
drastically interfering on the structure durability (HASPARYK, 2011). Commonly, AAR
is divided into two different types: Alkali-Silica Reaction (ASR) and Alkali-Carbonate
Reaction (ACR). There is also a particular case of the ASR which is the Alkali-Silicate
Reaction (ASSR). ASR is derived from certain siliceous rocks and minerals, such as
opal, chert, microcrystalline quartz, and acidic volcanic glass, present in some
aggregates. In the other hand, ACR is derived from certain carbonate rocks, particularly
calcitic dolostone and dolomitic limestones, present in some aggregates. However, ASR
is far more widespread than ACR, and now is recognized as a major cause of concrete
deterioration in the USA and numerous countries worldwide (THOMAS, FOURNIER &
FOLLIARD, 2013).
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ASR is derived from certain siliceous rocks and minerals, such as opal, chert,
microcrystalline quartz, and acidic volcanic glass present in some aggregates. In the
other hand, ACR is derived from certain carbonate rocks, particularly calcitic dolostone
and dolomitic limestones.

The ASR process happens in several stages and it's also very complicated to
understand and exposed, but the works of Glasser & Kataoka (1981; 1982) proposed
that the phenomenon can be summarized in two steps (Figure 2.7). The first step is the
rupture of the aggregate siloxane networks (Si— O — Si) caused by the attack of hydroxyl
ions (Figure 2.8), which produces alkali silicate and silicic acid, immediately reacting with
further hydroxyl ion, and as a result the product of this reaction (the alkali silicate or alkali-
silica gel) is amorphous and hygroscopic. The second step is the expansion of the alkali-
silica gel by absorption of free water, causing cracking on the cement paste and on the
aggregate (depending on the type of the aggregate).
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Figure 2.7. Alkali-Silica Reaction process (adapted from Deschenes, 2009).
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Figure 2.8. lllustration of aggregate being attacked by alkali hydroxyls ions
(POURBEHI, VAN ZIJL & STRASHEIM, 2018).
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According to Powers & Steinour (1955a), the ASR product is a solid in the absence
of water, and this solid can be called basic gel, which has the capacity to imbibe water
molecules, generating extensive swelling of the gel and transforming it on a fluid. The
authors stated that:

“Hydrous silica aggregates, as already mentioned, may of course already contain
substantial silanol bonding. These silanol groups react readily with further hydroxyls.
As more siloxane bonds are attacked, a gel-like layer forms on the surface of the
aggregate. Some silica may even pass into the solution.

The negatively charged species of this gel attract positive charges, which are
present in the pore solution in the form of mobile species such as sodium, potassium,
and calcium. They diffuse into the gel in sufficient numbers to balance the negatively
charged groups.

The presence of these ions determines important properties of the gel. If the gel
is formed in an environment rich in Caz*, mainly this species will be taken up by the
gel, soon forming particles of C-S-H as a separate constituent. Thus, the gel is
transformed into a rigid and unreactive structure. This process may be considered
similar to the pozzolanic reaction in concrete. If the pore solution, however, is low in
Caz*, the gel takes up mainly Na* and K*. This results in a more viscous consistence
of the gel. This gel will also imbibe further water, which will cause its large expansion.

If the gel is in contact with CO2, which occurs when it is exposed to the
atmosphere, it carbonates. This is observed on the surface of cut concrete
specimens that have undergone ASR. The ability to imbibe water and ionic species
as Na* and K* cause the water contents, densities, and other physical properties to
vary over wide ranges. It is very difficult to predict the species of gel that may form
in a certain concrete.”

Saouma et al. (2015) detail the ASR in stages, taking as reference the petrographic
interpretations on the evolution of the reaction (Figure 2.9). For the stage | (Micro-
Nucleation), the reaction starts around the aggregate causing no expansion. On the
stage Il (Development) occurs the formation of the gel in the pores of the reactive
aggregates which starts the expansion, and the pressure exerted by this expansion to
cracking in the aggregate. On the stage Il (Acceleration), the process of deterioration
becomes more noticeable as the cracking in the reactive aggregate starts to propagate
to the cement paste. This cracking grows in size and quantity, and the gel permeates
through them, reaching distant voids in the cement paste. For the stage IV
(Deterioration), severe damage occurs in the structure, for example rupture of the rebar
reinforcement and total loss of structural integrity.
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Figure 2.9. Petrographic interpretation of the evolution of ASR — S-shaped curve
(SAOUMA et al., 2015).

2.1.3. Swelling and Cracking Mechanisms Related to ASR

The mechanism of expansion and cracking is still not clearly understood, but is
widely accepted that the deleterious process of ASR on concrete structures is due to
water absorption by the gel, causing its expansion and increasing internal stress. When
the tensile strength of the concrete skeleton is exceeded, the swelling of gel creates and
propagates cracking.

The osmotic pressure theory suggests that the cement paste act as a
semipermeable membrane when it's surrounding the reactive aggregate, preventing the
diffusion of alkali-silicate ions from the reactive sites into the surrounding cement paste,
while water is still able to pass through the pore solution. Therefore, an osmotic pressure
cell forms and the alkali-silica gel swells with increasing hydrostatic pressure, inducing
cracking in the cement paste (HANSEN, 1944; DENT GLASSER, 1979; POOLE, 1992).

The mechanical expansion theory, proposed by McGowan & Vivian (1952),
suggests that a solid alkali-silicate layer is formed on the reactive aggregate surface.
This layer absorbs water from the pore solution and changes from solid to a gel, followed
by the absorption of more water by the gel and then it swells, inducing cracking on the
cement paste.

Powers & Steinour (1955a) claimed that both of the theories aforementioned — the
osmotic pressure theory and mechanical expansion theory — are fundamentally the
same. The amount of absorbed water strongly influences on the forms of the alkali-silica
gel, and it can be solid or colloidal fluid. Both phenomena, the osmotic pressure cell of
fluid gel and solid gel swelling, primarily generates the expansion of concrete. According
to Durand et al. (1992), the gel is capable to absorb in volume of water approximately
200 to 400% of its weight in a saturated atmosphere. In that case, it's possible to
calculate the volume and the mass of the gel formed on the surface of the reactive
aggregate as the gel can occupy the porous media.

27




In addition to the theories shown before, the works of Bazant & Steffens (2000)
and Dron & Brivot (1993) assumed that the expansion is caused by the swelling pressure
accumulated in the Interfacial Transition Zone (ITZ), and the dissolved silica is diffused
far away from the reactive aggregates into the connected porous matrix of the cement
paste. A pressure in the gel is generated by the imbibition of water, which is initially
released by pushing the gel to permeate the micropores in the cement paste located
near the surface of the aggregate. The pores around the reactive aggregate and inside
the cement paste get fully filled by the gel, and further formation of even more gel induces
the increasing internal pressure, leading to cracking of the cement paste.

Although the aforementioned works affirm that the cracking only occurs in the
cement paste and not on the aggregate, the researchers Ponce & Batic (2006) found
that cracking patterns of ASR-affected concrete depend on the mineralogical nature of
aggregate. Those researchers carried out the petrographic examination in aggregates
with gel formation and expansion at the aggregate-paste interface, leading to two main
conclusions:

a) Some aggregates — opal and vitreous volcanic rocks — caused cracking only in
the cement paste;

b) Mixed mineralogy aggregates — more common in the field — generated cracks
in both the cement paste and the aggregates.

On the Figure 2.10 it's shown the two examples listed before. The Figure 2.10 (a)
shows the cracking on the cement paste within concrete with vitreous volcanic rocks on
its mixture. The Figure 2.10 (b) shows the cracking in both cement paste and siliceous
aggregate.

Some researchers validated the conclusions of Ponce & Batic (2006), and they
stated that when hydrate gel starts to be formed inside the reactive aggregate, it
develops an expansive pressure causing tensile stress in the aggregate, and such
pressure is finally released by cracking both the aggregate and the surrounding cement
paste (IDORN, 2001; GARCIA-DIAZ, et al., 2006).

(b)

Figure 2.10. Crack patterns due to different types of aggregates within ASR-affected
concrete (addapted from PONCE & BATIC, 2006).
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Other cracking mechanism was proposed by Ichikawa & Miura (2007), suggesting
that the diffusion of the viscous alkali-silicate gel doesn’t happen because the reactive
aggregate is tightly packed with an insoluble and rigid reaction rim, although it allows the
alkaline solution to penetrate. After the formation of the rim, the excess of alkali-silica gel
generated is stored inside the aggregate, thereby generating expansive pressure and
when the strength of material is exceeded, the cracking of the aggregate and the
surrounding cement paste occurs.

2.1.4. Factors Influencing on AAR

To better understand the AAR phenomena, it is important to highlight the main
factors which have influence on the reaction. As mentioned before, for AAR to occur is
needed the presence of reactive aggregates, alkalis on the pore moisture in the cement
paste, sufficient humidity and high temperature.

But there are also other factors which play significant role on the expansion due to
AAR, such as the porosity of the cement paste and confining stresses on the concrete
structure. Therefore, those factors can be divided in three groups: i) influence of the
concrete composition; ii) influence of the environment; iii) influence of the confining
stresses (MORENON, 2017; BALABUCH, 2018).

2.1.4.1. Influence of the Concrete Composition

The Type of Aggregate:

The rocks which contain potential reactive silica can react in different velocities,
and as a consequence of this variation, the aggregates can be classified by the alkaline
reactivity as “fast reactive” to “normal reactive” (5 to 20 years), “slow reactive” (more than
15 to 20 years) and “non-reactive” (LINDGARD et al., 2010). The aggregate reactivity is
directly linked to the velocity which the reaction occurs as well as the type of the reaction.
The increase on the permeability of the aggregates with higher porosity may lead to an
increase in the aggregate reactivity (ZHANG et al., 1999; BROEKMANS, 2002).

According to LCPC recommendations (LCPC, 1994; FD P18-464 — Béton —
Dispositions pous prévenir les phénoménes d’alcali-réaction, 2014), aggregates can be
classified into three groups: i) non-reactive siliceous aggregates (NR); ii) potentially
reactive aggregates (PR); iii) potentially reactive aggregates but with a pessimum effect
(PRP). Indeed, for some aggregates a maximum swelling can be observed depending
on the content of the reactive aggregate (HAWLETT, 2003). The peak of the pessimum
expansion varies according to the aggregates used. The kinetics of the reactions also
strongly depend on the nature of the aggregates.

Tiecher (2006) analyzed 40 samples of Brazilian aggregates, where 30 of them
were rocks (granites, rhyolites, basalts, limestone and gneiss) and the other 10 were
sand. Using the petrographic analysis, the author verified that all the analyzed
aggregates (without exceptions) showed potential reactive mineralogical constitutions.
The analyzed aggregates in general had deformed silicate minerals in its matrix, which
may lead to the occurrence of AAR.
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The Granulometry:

The specific surface of the aggregates has an influence on the swelling, more gel
can migrate into the connected porosity for a small size aggregate than for a larger one
(GAO et al., 2013). In addition, a pessimum effect is observed depending on the size of
the aggregates (MULTON et al., 2010; GAO et al., 2013) (Figure 2.11). Multon et al.
(2010) stated that the size of the aggregate which causes the highest AAR expansion
depends on the nature and composition of the aggregate. For fast reactive aggregate it
was verified that the quantity of soluble silica was similar for the different particle sizes
of a certain aggregate, and the expansion varied to different sizes as the higher
expansions was verified to coarse particles (MULTON et al., 2008).

This phenomenon could be explained by the quantity of silica consumed during the
cracking of the aggregate. If the aggregate is small, cracking will take place for an
aggregate which silica will be strongly attacked. For a larger aggregate, its core won’t
have reacted yet at the time of cracking. The produced ASR gel will only cause a small
increase in pressure due to the space created by the cracking (GAO et al., 2013).
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Figure 2.11. Final expansions of ASR-affected concrete specimens depending on their
size and the size of the aggregates (GAO et al., 2013).

A scale effect is also observed: the larger the size of the aggregates in relation to
the size of the test pieces, lower will be the final swelling. Gao et al. (2013) explains this
phenomenon by the production of the gel in the created cracking, as the crack depends
on the size ration of the swelling inclusions and the test specimen.

The difference on the kinetics of the reaction between the gravel and the sand is
used to determine the advancement of the reaction on testimonial blocks extracted from
concrete structures (GRIMAL, 2007).
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The Alkalis Content:

The alkali content provides an increase in the concentration of OH™ ions in the
concrete pore moisture, which are responsible for the attack to the silica in the reactive
aggregates (HASPARYK, 2011). This content must be sufficient to allow the reaction
(POOLE, 1992; BERRA et al. 2005).

The Portland cement is the main source of alkalis in the concrete, and higher is the
alkalis content in the cement or higher the cement consumption, higher will be the
expansions. But the Portland cement is not the only source of alkalis in the concrete, as
some minerals in the aggregates (feldspar or mica) can also provide the alkalis
(DIAMOND, 1989; BERUBE et al., 2002).

Oberholster (1983) proposed some guidelines in terms of cement content in
concrete and active alkalis content of cement to evaluate in which conditions a concrete
specimen would suffer from ASR-expansion (Figure 2.12). Posteriorly, in order to avoid
the occurrence of AAR, it was stablished a limit in the alkali content of 0.6% of equivalent
Na,0 (Na,0 + 0,658K,0) (ABNT NBR 15577-1:2008; MEHTA & MONTEIRO, 2014).
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Figure 2.12. Final expansions of ASR-affected concrete specimens depending on their
size and the size of the aggregates (OBERHOLSTER, 1983).

The leaching of alkalis is an important phenomenon to take into account in testes
with small concrete specimens (LINDGARD et al., 2013). In fact, Multon & Sellier (2016)
specified that a competition between alkali leaching and the diffusion of alkalis in the
aggregates can participate in the scale effect observed in the case of test specimens
stored in high humidity conditions.

31




The Porosity of the Cement Paste:

A high value of porosity of the paste plays two confronting roles when related to
AAR. Greater is the porosity, greater is the volume of available moisture on the pores
and greater is the space which the gel has to permeate without causing damage to the
concrete, because the available voids would be larger, although the diffusion would be
accelerated.

In the other hand, lower is the porosity, lower will be the velocity of the AAR,
delaying the advancement of the reaction, because the gel and the water would be
restricted in their mobility, causing a reduction on the expansion of the gel and even
preventing the formation of the gel. Jensen et al. (1984) show a technique to reduce the
pessimum expansion using air-entraining in the concrete mixture, and for values of 4%
of air insertion there is a reduction about 40% of the pessimum expansion, although the
technique of air-entraining can drastically reduce the structural properties (e.qg.
compression strength) of concrete (SILVA et al, 2009; WAWRZECZYK &
MOLENDOWSKA, 2017).

The impact of the permeability of the gel (in the cement paste) on the expansions
before cracking is limited to few cases of very reactive aggregates. In most cases,
significant expansions are generated before the detection of the gel in the cement paste
(SANCHEZ et al., 2015). This phenomenon occurs because once AAR has begun, it
rapidly generates an intra-porous stress (Sellier ef al., 1995a; Capra et al., 1996).

2.1.4.2. Influence of the Environment

The Temperature:

The temperature is directly linked to the advancement of the reaction: higher is the
temperature, faster is the reaction. This effect (Figure 2.13) is simulated on the laboratory
tests to accelerate the AAR which would take years in the room temperature (DIAMOND
et al., 1981; LARIVE, 1997).

As the temperature is increased, the solubility of the silica is also increased and
also is perceived a decrease on the solubility of the calcium hydroxide. Making the silica
more suitable for reaction and decreasing the capacity of the calcium hydroxide to
combine with the gel, is obtained an increase in the velocity of the expansion by AAR
(COLLINS & BAREHAM, 1987).
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Figure 2.13. Swelling over time to 38°C and 60°C (LARIVE, 1997).

The effect of the temperature on the kinetics of the reaction can be modeled with
an Arrhenius law (Eq. 1), where the term “Ea” is the activation energy, which varies from
40 and 53 kJ/mol, and the term “R” is the perfect gas constant, which the value is equal
to 8.1314 J/(mol.K) (LARIVE, 1997; ULM et al., 2000; POYET, 2003; GRIMAL, 2007).

Ea 1 1
g§atcul —exp exp [_F'<T - = l)l.eﬁfe (1)
re calcu

Lombardi et al. (1997) stated that the increase in the temperature promotes an
increase in the number of moles of gel created, and Furusawa et al. (1994) also affirms
that the increase in temperature causes a change in the coefficient of apparent diffusion
in the aggregates.

Larive (1997) stated that apparently the swelling asymptote is not modified by the
temperature, although other researchers (Diamond et al., 1981; Wood et al., 1987)
showed results that confront this point. Wood et al. (1987) even found swellings 4 times
greater at low temperatures (around 13°C) than at high temperatures (around 38°C).
Disturbing effects may had occurred on these experimental tests, such as alkalis
leaching, gel permeation in cracks, the chemistry of the gel and even thermal damage.

The concrete expansion caused by ASR shows picks at temperatures close to
40°C as shown in Figure 2.14, and this phenomenon might be related to the lower
viscosity of the gel for temperatures higher than 40°C, which would result in the
decreasing of the expansion as the gel can permeate more easily through the pores of
the cement matrix (DYER, 2015).
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Figure 2.14. Influence of the temperature in the expansion by ASR (DYER, 2015).

The Humidity:

The water inside the concrete pores is also considered as one of the main factor
to the developing of AAR, because the expansion induced by ASR is a consequence of
the water imbibition by the gel and therefore the extension of the expansion depends on
the amount of available water in the pores. Basically, the water acts in three different
ways: i) on the transportation of alkali ions in the interstitial solution to the reaction sites
by diffusion; ii) on the silica dissolution; iii) on the expansive mechanism of the gel
(MEHTA & MONTEIRO, 2014).

The ASR gel is hydrophilic which absorbs a lot of water molecules. Some
experimental data showed that the expansion was directly linked to the relative humidity
(RH) of the environment (LARIVE, 1997; POYET, 2003; MULTON, 2003). Although the
modeling of this effect became more precise when the RH was replaced by the saturation
degree of the concrete.

Poyet (2003) shows that is a threshold at approximately 70% of relative humidity
which above this value the swelling is no longer negligible (Figure 2.15). The final
swelling seems less important for a RH of 100% than for the value of 96%, and this
phenomenon can be due to the alkalis leaching. Larive (1997) states that a late addition
of water can accelerate the kinetics of the reaction. According to Bazant & Steffens
(2000), for ASR takes place in the concrete, is necessary a RH of 85%. To Léger et al.
(1996) this value is around 75%.
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Figure 2.15. Influence of the humidity in the expansion by ASR (POYET, 2003).

The water is an important factor on the process of hardening and curing of
concrete, which are used water/cement ratios varying from 0.35 to 0.60 to conventional
concrete. Therefore, the humidity resulting from the water used on the concrete
production (found on the pores of hardened concrete) is enough to react, contributing to
the development of AAR (MEHTA & MONTEIRO, 2014).

2.1.4.3. Influence of the Confining Stresses

The confining stresses are considered as one of the most important factor which
influences on the expansion induced by AAR, because they can limit the free expansion
of the concrete structure or even prevent it. A compression stress causes a reduction in
the value of the expansion on the direction which the stress is applied, and in the same
way, a tensile stress can increase the expansion on the direction which the stress is
applied (CARRAZEDO, 2004).

Capra & Bournazel (1998) showed that when a compression stress is applied in
one of the main directions, the expansion in the orthogonal direction of the applied stress
is a sum of the expansion that would occur normally in this direction and the expansion
related to the restricted direction, as illustrated on the Figure 2.16, where the direction
which the stress is applied is the direction 1. The curve of free expansion was calculated
as a sum of the expansions on the direction 1 and 2 in the free stress condition.
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Figure 2.16. Evolution of the uniaxial expansion over time (CAPRA & BOURNAZEL,
1998).

2.1.5. Numerical Modelling of ASR

Numerical models able to describe the AAR have been developed since the 1980’s
(Carasek, Cascudo & Caetano, 2016), but the scientific community hasn'’t yet reached a
consensus on a model able to fully describe and reproduce the effect of the evolution of
AAR-affected concrete structures, nor for which parameters should be considered in the
model (GAMELEIRA et al., 2016).

In literature, there is a several number of mathematical models to represent the
expansion of ASR-affected concrete structures, and it's because of the complexity of this
phenomenon: the heterogeneity of concrete, random distribution of reactive sites,
dependence on the environmental conditions and a large number of theories to describe
the mechanisms associated to the reaction (CAPRA & SELLIER, 2003; PIGNATELLI,
2012). In addition, the complexity of simulating AAR using numerical methods gets even
higher because of the large amount of physical phenomena to consider, such as
concrete reactivity, thermal activation, moisture (depends on the rheology of concrete)
and the damage interaction (GRIMAL et al., 2007).

According to Bazant et al. (2000), to perform an ASR-affected concrete structure
simulation, some basics aspects must be modelled first and then combined:

e Chemical reaction kinetics and diffusion process: determines the degree of
ASR and potential expansion;

® Mechanical fracture, expansion and deterioration of concrete structures:
describes the material and structural degradation.

One of the difficulties to simulate AAR-affected concrete relies on the fact that the
concrete is a very complex heterogeneous material which has random microscopic

36




structure, with different scales of length (Figure 2.17). In the macroscopic scale, the
concrete is considered as a homogeneous material. In the mesoscopic scale, there is
the inclusion of the cement matrix, aggregates, pores (voids) and the ITZ, with sufficient
length distribution. The microscopic scale is the finest structural scale, represented by
the microstructure of the hardened cement paste, composed by the hydration products,
micropores and non-hydrated residual clinker (DUNANT & SCRIVENER, 2010;
NGUYEN, STROEVEN & SLUYS, 2012).

According to Pan et al. (2012), the existing mathematical models can be classified
based in its scale:

e Microscopic Models: Those models deal with the chemical reactions only and
the theoretical approach generally examines a Representative Volume
Element (RVE), which consists of a cement-aggregate system. They were
widely developed to predict the pessimum size of aggregate, and such size is
responsible for generating the maximum expansion of ASR gel in affected
concrete structures.

e Mesoscopic Models: Those models represent the mechanism of mechanical
deterioration of ASR in a material scale, proposing to establish an interface
with large structures. Anisotropy in concrete is expressed through the coupling
of the multiphase of concrete (aggregate, cement paste, pores and ASR gel).
ASR swelling is represented as a dilatation of gels randomly distributed or an
equivalent expansion of aggregate particles.

e Macroscopic Models: Those models deal with the coupled chemo-mechanical
behavior of ASR-induced expansion of the affected concrete structures,
combining the chemical reaction kinetics with linear or non-linear mechanical
constitutive, formulated in the framework of Finite Element Method (FEM).
This type of model aims to reproduce and predict the long-term behavior
observed in real AAR-affected concrete structures.
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Figure 2.17. Evolution of the uniaxial expansion over time (adapted from DUNANT &
SCRIVENER, 2010; NGUYEAN, STROEVEN & SLUYS, 2012).
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Later, the review work of Esposito & Hendriks (2019) brings a new classification
for the available AAR-models, categorizing them based on their starting scale, which is
defined as the level at which the input parameters are defined. The authors summarized
as follows:

“The chemical process involves silica ions, available in the aggregates, and alkali
ions, mainly present in pore solution together with water (reaction products level).
The formed alkali-silica gel, when exposed to moisture, tends to swell. Its expansion,
while confined in the pore structure of concrete, builds up an internal pressure with
the consequent formation of cracks in the aggregates and in the cement paste
(aggregate level). As a consequence, the concrete is expanding and its mechanical
properties are degrading (concrete level). The reduction in material resistance
compromises the performance of the structure in terms of both capacity and
durability (structural level)”.

Several modelling approaches were developed with different aims as the AAR is
considered a multiscale phenomenon, which takes place at the reaction products level
and may implies consequences up to the structural level, this reaction had been studied
by experts from different areas (e.g. structural engineers, material engineers, geologists)
in the main fields of material sciences and structural mechanics. (ESPOSITO &
HENDRIKS, 2019).

Models based on concrete expansion (concrete level): Those models focus on
the analysis of massive structures (e.g. concrete arch-dams). An imposed
expansion strain in concrete is used to simulate the effects of ASR, and the
evolution of this strain over time was derived from reaction kinetics laws
(based on thermodynamic principles) and phenomenological laws linked to the
environmental conditions. Examples of this type of modelling can be found in
the works of Larive (1997), Léger et al. (1996), Capra & Bournazel (1998), UIm
et al. (2000) and Comi et al. (2009).

Models based on internal pressure (aggregate level): Those models were
developed thanks to the technological advancement in microscopic
investigation on the ASR mechanisms at aggregate level, performed at the
beginning of this century. The concrete was represented as a heterogeneous
material composed by coarse and fine aggregates, cement paste and the ITZ,
defining the microstructure of concrete and the mechanical properties of each
phase. The gel swelling was direct related to the expansion of concrete.
Example of this type of modelling can be found on the works of Bazant et al.
(2000), Dormieux et al. (2004), Comby-Peyrot et al. (2009), Wu et al. (2014)
and Esposito & Hendriks (2016).

Models based on gel production (reaction products level): Those models were
developed at reaction products level with the aim to couple the physical
chemistry of ASR with the mechanical behavior of concrete. The kinetics of
the reaction were expressed as a function of the change in volume or mass of
the ASR gel, and this change in volume/mass was translated into an imposed
pressure or strain at aggregate level. Some models were developed in the
framework of micro-poro-mechanical theory to investigate the connection
between the swelling products at aggregate level and the consequent concrete
expansion. Examples of this type of modelling can be found on the works of
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Ulm et al. (2002), Grimal et al. (2007), Dunant & Scrivener (2010), Pignatelli
et al. (2013) and Charpin & Ehrlacher (2014).

e Models based on ions diffusion-reaction (reaction products level): Those
models were developed based on the chemical process translated as ions
diffusion-reaction mechanisms, at reaction products level, and they aim to
explain why and how the chemical reaction leads to the formation of ASR gel.
The phenomena of pessimum size effect and the alkali leaching could be
explained by postulating the diffusion of alkali ions via the pore solution and
the following chemical reaction. Examples of this type of modelling can be
found on the works of Bazant & Steffens (2000), Suwito et al. (2002), Poyet et
al. (2007), Multon et al. (2009), Sanchez et al. (2014), Nguyen et al. (2014),
Multon & Sellier (2016) and Morenon (2017).

As mentioned before, this work will implement the model presented in the last
technical report provided by the LMDC (SELLIER, 2018), which was firstly developed by
Morenon (2017). The chemical model is based on the pressure exerted by the generated
volume of ASR gel based in the poro-mechanical framework. Such model is described
with more details on the next chapter (Chapter 3), but to understand its main
assumptions and hypothesis, is necessary to give to the reader a brief review on the
models based on the generated volume of gel.

The models responsible for describing the mechanical behavior of the swelling in
concrete structures are discussed in this chapter, in the Section 2.2.4 (Poro-mechanical
Models for Swelling in Concrete Structures), after a brief review of the main mechanical
behaviors presented on concrete structures.

2.1.5.1. Modelling of the Generated Volume of ASR Gel

Some models were developed based on the diffusion of ions in a Representative
Volume Element (REV) which incorporates the aggregate (FURUSAWA et al., 1994;
BAZANT & STEFFENS, 2000; POYET, 2003).

As one of the pioneers works which applied the concept of REV in ASR modelling,
Furusawa et al. (1994) developed a model based on the diffusion of alkali ions and
hydroxides in the aggregate (Figure 2.18), and such model was able to describe a porous
area around the aggregate which becomes filled with the generated volume of ASR gel.
The expansion takes place after the vessel gets fulfilled by the gel, and the volume of
this vessel varies according to how much of reactive silica was consumed.
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Figure 2.18. Schematic representation of the diffusion of alkalis in the reactive
aggregate and the creation of a reaction zone (FURUSAWA et al., 1994).

The mathematical model for the kinetics of ASR, presented by Bazant & Steffens
(2000), was developed aiming to predict the pessimum size of ground waste glass
aggregate. It was a simplified approach on the complex chemical reactions and micro-
diffusion processes with a good agreement with the experimental tests results, and the
ingress of water into the concrete is modelled by a classical Fick law. Although the model
was not available for regular concrete (e.g. crushed stones as aggregates) and the
fracture mechanics were not taken into account (this model was developed separately in
Bazant et al. (2000).

Nonetheless, the assumption is that the species migrate towards the aggregate,
therefore the silica is dissolved and reacts. A gel is formed around the aggregate,
subsequently it’s filled with water and the expansion is generated. Water is imbibed by
the gel through diffusion. The water content in the gel () is then calculated as (Eq. 2):

O] )
— X
fw(x,t) = Ws. m ()
)

Where: wg is the water content around the aggregate; z(t) is the radius of the
aggregate that remained unreacted; D is the initial diameter of the aggregate.

It was assumed that two molecules of water are needed to dissolve a reactive silica
molecule. Therefore, the equation to calculate the mass concentration of the gel (Eg) is
then expressed as (Eq. 3):

4w (D3 mg, 1
Y G 9 (3)
gg 3 |<8 Z>'p5'ms'53

Where: Py is the mass density of the reactive silica; m, is the molar mass of the

ASR gel; m; is the molar mass of the reactive silica; s is the number of moles of the
reactive silica.
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The generated gel will then combine with water, when the RH is equal or higher
than 85%, resulting in a swelling product. The water imbibition by the gel is expressed
as an Ordinary Differential Equation (ODE) and can be written as (Eq. 4):

an' . n(P)m(RH) Eg - W;

e T 5.7 4)
(&)

Where: w; is the mass of water imbibed by the gel; §. is the thickness of the area
where the diffusion takes place; C,,, represents the diffusivity of water into the gel; n(P)
is the empirical function to represent the decrease of “w;” with the increase of pressure;

m(RH) is empirical function to represent the decrease of water imbibition by the gel with
the increase of RH.

Poyet (2003) assumed that the aggregates can be represented by spheres (REV)
and it is attacked by different chemical species (Na+, K+, Ca2+), also the granular
distribution directly impacts the kinetics of the reaction and the amplitude of the swelling
(Figure 2.19). The mass conservation equation (Eq. 5) for any of the aforementioned
species (specie X) makes it possible to manage the degradation of the aggregate by a
diffusion mechanism. From this equation, written for any chemical compound X, the
volume of gel is calculated and the subsequent swelling is evaluated by an energetic
method which takes into account the volume of the connected porosity.

%(p_g' Sty-Xg) = —div | D grad (Xg )| + 5, (%) (5)

Where: P, is the porosity of the aggregate; Sr, is the degree of saturation of the

aggregate; X is the concentration of the chemical specie X; Dy is the coefficient of
diffusion; S, is the coefficient to permit the consumption of the chemical species by the

reaction (g the exterior of the aggregate, this term corresponds to the consumption of
the specie X into other aggregates).
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Figure 2.19. Representation of the idealized spherical aggregate (POYET, 2003).
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With the aim to enhance the model developed by Poyet (2003), Multon et al. (2009)
added a kinetic law for the alkalis fixation. Therefore, the swelling may be influenced by
the diffusion or alkalis fixation (Figure 2.20). This model integrated to a finite element
code (FEC) was able to reproduce the experimental data obtained in concrete specimens
subjected to alkali gradient by external leaching.
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Figure 2.20. [Top] Definition of the REV for several reactive aggregate sizes; [Bottom]
Diffusion of equivalent NazO in aggregate (adapted from MULTON et al., 2009).

The most used model to reproduce the kinetics of the ASR gel swelling is the
empirical model proposed by Larive (1998), which the advancement of the reaction (§)
is used to assess the volume of gel created over time (Eq. 6). The main assumptions are
that the ASR gel is considered as an incompressible fluid and the expansion is
proportional to the advancement of the reaction, the term £ is then multiplied by the final
deformation to calculate the deformation for any given time (t). The term !l is the latency
time which is responsible for managing the start of the swelling. The term tc is the
characteristic time which is responsible for defining the kinetics of the reaction between
the beginning and the end of the swelling, establishing the asymptote.

t
1+e
§(e) = - (6)
1+e ¢
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This type of curve “S” (Figure 2.9 and Figure 2.21) is typical of the internal swelling
reactions. However, the parameters cannot be linked to measurable physical properties.
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Figure 2.21. Typical S-shaped curve of alkali-silica reaction expansion, obtained on the
experimental tests from Larive (1998) (LEMARCHAND et al., 2005).

A differential law for the advancement of the reaction was proposed by Grimal et
al. (2008). The advancement was calculated (Eq. 7) based on the temperature T
(Arrhenius law) and the saturation degree Sr (POYET et al., 2006). The advancement A
goes from O (reaction not started) to 1 (reaction totally finished). Then, the advancement
of the reaction is multiplied by a maximum volume of ASR gel that can be created
(calibrated by the user regarding the expansion curves), allowing to obtain the volume of
ASR gel for any given time.

SA B rmq) ((Sr=SrO* .\ (7)
E—ao.e f <W><ST—A)

Where: «, is a parameter to calibrate the kinetics; Ea is the ASR activation energy
(47000 J/mol/K); R is the perfect gas constant (8,314 J/mol); T, is the reference
temperature (K) of the experimental test; ()* represents the Macaulay brackets, which
are the positive part of the terms inside.

The majority of those presented models needs the previous knowledge on the free
expansion of a concrete specimen in order to calibrate the parameters which cannot be
directly measured. In general, three parameters are necessary to reproduce the curves
admitted as representative of ASR-expansion.

In the Chapter 3 (Materials and Methods) it's presented the chemical model
proposed by Morenon (2017) which follows the work of Grimal et al. (2008), using the
advancement of the reaction (A) to generate the volume of gel. This volume exerts a
pressure that is computed in the poro-mechanical framework.
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2.2. MECHANICAL BEHAVIOR OF CONCRETE

In this topic is presented a brief theoretical review about the concepts linked to
creep, shrinkage, poro-mechanical theory and the main mechanical models for AAR-
affected concrete structures. The factors which influence the occurrence of those
phenomena are commented as well. This explanation is necessary in order to better
understand the numerical models and its parameters presented on the Chapter 3
(Materials and Methods).

2.2.1. Creep and Shrinkage

Time-dependent strains of concrete — at constant temperature — may be
subdivided into a load-independent part, called shrinkage, and a load-dependent part,
called creep (BAZANT & PANULA, 1978). The total deformation related to these
phenomena is the sum of the strain related to shrinkage and the strains related to creep
(Figure 2.22).

A concrete creep model to be relevant in structural applications must consider
several important phenomena, such as non-linearity, multi-axiality, hydration, and
thermal and drying effects (SELLIER et al., 2016). In order to consider the long-term
mechanical behavior of concrete presenting delayed strains is necessary to split the total
delayed strain into five different strains: basic creep, drying creep, plastic shrinkage,
autogenous shrinkage and drying shrinkage A poro-mechanical framework used on FEA
softwares may be very useful to develop these type of numerical modelling, because it
can distinguish the role of water and the constitutive behavior of solid phases.
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Figure 2.22. Total deformation of concrete subjected to constant loading (adapted
from BALABUCH, 2018).
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2.21.1. Creep

A perfect elastic material is the one which the deformation appears and disappears
immediately after the application or removal of loading. It's important to note that an
elastic material does not imply in a linear relation on the stress x strain graphic. The
elastic characteristics of a certain material are a measure of its stiffness.

Rusch, Jungwirth & Hilsdorf (1983) stated that the velocity at which the load is
applied also influences the instantaneous strain recorded on the experimental test. The
strain which occurs immediately or concomitantly to the load application is considered
elastic, and its later increase when the load application is constant is treated as a slow
deformation, also known as creep. There are two types of creep: basic and drying creep.
The total creep is calculated as the sum of the basic and drying creep.

When the drying shrinkage is neglected, the basic creep can be taken as the
increase in the strain over time, with an applied constant load, under conditions of 100%
of RH and no water flux between the concrete and the environment. The drying creep
is an additional type of creep which occurs when the concrete is under loading and it's
simultaneously exposed to an environment with low RH.

Sellier et al. (2016) stated that at a microscopic scale, the fundamental cause of
creep is the constitutive properties of hydration products, generating a viscous behavior
due to the instability of the bond between C-S-H sheets. At a macroscopic scale, the
cause of creep can be related to other non-linear phenomena such as water content
variation and micro cracking of anhydrous phases.

To highlight the importance of such deformation, Kuperman (2007) showed the
results of an experimental test where concrete specimens with cement consumption of
350 kg/cm?® were subject to a constant loading of 10 MPa for 7 days, under RH of 50%.
In 4 days, the concrete specimens showed total strains almost 3 times higher than the
elastic strain, and at the end of 3 years, the total strain was more than 6 times higher
(Figure 2.23).
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Figure 2.23. Total deformation of concrete over time subjected to a constant loading of
10 MPa (KUPERMAN, 2007).
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In concrete structures, creep is capable of reducing the internal stresses due to
non-uniform or restrained shrinkage. On the other hand, considering a huge volume of
concrete, the creep alone may cause cracking when the restrained concrete suffers a
temperature changing cycle caused by the hydration heat and the subsequent cooling.

Mehta & Monteiro (2014) illustrated the phenomenon of reversible creep of
concrete when the loading is ceased. In the Figure 2.24 is observed a concrete specimen
subjected to constant loading for 100 days, followed by the removal of the load which
lasts for 40 days. After the instantaneous elastic strain, the deformation keeps rising over
time as the loading is maintained. When the loading is removed, the instantaneous
elastic recovery has approximately the same order of magnitude as the instantaneous
elastic strain (for the first application of the loading). As time goes by, there is a gradual
reduction in the strain, known as creep recovery or plastic recovery. This plastic recovery
occurs faster than the creep, but it eventually stops, leaving a permanent deformation
(irreversible creep).
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Figure 2.24. Creep reversibility (MEHTA & MONTEIRO, 2014).

2.2.1.2. Shrinkage

Sellier et al. (2016) stated that the water has complex effects in porous media
because it can be adsorbed on porous walls, react with the solid skeleton, and exert
capillary and disjoining forces on the solid skeleton. In concrete, the water molecules are
found in nanoscopic inter-sheets, causing repulsive or attractive forces depending on the
environmental conditions (temperature, RH and mechanical loading), but such effects
have several consequences in macroscopic scale.

In aresumed way, shrinkage is caused by the water capillary pressure which exerts
a tension perpendicular to the pore walls, and it is balanced by orthogonal compressions
forces which are parallel to the pore walls. This water capillary pressure may occur only
in a high RH environment, but other forces, like disjoining force variations (occurring in
a low RH environment), can have similar consequences on drying cement pastes
(SELLIER et al., 2016).
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Shrinkage can be divided in three: plastic shrinkage, autogenous shrinkage and
drying shrinkage. The first occurs when the concrete is on the curing process, and the
second one occurs when the concrete is already hardened (BALABUCH, 2018).

Plastic Shrinkage:

According to Dyer (2015), during the process of curing of a concrete structure, it
can be observed two simultaneous processes happening on the surface of the concrete
(Figure 2.25 (a)). Firstly, the solid constituents have the tendency to settle which leads
to the formation of a water layer on the surface of the concrete (Figure 2.25 (b)).
Secondly, the free water on the surface gets evaporated, leading to the plastic
shrinkage when the evaporation rate overcomes the transpiration rate. This happens
because the cement particles on the surface of the concrete are no more covered by
water, inducing tensile stresses on the superficial layer which is restrained by internal
layers of the concrete, leading to the formation of water meniscus between the cement
particles (Figure 2.25 (c)). With the progressive water evaporation, the radius of the water
meniscus gets shorter, and for a certain instant of time, the radius are going to be so
small that they won't fulfill the space between the cement particles in such a way that the
water surface will need to rearrange in a point below the initial surface, leading to air
penetration (Figure 2.25 (d)). Higher is the evaporation velocity, higher will be the plastic
shrinkage.

e
ooy
e /

CEMENT PARTICLE j

= B -
> "
A
\ 3
s : ;
* @

(d)

Figure 2.25. Cracking due to autogenous shrinkage (DYER, 2015).

Drying Shrinkage:

The drying shrinkage occurs in the hardened concrete due to the loss of the
physically adsorbed water from the C-S-H, which represents 50 to 60% of the total
volume of solids in an entirely hydrated cement paste. When the saturated cement paste
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is exposed to lower environmental humidity, it will lead to a dimensional instability which
will result in the deformation by shrinkage. The drying shrinkage can be classified as
reversible or irreversible (Figure 2.26). The first one is due to the humidity diffusion, which
part of the total shrinkage can be reproduced by wetting-drying cycles. On the other
hand, at the second one there is no recovery of the deformation due to shrinkage, even
after a long storage period in water (MEHTA & MONTEIRO, 2014).
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Figure 2.26. Drying shrinkage reversibility (MEHTA & MONTEIRO, 2014).

Mehta & Monteiro (2014) stated that the shrinkage reversibility depends on the
duration of the wetting-drying cycles, where the drying occurs significantly faster than the
wetting. Therefore, the small period of rains can be sufficient to reverse the
consequences of the drying cycle.

The irreversible shrinkage is linked to the formation of chemical and physical bonds
in the C-S-H when the adsorbed water is removed. Initially on the drying cycle, there is
the loss in free water which induces internal humidity gradients in the cement paste,
moving the water molecules over time from the superficial area of C-S-H to the capillaries
pores, and then to the concrete exterior leading to the shrinkage of the cement paste
(MEHTA & MONTEIRO, 2014).

Autogenous Shrinkage:

The autogenous shrinkage can occur even if there is no migration of water from
inside or outside of concrete, because evaporation is not the only way that water can be
removed from the pores of concrete. When the hydration reactions occurs on the cement,
the free water is converted into chemically combined water, in a way which this loss of
water due to the hydration can lead to autogenous shrinkage (Dyer, 2015).

This type of shrinkage consists of the macroscopic reduction of the volume of the
cementitious materials which occurs when the cement is hydrated after the initial setting
time. The autogenous shrinkage occurs in many different types of concrete and is
considered as almost negligible for concrete with conventional strength, but it's very
important for high-strength concretes and concrete mass. This phenomenon is not
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related to volume variation due to loss or gain of substances, variation on temperature,
application of mechanical loading or restrictions to the structure.

2.2.1.3. Factors Influencing Shrinkage and Creep

In the literature (Troxell, Raphael & Davis, 1958; Brooks, 1989; Zhang & Malhotra,
1995; Mazloom, Ramezanianpour & Brooks, 2004; Ayub, Khan & Memon, 2014;
Wendner, Hubler & Bazant, 2015; Joshaghani, Balapour & Ramezanianpour, 2018), the
main factors influencing shrinkage and creep can be divided in 4 main groups:

e Concrete composition: water/cement ratio, type of cement, type of
aggregate, admixtures and additives;

e Environmental conditions: relative humidity and temperature;
e Concrete characteristics: element geometry and age of the concrete;

e Mechanical loading: Intensity and age of the loading.

Water/cement ratio:

Wendner, Hubler & Bazant (2015) affirms that the w/c ratio plays a major role on
the porosity of the cement paste and subsequently on the resistance properties of the
concrete. Lower is the w/c ratio, higher will be the concrete resistance. Considering a
constant cement paste content, an increase in the w/c ratio will result in an increase of
the creep strain (Figure 2.27).
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Figure 2.27. The influence of w/c ratio on the creep strain (WENDER, HUBLER &
BAZANT 2015).
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According to Neville & Brooks (2013), the w/c ratio also influences the quality of
the cement paste, which may impact on the shrinkage intensity. Higher is the w/c ratio,
higher will be the shrinkage. Considering a certain aggregate content, the shrinkage will
be a function of the w/c ratio (Figure 2.28).
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Figure 2.28. The influence of w/c ratio and aggregate content on the shrinkage strain
(NEVILLE & BROOKS, 2013).

Type of Cement:

The hydration of the matrix of the cement paste is influenced by the type of cement
used in the mixture, also the creep is influenced by the type of cement as it impacts on
the strength of a concrete structure under loading. When the concrete which uses
conventional Portland cement is subjected to loading in the early age, it will present a
creep strain higher than for a concrete using cement with high initial strength (Mehta &
Monteiro, 2014).

According to Neville & Brooks (2013), the cement consumption directly affects the
shrinkage once the loss of the water from the cement paste is responsible for the
occurrence of such phenomenon. Therefore, higher is the cement consumption, higher
is the shrinkage intensity. Also, finer is the cement, higher is the risk of cracking, because
the hydration reactions will happen slower leading to a retardation on the hardening
process.

Type of Aggreqate:

The granulometry, maximum dimension, shape and texture of the aggregate are
factors which influence creep and drying shrinkage, as can be observed in Figure 2.28
(NEVILLE & BROOKS, 2013).

The maximum dimension plays a trick role, because it alone doesn’t impact on the
shrinkage intensity. On the other hand, larger aggregates allow the usage of concrete
with low w/c ratio, leading to a lower shrinkage. One of the main important characteristics
of the aggregate is its Young’s modulus which is responsible for controlling the
deformations, and the values of creep and shrinkage strains can increase up to 2.5 times
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when the concrete uses a low Young’s modulus aggregate rather than a high modulus
one. The other factors (shape and texture) indirectly influence creep and shrinkage, for
example in the densification capacity of the concrete mixture (NEVILLE & BROOKS,
2013).

Admixtures and Additives:

According to Ayub, Khan & Memon (2014), the mineral admixtures reduce the pore
sizes in the cement paste with the increase in the pore size distribution, which reduces
the porosity and permeability, and subsequently the creep and shrinkage strains. The
reduction in the average pore diameter is highly and inversely dependent on the replaced
cement volume and also on the age of the concrete or cement paste.

Zhang & Malhotra (1995) showed through experimental tests that the admixtures
such as metakaolin and active silica can reduce the porosity and permeability of
concrete, leading to a reduction on the drying shrinkage (Figure 2.29). Aimost a decade
later, Mazloom, Ramezanianpour & Brooks (2004) verified that with the increase on the
replacement ratio of cement by active silica leads to an equivalent decrease rate of total
creep and basic creep (Figure 2.30).
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Figure 2.29. Effect on shrinkage by the replacement of cement by admixtures (ZHANG
& MALHOTRA, 1995).
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Figure 2.30. Effect on shrinkage by the replacement of cement by admixtures (ZHANG
& MALHOTRA, 1995).

The setting retarders and water reduce additives are the best in order to cause
dispersion of the cement particles into water, leading to a refining in the pores of the
cement paste. It's believed that those types of additives increase the basic creep and
drying shrinkage strains. The main effect is indirect because the usage of additives
modifies the w/c ratio, which impacts on shrinkage (DYER, 2015).

According to Brooks (1989), a special care must be taken in order to evaluate the
influence of additives, because when the usage of such materials are done
simultaneously (with alteration on the initial concrete recipe), the comparison between
two different mixtures becomes invalid. In order to obtain a valid analysis, it would be
necessary to use the additives only to enhance the mixture workability.

Relative Humidity and Temperature:

The shrinkage potential varies under certain environmental conditions, as
observed by Joshaghani, Balapour & Ramezanianpour (2018) in their experimental tests
(Figure 2.31). High levels of RH may limit the loss of water from the cement paste leading
to a mitigation in the effects of shrinkage. Low temperatures also reduced the drying
shrinkage, probably due to the slower evaporation when compared to higher
temperatures. On the other hand, it was observed a contradictory behavior as the
temperature was increased, the direct effect of it was the increase in the evaporation rate
and also an increase in the shrinkage strain. Although, an increase in the temperature
accelerates the hydration process, which can avoid the evaporation of the free water and
also leads to high strength at early age, indirectly resulting in the decrease of the
measured values of shrinkage strain.
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Figure 2.31. Influence of the environmental conditions on the shrinkage
(JOSHAGHANI, BALAPOUR & RAMEZANIANPOUR, 2018).

As the creep is directly linked to the compressive strength, Joshaghani, Balapour
& Ramezanianpour (2018) verified the increase in the compression strength at early age
for an increase in the temperature, maintaining the RH as constant (Figure 2.32).
Although, for concrete specimens with 28 days which was cured at high temperature
(65°C) showed values of compressive strength lower when compared to specimens
cured at lower temperatures. It may be explained by the increase in the C-S-H production
at early age, which helps to develop compression strength. It was also verified that the
concrete has higher compressive strength at low RH.
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Figure 2.32. Influence of the environmental conditions on the compression strength
(JOSHAGHANI, BALAPOUR & RAMEZANIANPOUR, 2018).
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Element Geometry:

According to Mehta & Monteiro (2014), the rate of the loss of water is controlled by
the length of the path that water must go through to get expelled from concrete during
creep and/or shrinkage. This phenomenon is due to the resistance to the water diffusion
from inside of concrete to the environment. Therefore, the dimension and shape of a
concrete element — under constant RH — determine the creep and shrinkage rate.

The dimension and shape factors can be expressed by one single value, known
as theoretical or effective thickness, which is equal to the ratio between the section area
and the semi-perimeter in contact with the atmosphere (MEHTA & MONTEIRO, 2014).
The relation between the creep coefficient and the theoretical thickness of the concrete
element is presented in the Figure 2.33 (a). The shrinkage behavior over time for different
theoretical thickness is presented in the Figure 2.33 (b).
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Figure 2.33. Influence of the theoretical thickness on creep and shrinkage (MEHTA &
MONTEIRO, 2014).

Age of the Concrete:

The shrinkage may occur over a long period of time, although the shrinkage rate
will decrease rapidly over time. Considering a concrete specimen constantly loaded for
20 years under constant environmental conditions, it's believed that 14 to 34% of the
total shrinkage strain occurs in the first two weeks, 40 to 80% in three months, and 66 to
85% in one year. In the same way, it's believed that 25% of the total creep strain occurs
in the first two weeks, 50% in three months and 75% in one year (MEHTA & MONTEIRO,
2014).

Intensity and Age of the Loading:

According to Troxell, Raphael & Davis (1958) stated a direct proportionality
between the magnitude of the constant stress applied to the structure and the measured
creep strain. This affirmative was made based in the experimental data which had shown
that for concrete specimens with 90 days, the measured creep strain was two times
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higher for a loading of 4 MPa when compared to 8 MPa. Also, lower values of creep were
found for concrete specimens with 3 months when compared to specimens with 28 days.

2.2.1.4. Creep And Shrinkage Modelling

In the civil engineering practice, the time dependent average behavior of concrete
is related to the physical phenomena of creep and shrinkage, and it's commonly
predicted using two types of models: design code models or academic models.
Examples of design code models are the Model Code 2010 (FIB, 2012), ACI/ 209 (ACI
209, 2008) and JSCE (JSCE, 2010). Examples of academic models are the GL2000
(Gardner, 2004), B4 (Bazant & RILEM, 2015) the model proposed by Sellier et al. (2016)
which will be discussed in the Chapter 3 (Materials and Methods).

GL2000 (GARDNER, 2004):

The model GL2000 was firstly developed by Gardner & Lockman (2001) and then
modified by Gardner (2004). This model can be used independently from the chemical
additives and minerals admixtures used to produce the concrete, and also doesn't
depend on the temperature and the curing. The shrinkage strain is then given by the
following expression (Eq. 8):

N

(8)

30
£ (t,t.) = 900. k.(
fcm28

) .(1-1,18"").p(t —t,).107°

Where: k is the shrinkage constant which depends on the type of cement; t is the
age of the concrete; t. is the age when the shrinkage begins or the end of the curing;
femzs IS the compression strength in 28 days; h is the relative humidity; f(t —t,) is a
function which depends on the volume/surface ratio and the age when the shrinkage
takes place (t.).

Also, in the model GL2000 is possible to calculate the consolidation function, which
considers the creep in concrete, and it can be expressed as (Eq. 9):

1 + ¢25(t, to) (9)

EcmtO Ecm28

](t' tO) =

Where: E_.+o is the Young’s modulus measured at the age when the loading was
applied; E¢2g is the Young’s modulus in 28 days; ¢, (¢, t,) is a function which depends

on the volume/ratio, RH and the age when the loading was applied (t,).

ACI 209 (ACI, 2008):

The model AC/ 209 was developed by the American Concrete Institute (ACI, 2008)
and has the aim to predict the stress produced by shrinkage and creep over time,
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presenting the same behavior: a hyperbolic curve with an asymptotic value called as final
value. The curve shape and the final value depends on the curing conditions, age when
the loading was applied, mixture proportions, environmental temperature and RH, and
other factors. The shrinkage strain is then given by the following expression (Eq. 10):

(t - tc)a

— el (10)
f + (t - tc)a

gn(t,te) = 780. (YSh,tc- VYshrH-Vshvs-Vshs-Vshyp-Vshc: ysh,a)- 10-°

Where: (t — t.) is the time to initiate drying; f and a are constants which depends

on the shape and size of the structural member, respectively; Yenee' Ysnru Ysnvs: Vsns:

Ysny Vsne and Ysno @re parameters to represent the initial curing, environmental RH,

size of the structural member in terms of volume/surface ratio, slump, fine aggregates,
cement content and voids percentage, respectively.

Also, in the model AC/ 209 is possible to calculate the consolidation function, which
considers the creep in concrete, and it can be expressed as (Eq. 11):

1+ ¢(t, ty) (11)

EcmtO

](t, tO) =

Where: E_,,+o is the Young’s modulus measured at the age when the loading was
applied; ¢ (¢, t,) is the creep coefficient.

The creep coefficient may be calculated by the following expression (Eq. 12):

(t—to)?

__ N7 (12)
Pt ty) = d+ (t—t)¥ 2,35. (Vc,tO'Vc,RH'Vc,VS' Yes: yc,lp'ysh,a)

Where: (t — t,) is the time since the loading was applied; d and d are constants to
a certain shape and size of structural member; Yetor Yerm Yevs Yes Ve and Ysneo are

parameters to represent the age loading factor, environmental RH, size of the structural
member, slump, fine aggregates, cement content and voids percentage, respectively.

JSCE (JSCE, 2010):

The model JSCE developed by the Japan Society of Civil Engineers (JSCE, 2010)
can be found on the book Standard specifications for concrete structures, takes into
account the properties of the aggregate and the cement, the consolidation of the
concrete and its curing conditions, the shape and dimensions of the transversal section
of the concrete members, the materials proportion in the mixture, and also the
environmental temperature and RH. The shrinkage strain is then given by the following
expression (Eq. 13):

Ees(t, to) = {1 —exp exp [—0,108. (t — t5)*>¢] }. 4y, (13)

Where: (t — t,) is the time to initiate drying; &g, is the final value of the shrinkage
strain.
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The final value of the shrinkage strain can be calculated as (Eq. 14):

RH V/S\1?
& = —50+ 78. [1 —exp exp (1—00)] +38.Inln (W) —5. [ln In (1—/0)] (14)

Where: RH is the relative humidity; W is the water content in concrete; V/S is the
volume/surface ratio.

Also, in the model JSCE is possible to calculate the creep strain by the following
expression (Eq. 15):

ECC(t’ . tO) - {1 —exp exp [_0'09- (t - t,)o'%] } (epe + €4c) (19

Ocp

Where: t, t' and t, represent the begin of drying, begin of loading and the loading
duration, respectively; ¢,. and g, represent the final values due to basic creep and
drying creep, respectively; g, is the applied stress.

The final values of the basic creep and drying creep strains can be calculated as
(Eq. 16 and Eq. 17):

Epe = 15.(C + W) (w/c)?™ [In In (¢') ] 7067 (16)
V/S\1%* (1—RH\*%
€qc = 4500. (C + W)™ (w/c)*2. [ln In (1—/0)] ( 50 ) £, 030 (17)

Where: C is the cement content; w/c is the water/cement ratio.

The equations shown are valid only for conventional concrete. For high-strength
concrete, there are some modifications in the formulation.

Model Code 2010 (FIB, 2012):

The Model Code 2010 was developed by the International Federation for Structural
Concrete (FIB, 2012) which calculates the creep and shrinkage strain with empirical
equations calibrated by experimental tests. The total creep and total is divided in basic
and drying creep, and the total shrinkage is divided in drying and autogenous shrinkage,
regarding their different related mechanisms.

Basically, both creep strains decrease when: i) decreasing in w/c ratio; ii)
decreasing in the cement content; iii) increasing in the aggregate stiffness; iv) increase
of the hydration degree.

On the other hand, a decrease in the wi/c ratio produces a decrease in the drying
shrinkage and an increase in the autogenous shrinkage. Although a decrease in the
cement content produces a decrease in both shrinkage strains.

The total creep strain is then calculated by the following expression (Eq. 18):
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Uc(t'o) ot t) (18)

Scc(t: to) = E
ci

Where: g.(t,) is the compressive stress; E,; is the Young’s modulus in 28 days; t
is the age of the concrete; ¢, is the age when the loading starts; (¢, t;) is the creep
coefficient, which is the sum of the basic creep [¢, (¢, t,)] and drying creep [@ , (¢, to)]-

The basic and drying creep are then expressed as (Eg. 19 and Eq. 20):

30
(pbc(t: to) = Boc(fem)Inln ((t

0,adj

+ 0,035> (t—to) + 1) (19)

~ 30 30 (20)
(pdc(t’ to) = Bac(fem)- B(RH). W Inln fo.ad; + 0,035 |(t—ty) +1

0,adj

Where: B, . (fem) and is the B, (f.,) are the parameters related to the average
compressive strength in 28 days; S (RH) is the parameter related to the RH; t, ,4; is the
adjustment in the age of concrete related to the type of cement.

The total shrinkage strain [e.4(t, t;)] is then calculated as the sum of the drying
shrinkage [€.45(t,ts)] and the autogenous shrinkage [g.,.(t)]. Both strains can be
expressed by the following expressions (Eq. 21 and Eq. 22):

Ecas(t,ts) = [(220 + 110. ayqq)-
(t—t) PH. 106 (21)
0,035.h% + (t — t,) B(RH).

exp exp (=asz- fom) |- [

2,5
fem

Ecas(t) = —qs- 1—(} . [1 - ecp(—O,Z.\/?)]. 107 (22)
6+ (k)

Where: a;51, @4s and a, are the coefficients related to the type of cement; ¢, is
the age when drying begins; h is a coefficient linked to the geometry of the structural
member.

B4 (BAZANT & RILEM, 2015):

The model B4 (Bazant & RILEM, 2015) was developed as an enhancement of the
model B3 (Bazant & Baweja, 2000), calibrated with a huge experimental tests database
provided by the Northwestern University (lllinois, USA). The model is able to divide the
total creep strain in basic and drying creep, and also is able to divide the total shrinkage
strain in drying and autogenous shrinkage.

The total shrinkage strain [£5, roai (t, to)] is then calculated as the sum of the drying
shrinkage [, (¢, ty)] and the autogenous shrinkage [e,,(t, ty)]. Both strains can be
expressed by the following expressions (Eq. 23 and Eq. 24):
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E. (7. By + 600. Br) (23)
E(to + Tsn- Brs)
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Ssh(t: to) = _So-ksa-

= (29 (249

Tau \*
Eau(t, to) = €qyco- [1 + ( ) ] ﬁ

t+tg

Where: k., is a factor linked to the type of aggregate; 7, is the shrinkage time interval;
ﬁTh and BTS are the parameters linked to RH and temperature, respectively; g, is the
parameter linked to the proportion of the materials in the concrete mixture; w/c is the
water/cement ratio; &,,,, is the maximum autogenous shrinkage strain, calculate based
on the aggregate/cement ratio and w/c ratio; 7., is the autogenous shrinkage time
interval; r, and r; are parameters linked to the type of cement.

Also, in the model B4 is possible to calculate the consolidation function, which
considers the creep in concrete, and it can be expressed as (Eq. 25):

J(t,to) = q1 + Co(t, to) + Ca(t, to, te) (29)

Where: q, is the instantaneous strain due to unitary stress; C, (¢, ty) and C, (¢, to, t.)
is the consolidation function for basic and drying creep, respectively; t, t, and t. are the
age of concrete, the age when the drying begins (curing end) and the loading age,
respectively.

The two consolidation functions can be expressed as (Eq. 26 and Eq. 27):

Co(t,ty) = q2.Q(t, ty) + gsdnln [1 + (t — ty)™] + qu.lnln (t/ty) (26)

Ca(t, to, te) = qs.{exp exp [—psy. H(t, t.)] —exp exp [—psy. He(to, to)] 112 (27)

Where: g,, g3, q4 and g5 are parameters linked to the cement content, viscoelastic
consolidation, aging flux consolidation and drying creep consolidation, respectively;
Q(t, ty) is the function related to the beginning of drying; H(t,t.) and H.(t,,t.) are the
functions related to the RH, compressive strength and theoretical thickness; psy is a
parameter linked to the type of cement.

2.2.2. Poro-mechanical Theory

As previously mentioned, the swelling of the AAR gel exerts a pressure into the
cement matrix. This pressure depends on the volume of gel created, on the porosity of
the cement paste and also on the stiffness of each phase (fluid and solid). The behavior
of the concrete over time, when subjected to a porous pressure (AAR or water), can be
described applying the poro-mechanical theory.

Biot (1941) developed the poro-elasticity law (Eq. 28), which relates the effective
stress and the total stress inside the porous media to the pressure exerted and also to
the solid skeleton compressibility.
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=0 —bpT (28)

Where: J is the total stress in the material; ¢” is the effective stress in the solid
skeleton considering the porosity; p is the pressure exerted by the fluid inside the pores;
b is the Biot coefficient which weights the influence of the fluid pressure over the solid
skeleton in function of their correspondent stiffness.

Almost 50 years later, Coussy (1991) presented a theory to answer the continuous
mechanics theory. He proposed the poro-mechanical theory with many configurations of
pore-solid matrix interaction, considering a multiphase medium where the different
behaviors of the fluid and the solid skeleton are taken into account. The main hypothesis
of this theory are: i) the small transformations deformations of the solid skeleton; ii) the
small variations on the porosity.

In order to describe this multiphase system, it was used the combination of balance
equations, mechanical equilibrium equations (Eq. 29) and state equations (of the fluid,
skeleton and fluid transport). The state equations were represented with Darcy’s law and
the balance equations were represented with a conversation law for fluid mass (Eq. 30).

divg + (mg+mg).g = 0 (29)
omy _ 5(ps9) — —divw (30)
ot ot -

Where: & is the total stress; m, is the skeleton mass; mg is the fluid mass, which
is equal to the product of the fluid volume by the porosity (p fqb); w is the water content.

The total stress can be written with the poro-elasticity theory for a linear isotropic
media (Eq. 31):

&= tr(e). T+ 2.0~ b.p. T (31)

Where: & is the total stress; A, and u are the drained Lamé’s coefficients (first
coefficient and shear modulus); b is the Biot coefficient; p is the fluid pressure exerted
on the solid skeleton.

The elastic strain (&,) is written as (Eq. 32):

(32)

Ee = Etotal ~ Epl — Ecr — Etn

Where: £:,, is the total strain; &, is the plastic strain; ., is the creep strain; &
is the thermal strain.

According to the hypothesis of small variations on fluid mass and uniform porosity,
the volume variation of fluid mass can be written as follows (Eq. 33):

P _My = Mo (33)

vy = b.tr(e,) +
! M Pro

60




Where: M is the Biot modulus.

Assuming that the pressure is homogeneously exerted by the fluid, the Biot
modulus (M) characterizes the variations of fluid mass in a triaxial test with zero
volumetric deformation (Eq. 34):

1_b=¢, o (34)
M~ K, K

Where: ¢, is the initial porosity accessible by the fluid; K, is the compressive
modulus of the solid; K; is the isothermal compressive modulus of the fluid.

The effective stress (¢') may reach aa anisotropic state depending on the external
stress, which can be due to structural loading in the case of concrete structures.

2.2.3. PORO-MECHANICAL MODELS FOR SWELLING IN
CONCRETE STRUCTURES

In order to link the chemical models and mechanical models aforementioned, in
this section is presented the main poro-mechanical models which includes the swelling
reactions (e.g. AAR).

In order to numerically reproduce the AAR expansions, Dormieux et al. (2004)
proposed a model based in a micro-poro-mechanical framework, where the concrete is
divided in 3 different zones (Figure 2.34): i) the pores not filled with gel; ii) the pores filled
with gel; iii) solid matrix (solid skeleton).

The volume of gel increases until it fills the pores, then the swelling of the solid
matrix begins. Therefore, in order to use this model, it's necessary to establish the
elasticity of the material and to define its microstructure (shape and volume of the pores).
After, Lemarchand et al. (2005) enhanced this model through the addition of the kinetics
of the gel production based on the work of Larive (1998).

f.l[ i ‘[}z ]

Ps

Figure 2.34. Representation of the concrete in 3 zones (DORMIEUX et al.,
2004).
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Following the works of Capra & Sellier (2002), a poro-mechanical model was
proposed by Grimal et al. (2008), where a phenomenological model was coupled with a
damage model. The advancement of the reaction is calculated through the main
environmental parameters, which are the temperature and the saturation degree (as
shown in Eq. 7). Once the value of the advancement of the reaction (4) is determined
for a given time, the intrapore pressure of gel (F,) is then calculated as (Eq. 35):

Py = My.(A.Vy — (Ag.Vy + by. tr(£))) (39)

Where: M, is the Biot modulus which is responsible for the elastic interaction
between the gel and the solid matrix; V, is the maximum volume of gel that can be

created, which is calibrated by the user; A, is the threshold of the advancement of the
reaction, which the swelling begins; b, is the Biot coefficient of the gel; tr(¢) is the volume
created by the swelling strains; () is the Macaulay brackets.

The pressure of gel increases from a certain advancement and the state of
deformation of the material influences the evolution of the pressure. The volume of the
available pores to the expansion of the gel is then changed. In order to realistically
reproduce the behavior of the concrete structures, this chemical model was coupled with
a rheological model which takes into account creep, orthotropic damage and external
stresses. The model was validated through comparison with the experimental data
provided by Multon & Toutlemond (2006), which submitted AAR-affected concrete
specimens to stresses and confinement, and also by the experimental data provided by
Multon et al. (2005), which analyzed concrete beams subjected to AAR, under different
reinforcements distributions and water gradients.

Comi et al. (2009) proposed a poro-mechanical coupled to a chemo-thermo-
damage model. The gel pressure is calculated with the advancement of the reaction
which is described with the equations from Larive (1998). The anelastic effective stress
(a'") is then calculated as (Eq. 36):

oc"=5+ (B —-b).p.T (36)

Where: 7 is the external stress; p is the gel pressure; b is the Biot coefficient; £ is
a coefficient to link the pressure and the damage (f < b).

Two scalars allow to take into account two isotropic damages, one for tension and
other for compression. The hardening law allows producing an elastic domain in function
of the damages. The model was validated through comparison with the experimental
data provided by Multon & Toutlemond (2006), and after it was applied to two concrete
dams under AAR-degradation and the results were in very good agreement with the in-
situ measures of cracking.

Some years later, Charpin & Ehrlacher (2014) proposed a micro-poro-mechanical
model coupled with AAR orthotropic damage located in the ITZ and in the cement paste.
Thus, the concrete was discretized in 4 different zones: i) the cement paste; ii) Interfacial
transition zone (ITZ); iii) the attacked zone of the aggregate; iv) the unreacted aggregate.
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The gel is formed in the attacked zone of the aggregate and can spread into the
ITZ. The damage criteria are described by an energetic approach. Two phenomena are
possible, which are a decohesion between the aggregate and the ITZ and a cement
paste cracking. This model takes into account the effects of the stress in the swelling
anisotropy, and it was validated through comparison with the experimental data provided
by Multon & Toutlemond (2006).

In order to enhance the model developed by Grimal et al. (2008), Salgues et al.
(2014) proposed a model that could reproduce the concrete behavior under ISR (e.g.
AAR and DEF). The main difference in the intrapore pressure (P,.) calculation between
this model and the previous one, is the addition of the plastic strain (Eq. 37), calculated
through an anisotropic plastic criterion (Eq. 38) which depends on the effective stress in
the main direction.

Pape = Mype-(Vare — (Vo,are + bo- tr(e) + (1 — by)-tr(eP))) (37)

rgi rgi lim (38)

fi=(6"1—be" ")+ b"” " —b,”

Where: My, is the Biot modulus; V4, is the volume of the swelling product for a
given time; V, 4r¢ is the pore volume to be filled by the product to initiate the swelling; b,
is the Biot coefficient; tr(c) is the volume created by the swelling strains; tr(eP) is the
volume created by the plastic strains; p** is the maximum pressure acceptable by the
unconfined concrete; b, is a characteristic material parameter; () is the Macaulay
brackets.

If p'™ is overwhelmed, f; > 0 which implies that a plastic strain is propagated in
one direction until the criterion becomes zero (or negative) again. Therefore, a positive
hardening law allows calculating the corresponding plastic strain. The corresponding
damage is then calculated with the formula (Eq. 39) proposed by Capra & Sellier (2002).
This damage also affects on the strength and Young’s modulus of the concrete.

dar
aar _ aar _ % (39)

& & T F
i

Where: €48 is the swelling strain due to AAR in one direction i; 4% is the

characteristic swelling strain (fixed as 0.3%); d; is the damage due to the swelling in one
direction i.

Lastly, Morenon (2017) developed a poro-mechanical model to describe the
swelling of AAR and DEF. This model is coupled with a rheological model proposed by
Grimal et al. (2017). The full numerical implementation of these combined works can be
found in Sellier (2018). The model proposed by Morenon (2017) is described in the
Chapter 3 (Materials and Methods).
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CHAPTER 3

3. MATERIALS AND METHODS

In this chapter is presented an explanation of the models used to analyze the
chemo-mechanical behavior on AAR-affected concrete. The first part is a presentation
of the rheological scheme (Grimal et al., 2017) that couples all the following models
presented in this chapter. The second part is dedicated to describe the chemical model
proposed by Morenon (2017) which shows how the advancement of the reaction creates
a volume of gel, and such volume exerts an intrapore pressure in the solid skeleton.
However, in order to calculate this gel pressure, the user needs the creep and shrinkage
strains, and also the diffuse cracking produced by the gel (micro-plastic strains).

Therefore, the third part is dedicated to describe the creep and shrinkage models
proposed by Sellier et al. (2016), in order to obtain the associated strains. The fourth and
last part is dedicated to how those implementations were made in the software COMSOL
Multiphysics®, showing the main features used in the software to add the models
aforementioned.

3.1 RHEOLOGICAL SCHEME (GRIMAL et al., 2017)

As previously mentioned, the concrete behavior is modelled in the poro-
mechanical framework. The rheological scheme (Figure 3.1) couples the damage model
(Sellier et al., 2013), chemical model (Morenon, 2017) and the creep and shrinkage
models (Sellier et al., 2016), in order to consider the realistic interaction between ASR,
creep, shrinkage and damage.

In the Figure 3.1, F, is the pressure induced by AAR gel, B, is the equivalent
capillary pressure causing shrinkage in non-saturated conditions, ¢;; is the total stress,
a; is the effective stress in the sense of damage and ;' is the effective stress in the
sense of poro-mechanics.

The interstitial pressures (P, and P, ) are taken into account with a Biot coefficient

for both ASR (b,s-) and capillary pressure (b,,). The effective stress in the sense of
damage (G;) is then expressed as (Eq. 40):
(40)

~ ~ 1
Oij =0y — basr- Pasr — by Py

The effective stress increment in the sense of poro-mechanics is then calculated
as (Eq. 41):

(41)

&, = So. (6= &y — 20y — 01)
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Where: S, is the stiffness matrix; &, &,;, & and &, are the total strain increment,
plastic strain increment, creep strain increment and thermal strain increment,
respectively.

The total stress depends on the effective stress in the sense of damage (7;;) and

on the two scalar damage variables regarding the damage caused by ASR (diffuse
cracking - D,sr) and the damage caused by structural loading (Dgtc¢)- Therefore, the
total stress is written as (Eq. 42):

O'ij = (1 - DASR)- (1 - Dstruct)' 5-1'1' (42)

: Non-linear

7]

fension cracking

Shear crac kir.l.f

Swelling cracking ~|

I Solid skeleton | Interstitial phases

—— o — o ———— ————— -

Figure 3.1. Rheological scheme (GRIMAL et al., 2017).

3.2 CHEMICAL MODEL (MORENON, 2017)

The AAR is responsible for the appearance of newly formed phases in the porous
matrix of the concrete. The lack of space at their disposal quickly puts the solid skeleton
under pressure, which results in tensile stresses around the reactive sites (aggregates).
Therefore, the theory of poro-mechanics allows to take into account the influence of this
intrapore pressure on the solid skeleton of the concrete (MORENON, 2017). The physical
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phenomena responsible for the degradation of the mechanical behavior of ASR-affected concrete
structures can be listed as follows:

1) Creation of the ASR gel: A volume of intrapore swelling product (ASR gel) is
created by chemical reactions;

2) Creation of the intrapore pressure: When all the porosity volume around the
reactive site (silica aggregate) is filled with the reaction product, a intrapore pressure
is generated,

3) Diffuse cracking appearance: The intrapore pressure produces a tensile stress in
the cement paste, and basically, when the tensile strength is reached, diffuse cracks
appear,

4) Creep induced by the intrapore pressure: As the gel pressure is maintained over
time on the solid skeleton, creep will be generated;

5) Localized cracks appearance: When the concrete structure is subjected to
external loading, localized cracks may be generated, which will facilitate the
penetration of water and other pathologies agents (e.g. CO,), and such water may
accelerate or reactivate the swelling reaction (ASR).

According to Morenon (2017), the advancement of the reaction (4%°") is based
on the works of Poyet et al. (2006) and Grimal et al. (2008). The term A%™ ranges from
0 (before the reaction begins) to 1 (when the reaction is complete). The evolution of the
of the advancement is written as follows (Eq. 43):

SAasT 1
50 — a5 cTasr cw.asr (ST‘ _ Aasr>+ (43)
ref

Where: rgg; is the characteristic time (calibrated using a free swelling test); Sr is

the saturation degree; CT%" is the coefficient for temperature effect; C"'*" is the
coefficient for humidity effect.

The effect of temperature (C7*") is formulated with an Arrhenius’ law (Eq. 44),
as proposed by Ulm et al. (2000).

asr
CT,asr = exp _E . l_ 1 (44)
R '\T Ty

Where: E*" is the thermal activation energy (40.000 J/mol - Larive, 1997); T, is
the reference temperature (calibrated on the same test as Tﬁg}); R is the perfect gas

constant [8,1314 J/(mol.K)]; T is the temperature (Kelvin).

The effect of humidity (C'*") is evaluated by a potential law (Eq. 45), which can
describe the non-linear increase in the impact of humidity in ASR, specially the role of
the saturation degree.

Sr — Srth’ asr\ * : th, asr
cw.asr — 1 — Syrth asr lf Sr > Srt® (45)

0 if Sr < Srthasr
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Where: Srt" @57 s the saturation degree threshold which is the minimum saturation
degree to initiate the chemical reaction.

As a result of the chemical reactions, a volume of ASR gel (¢**"

a given time “t” (Eq. 46):

) is created for

T (6) = T AT (1) (46)

Where: ¢*"” is the maximum volume ratio of gel that can be created, which is
calibrated by the free swelling test (for the same condition as 77.%).

Next, on Table 1, there is a resume of the main material parameters used to
calculate the volume of ASR gel, as well as the values range, its unities and the
calibration tests required.

Table 1: Material parameters used to calculate the volume of gel (Morenon, 2017).

Parameter Signification R TEE M Unity Calibration test
laboratory tests
asr,o Maximum volume N —2 3/in3 .
0] ratio of ASR gel 0~10 m3/m Free swelling test
Trer Characte;lsslgc time of 0~ 200 days Free swelling test
Saturation degree Swelling test for
Srth.asr threshold to activate 0~0,1 - different hydric
ASR conditions
Reference oC
Trer temperature at which Temperature value -
the test is carried out
Activation energy for , Swelling test for
asr
E the kinetics of ASR 40.000 (Larive, 1997) | J/mol different temperature

The volume of ASR gel produced is used to calculate the intrapore pressure
(P,sr) induced by the swelling of the gel (Eq. 47). For each instant, the pressure is
calculated by the difference between the volume of ASR gel produced (¢p*") and the
available volume for the gel to permeate (¢Zsr :

P,
Pasr = Masr (6 = (0% (?) + bagr tr(e® + 6 + tr(eP AT )* (47)

I

Where: M, is the Biot modulus, which is responsible for the interaction between
ASR gel and cement matrix; b, is the Biot coefficient used to take into account the
increase in porosity volume due to the evolution of the intrapore pressure; ¢Zsr is the

available voids volume; Rf is the micro-tensile strength of the material; tr(e® + £°7) is
variation of the porosity due to concrete strain, and its composed by the trace of the
elastic strains (¢°) and creep strain (") of the cement matrix; tr(eP%") is the variation
of the porosity due to plastic strain, representing the volume of cracks produced by ASR
and assumed to be completely filled by ASR gel, and its composed by the trace of the
plastic strains (£7-%") of the cement matrix; ()* is the Macaulay bracket, which denotes
the positive part operator.
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The available volume for the permeation of the gel (¢, ) is influenced by many
factors, such as:

e Connected porosity;

e Increase or decrease in the volume of voids where the gel is formed (due to
elastic strains or creep of the cement matrix)

e Volume of the cracks created by the ASR.

The formation of the available volume for gel percolation is illustrated in the Figure
3.2.

P
| Gel ¢

T
For A" =constant Py > P, > Py

Figure 3.2. Strains effect on gel pressure (GRIMAL et al., 2017).

Next, on Table 2, there is a resume of the main material parameters used to

calculate the volume of ASR gel, as well as the values range, its unities and the
calibration tests required.

Table 2: Material parameters to calculate the intrapore pressure (Morenon, 2017).

P Range value in . . .
Parameter Signification laboratory tests Unity Calibration test

Volume of porosity
¢ . connected to the ~ 10% of ¢="

m3/m3 Free swelling test
reactive sites
bgsr Biot coefficient for ASR 0,1~0,25 - Restramtztitswelllng
Biot modulus for gel- .
M, matrix interaction 27.700 MPa Free swelling test

3.3 CREEP AND SHRINKAGE MODELS (SELLIER et al., 2016)
The poro-mechanical creep and shrinkage models can be summarized in a
rheological scheme (Figure 3.3) which contains two branches:

e Left branch — Solid skeleton: the elastic part (symbolized as a spring) is used
to model the instantaneous behavior. The Kelvin module (symbolized as spring
and a Newtonian dashpot in parallel) is used to model the reversible creep. The
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non-linear Maxwell module (symbolized as a Newtonian dashpot) is used to
model the permanent strains.

e Right branch — Interstitial phases: represents the effects of hydric forces
(capillary pressure and variation of disjoining forces) and also the pressure
generated by swelling products (e.g. AAR gel).

Total stress

Effective stress ] Interstitial stress

Elastic stram @ «» =

—
|

Kelvin strain— «» < 7 " le—+ Interstitial pressure

Maxwell strain > |7
Solid skeleton Interstitial phases

Figure 3.3. Idealized rheological scheme for poro-mechanical creep model
(SELLIER et al., 2016).

Although the concrete microstructure is not explicitly modelled, the constitutive
equations reflect the several underlying phenomena induced by concrete heterogeneity.
The viscous phenomenon is assumed to happen in the C-S-H interlayers, while the other
hydrates and aggregates are considered as non-viscous elements.

3.3.1 Permanent Creep — Maxwell Strain

The permanent creep is modeled with a Maxwell module (Figure 3.3) and it's
assumed to derive directly from the corresponding elastic strain components (£¥). The
proportionality between the creep velocity and the €F is supported by experimental data
which shows that multiaxial creep starts with relative strain velocities in different
directions (I) proportional to the £. Therefore, the Maxwell strain component (£}!) is
written as (Eq. 48):

o _ & (48)

ot 1!

Where: 7} is the characteristic time associated with the £¥; I is the eigenvalue to
represent the main directions.

The characteristic time is then expressed as a function (Eq. 49) of the reference
characteristic time (Tﬂ{,f), characterizing the initial material state, and also the
consolidation function (Cf). The Tﬂ{,f is a fitting parameter which is inversely proportional
to the initial creep velocity, under controlled conditions (temperature, humidity and

mechanical loading), and the Cf considers the non-linear dependence of the creep
potential on the loading rate.
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(49)

M__M_ ~C
T = Trep- ()

As the consolidation function is written as an anisotropic formulation (Eq. 50), it
considers the different consolidation velocities in the three main directions of creep. The
objective of the consolidation function is to consider the decrease of the creep strain
velocity with time without relying on the time variable itself.

1 1 &M
C _ I \+ (50)
C; —k.exp (k'(ef) >

Where: k is the creep coefficient for the same conditions as TrMef; ()t is the
Macaulay bracket which denotes the positive part operator.

The creep coefficient is affected by physical conditions such as temperature (T),
humidity (H) and mechanical loading (M), thus it can be expressed as (Eq. 51):

k = kyep. CT.CH.CM (517)

Where: k,.; is the reference creep coefficient; CT, CH" and CM are the functions
related to the influence of temperature, humidity and mechanical loading, respectively.

The reference creep coefficient is then written as (Eq. 52):

M
K = et (52)
ref — eE
ref

Where: sfef is the reference elastic strain which is a fitting parameter obtained for
a given loading level applied on experimental test; sﬂ{,f is the reference creep potential

which is a fitting parameter related to the creep function amplitude, and it's defined for
the same conditions as sfef.

The reference elastic strain is the immediate strain related to the creep test for a
loading of 30% (or less) of its compressive strength. In the case of real structures which
doesn’t have creep tests performed, this strain is often estimated as a ration between
the uniaxial compressive strength (R.) and the Young’s modulus (E), expressed as
follows (Eq. 53):

) (53)
re E

The function related to the influence of humidity (C*) is taken as equal to the
saturation degree (S,), written as (Eq. 54):

CH — Sr (54)

The function related to the influence of the temperature (CT) is taken as a product
of two functions (Eq. 55): the first is related to the influence of temperature in water
viscosity (CT) and the second is related to the influence of temperature in the differential
dilatation between non-viscous and viscous phases (Cg ).
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T =ch.cl (99)

The two functions CJ, and Cg are then written as Arrhenius laws as follows (Eq. 56
and Eq. 57):

A I N (56)
v R ' T Tref,creep
Ey (1 1 _
Cg _jexp —x <? - Tthr) if T > Tepy (57)
1 if T < Tepy

Where: EZ is the activation energy of water viscosity (=17000 J/mol); R is the
perfect gas constant [8.1314 J/(mol.K)]; T is the environment temperature; Tyef creep iS
the reference temperature for which the Tﬁ“ef is fitted; Ej is the activation energy for
differential dilatation between phases (=25000 J/mol); Ty, is the temperature threshold
(=45°C) for which the thermal damage appears and modifies the creep potential.

The function related to the influence of the mechanical loading (C") starts from 1
(for weakly loaded material) and diverges if the loading level reaches a critical value
causing tertiary creep, which is believed to occur only in cases of micro-structure
damage. Therefore, CM is associated an equivalent Drucker-Prager criterion, and it's
written as (Eq. 58):

o DP -, ;DP (58)

(M=——— ;1
Ccr
TgrP_TDP !

Where: 727 is the critical stress leading to tertiary creep; 7% is the Drucker-Prager
equivalent shear stress.

The two stresses (tP? and 72F) are then expressed as follows (Eq. 59 and Eq. 60):

0P _ /O‘D:O'D L s tr(o) (59)
2 3

P =%.(1—%) (60)

Where: o is the deviatoric part of the stresses tensor; tr(c¢)/3 is the hydrostatic
pressure § is the Drucker-Prager confinement coefficient; o, is the uniaxial critical stress
assumed as a compression.

The uniaxial critical stress is then written as (Eq. 61):

2 (X" 61
7o =3 (=) % (61)
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Where: R, is the uniaxial compressive strength; y™ which is a fitting parameter
responsible for the non-linear behavior when the specific creep amplification increases
with the loading rate.

Next, on Table 3, there is a resume of the main material parameters used to
calculate the reversible creep, as well as the values range and its unities.

Table 3: Material parameters to calculate the permanent creep (Sellier et al., 2016).

S Range value in .
Parameter Signification creep tests Unity
™M Reference characteristic time associated ~ 14 davs
ref with the Maxwell strain ~ y
E% Activation energy for water viscosity 17.000 J/mol
Eg Activation energy for differential dilatation 25 000 J/mol
between phases
. M .
Tyesoreen Reference temperat_ure for which the 7, is 20 oC
fitted
Temperature threshold for which the thermal
Tinr damage appears and modifies the creep 40 °C
potential
Fitting parameter responsible for the non-
M linear behavior when the specific creep 2 -
amplification increases with the loading rate.
er"ﬁf Reference creep coefficient 0,9.107* -

3.3.2 Reversible Creep — Kelvin Strain

The reversible creep is modeled with a Kelvin module (Figure 3.3) and the
asymptotic strain is assumed to be proportional to the elastic strain components (s’fj).
The directions ij correspond to the base in which the stress tensor is expressed.
Therefore, the Kelvin strain component (s{j-) is written as (Eq. 62):
de; _ 1 (i K> (62)

K\ K T Eu

ot X’

Where: 7¥ is the characteristic time associated with the sg-; sz is a fitting

parameter to control the kinetics modification, adjusting the final amplitude of the
reversible creep, and it's obtained through creep test with strain recovery.

The characteristic time associated with the reversible creep has its velocity
associated depends on the environmental condition, such as temperature — in the case
of water viscosity (CT) — and humidity (C*). Therefore, it can be expressed as (Eq. 63):

T = ok I (63)

Where: Tfef is the reference characteristic time associated with the 85 calibrated

for the same condition as 1.
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The authors (Sellier et al., 2016) have shown through experimental test database
that the value of the reversible creep (Kelvin strain) represents about 20 to 25% of the
elastic strain.

Next, on Table 4, there is a resume of the main material parameters used to
calculate the permanent creep, as well as the values range and its unities.

Table 4: Material parameters to calculate the reversible creep (Sellier ef al., 2016).

Parameter Signification REmE TEIE M Unity
creep tests
Fitting parameter to control the kinetics
1/0 modification, adjusting the final amplitude 4~5 -
of the reversible creep
K Reference characteristic time associated 0.70 davs
ref with the Kelvin strain : y

3.3.3 Shrinkage

The effects of intrapore water is modeled in a poro-mechanical framework because
the water molecules presented in nanoscopic interlayers cause attractive or repulsive
forces according to their environmental conditions (temperature, humidity and
mechanical loading), impacting on the macroscopic scale, as already explained in the
Chapter 2 (Literature Review). The hydric forces effects result in stress field
heterogeneity, and subsequently damage induced by this stress gradient, as illustrated
on the mesoscopic analyses presented in the Figure 3.4.

For the sake of simplicity, the different effects of water forces — capillary and
disjoining forces — were combined into a single equivalent capillary pressure (p,)
which depends on the stress state (as illustrated in the Figure 3.4). As the capillary
pressures will act when the conditions are unsaturated, a Van-Genuchten law was used
to describe the relation between p,, and the saturation degree (Eq. 64):

-1 (1-myg)
bw = —Mgpy- <Sr(m"g) - 1> (64)

Where: Mg, and m,,, are fitting parameters calibrated from the work of Baroghel-

Bouny et al. (1999) which controls the shape of the water retention curve, and their
values are 41 MPa and 0.5, respectively.

Morenon (2017) re-wrote the previous Van-Genuchten law as follows (Eqg. 65):
1\ (1=D)
o =a(1-5,09) (65)

Where: a and b are the fitting parameters calibrated from the work of Multon &
Toutlemond (2006), and their values are 25 MPa and 0.42, respectively.
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(1) Free shrinkage (2) Amplified shrinkage
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unable to transmit shrinkage transmitted verticall 2 ]ea(.lmg o
at macroscopic level a larger macroscopic shrinkage

vertically than horizontally

First principal stress scale
OMPa 4MPa

Figure 3.4. Stress field heterogeneity at meso-scopic scale and consequences in
terms of shrinkage forces transmission to macroscopic scale, for two conditions: (1)
free shrinkage and (2) shrinkage amplified by external mechanical loading (SELLIER
et al., 2016).

3.4 IMPLEMENTATION IN COMSOL®

The models previously shown in this chapter were implemented in COMSOL
Multiphysics® v. 5.5 (COMSOL AB, Stockholm, Sweden) a commercial multiphysics
simulation platform. Firstly, the geometries of the concrete specimens were constructed
by the graphic interface. The mechanical and chemical were realized by different models
in COMSOL. These models were implemented through equation based modelling and
they were transferred to different ordinary differential equations (ODEs) and combined
into the solid mechanics interface, which can be solved using the nonlinear solver
provided by COMSOL.

The Solid mechanics interface in COMSOL Multiphysics® is based on the standard
momentum balance equation (Eq. 66), and for simplicity, inertial effects were neglected
and displacements and strains were assumed to remain small (Eq. 67). Therefore, these
two equations are complemented by appropriate boundary conditions and a constitutive
law relating stresses and strains to complete the problem definition.

V.o+F, =0 (66)

&€= % (7u + vul) (67)
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Where: o is the stress tensor; F;, contains the body forces; ¢ is the strain tensor; u

are the displacements.

The results were analyzed using the post-processing functions provided by the
software and verified from decoupling tests.

3.4.1 Implementation of the Chemical Model

First, it is needed to define the general parameters (environmental parameters,
loading and time) and the model parameters. The definition of such parameters is shown
in the Figure 3.5 and Figure 3.6. The internal variables of the problem are shown in the
Figure 3.7. The advancement of the reaction (4%5") was implemented as a domain ODE,

and it's shown in the Figure 3.8.

Parameters
Label: Parameters - General

¥ Parameters

= Name Expression

Sr 0.99

il 273.15+25 [K]

R 8.1314 [J/(mol*K)]
Fy 5 [MPa]

Delta 0.1[d]

tf Delta*500

Value Description

0.99 Saturation Degree
298.15K Temperature

8.1314 J/(molK) ' Perfect Gas Constant
5E6 Pa Pressure applied on test
8640 s Timestep

4.32E6 5 Total time

Figure 3.5. General parameters — environmental conditions, loading and total
time of simulation.

Parameters

Label: Parameters - Chemical model

¥ Parameters

= Name Expression
tau_ref 50*24*3600(s]
Sr_th 0.1

T_ref 38+273.15[K]
E_asr 40000[J)/mol]
phi_inf Se-3

M_asr 27700[MPa]
b_asr 0.25

h_asr 0.03

Value Description

4.32E6 5 Characteristic time of ASR

0.1 Saturation degree threshold to activate ASR

311.15K Reference temperature for Free Swelling Test calibration
40000 J/mol Activation energy for ASR

0.005 Maximum volume ratio of ASR gel

2.77E10 Pa Biot Modulus for ASR gel-cement matrix interaction
0.25 Biot Coefficient for ASR

0.03

plastic hardening law ratio

Figure 3.6. Chemical model parameters.
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Variables

Label: Variables - Chemical model =

Geometric Entity Selection

Geometric entity level: | Entire model %
¥ Variables

»

Name Expression Unit Description

€T exp(-E_ast/R*(1/T-1/T_ref)) Coefficient of temperature effect

cw ((Sr-Sr_th)/(1-Sr_th))*2*(Sr>Sr_th)+0*(Sr<=Sr_th) Coefficient of humidity effect

phi_asr phi_inf*A_asr Volume ratio of ASR gel

phi_availa... 0.1*phi_asr Volume of porosity connected to the reactive sites (available void...

Rt_micro Rt+(h_asr+material.E) Pa Evolution of the micro tensile strength

Figure 3.7. Internal variables of the chemical model.

Label: A_asr 5]
¥ Global Equations

f(UugUe,t) =0, u(ty) = ug, ulty)=ue

2 Name f(u,ut,uttt) (1/s) Initial value (u Initial Description
A_asr d(A_asr,t)-((CT*CW)/tau_ref)*(abs(Sr-A_asr)*(A_asr<=Sr)+0*(A_asr>Sr)) |0 0 Advancement of the Reaction
0 0
S EHeEh
Name:
A_asr
f(u,ut,utt,t) (1/s):

d(A_asr,t)-((CT*CW)/tau_ref)*(abs(Sr-A_asr)*(A_asr<=5r)+0*(A_asr>Sr))

Figure 3.8. Advancement of the reaction written as a domain ODE.

3.4.2 Implementation of the Shrinkage Model

The definition of the general parameters (Figure 3.5) is the same as before. The

model parameters are shown in Figure 3.9, the internal variables of the model are shown
in Figure 3.10. The capillary pressure (shrinkage stress) was applied as a pore-pressure
(Figure 3.11), regarding the poro-mechanical theory, using the External Stress subnode
which allows the user to specify an additional stress contribution to the material which is
not part of the constitutive relation. The external stress can be added to the total stress
tensor, or act only as an extra load contribution. When the Pore Pressure option is
selected, there is no contribution to the stress tensor and the only effect of the pressure
is as a load.
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(5]
I

tets

Param

Label: Parameters - Shrinkage model

Parameters
Marme Expression Value Description
b_w 'I]IES 0.25 | Biot coefficient for water
bshr 042 oA [Hittvig parieter b" - Wntiesiichien Iy
sihe  (ShiMial (AatE Fa [fitting parameter "a" - Van-Genuchten law
Figure 3.9. Shrinkage model parameters.
‘Variakbles
Label: Variable - Shrinkage model Ei
Geometric Entity Selection
Geometric entity level: i__EH;E.irE model v-i
(==
* Variables
L1 *
Marne Expression Unit Descripticn
Evy | bw(a_she'(1-5r(1-(1/b_she)“(1-bshr))  Pa |Capillary Presure

Figure 3.10. Internal variables of the shrinkage model.

External Stress

Label: Shrinkage and Capillary Pressure (Pw)
I Domain Selection

[~ Owerricde and Contributian

« Equation

Show equation assuming:

! Study 1, Tirme Dependent -

0=V F(S+ JFigeeFT) +Fy

l- Coordinate System Selection

w* External Stress

Stress input:

| Stress tensor (Spatial) - :

External stress tenzor:

Ty Pw My em®
| lsotropic i :

Contribution type:

Enad_cunt_ributidn only

Figure 3.11

. Capillary pressure (shrinkage stress).
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3.4.3 Implementation of the Creep Model

The definition of the general parameters (Figure 3.5) is the same as before. First,
it's presented the implementation of the Maxwell module (permanent creep) and after it's
presented the implementation of the Kelvin module (reversible creep). Both strains were
applied using the External Strain subnode which allows the user to provide inelastic
strain contributions to the material on a variety of formats, including using external coded
functions. For both modules (Maxwell and Kelvin), the external coded functions were
implemented as ODEs to calculate the strains components in the main directions (aj =
a1, az) regarding the 2D application.

MAXWELL MODULE (PERMANENT CREEP):

The model parameters are shown in Figure 3.12, the internal variables of the model
are shown in Figure 3.13. The internal variables for the function to consider the non-
linearity dependence on loading levels are shown in Figure 3.14. The coded function
(ODE) to calculate the Maxwell strain is presented in Figure 3.15 (discretization) and
Figure 3.16 (code), and the main components used as External Strain are shown in
Figure 3.17.

Parameters

Label Parameters - Maxwell model -E
* Parameters

b

Mame Expression Value Description

strain_ref M | 10e-5 1E-4 | Reference Creep Potential (Creep Strain for a loading used to determine th..
Eaw 17000 [J;‘mu:ul.] 117000 J/mol Activation Energy for water wiscosity

Eap ESD{'JG[meoI] ?_SG{HII J'_."r_'nol :_A_c_tivati_on Er_1r:r_gj_; for differential dilatation between phases

Trefc 273.15+20 [K] 29315 K i Reference Temperature for creep

Tthr (27315+45[K] | 31845K Temperature threshold

tauliref | 15%24*3600 [.5] | 1.296E6 5 | _Reference Charactenistic Time for Maxwell Model

Figure 3.12. Maxwell module parameters.
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Variables

Label Variables - Maxwell model (Perrnanent Creep)

Geometric Entity Selection

Geornetric entity level: | _ Entire model -
* ‘Vanables
. MName Expression Unit  Description
tauM'I 'taL.iMref*CU s Characteristic tlme assomated w|th the Maxwell stram component ['I 1)
tauMZ taque‘F"‘CC.E -s- "Characterlshc time assouated W|th the Maxwell strain component (22)
CC1 (Uk)*exp('l,fk*ahs(Ga'I/sohd eel'l'l)] [ :Consolldatmn Functmn ('I'I)
CCP_ (1s'k]*acp('lx'k*abs(GaE/sahd eel22)) - | Canselidation F Functmn 22
stram ref E | (Re/3)/material B . | Reference Elastic Strain {coresponding to the loading level used to define... '
kref  strain_ref | M"stram _ref B | | Reference [reeﬁtﬁe.fﬁ-c-iéﬁt. A o o
k Href CT_maxwel FCHCM | | Creep Coefficient
CH St | |Influence of the Humidity (Hurmidity Function)
CT maxwell | C'Tw*CTp . "I-r'1fll;.||.=_.|:|.ce-c't'f 1.:};;2"i'g;r;'ﬁe.rle;{:ure.'fl'l-'e;r'l'peratL.lré.F.Lllnction)
Clw exp( anfli*t‘l IT- 'Ifl'refc]) [ ulnfluence of Temperature on Water ‘u‘lsc05|ty
CTp Exp( Eap/R*(1/T- 1,"I'thr))*('|'>'|'thr}+1*('|’< Tthrj [ [ Inﬂuence Df Temperature on Creep Potentlal
CM !TEUTPP,—F,"/ﬁé”—DP—C',— -Tau_DR} Influence of the Mechamcal Loading (SpEC|ﬂc Creep Amplification Funct...

Figure 3.13. Internal variables of the Maxwell module.

Varigbles

Label: Variable - Function for the non-linearity dependance on loading

(il

Geometric Entity Selection

Geometric entity level; | Entire model

¥ ‘Variables

i Marme Exprgssion Unit Description
_'I:au:DlFl’_lcr ;l(Sig_r_”pa_lgr{ls_grt.(_S]]"U —l(Coef:DlP;'stquth;!]J_” ) | Pa = !;ritic-al Stress Iel,adinlg to tertiar}f creep
Tau__DR ;5(_:|rt(50|id.|l25,.’2+ e;_:l_s_)+ Cu:ref__DP*soIid.I‘Is,.’E _I'WmZ _Equixr_aler_'l!‘. Drucker—Pr__a_g_er ;hear stress

Figure 3.14. Internal variables of the function to consider the non-linearity
dependance on loading level.
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Domain ©0Es and DAES

Label:  Maxwell Model |E|
Mame: Ga

Domain Selection
“ o Units
~ Discretization
Shape function type:
| Discontinuous Lagrange - |
Element order:
| Quadratic - |
Value type when using splitting of complex variables:
| Complex - |
Frame:
| Spatial v

¥ Dependent Variables

Field name: Ma

MNumber of dependent variables: 2

Dependent variables: Mall

Figure 3.15. Discretization of the Maxwell module applied as an ODE.

Distributed GDE

Label: Maxwell model

I Domain Selection

I Override and Contribution
¥ Equation

Show equation assurning:

| Study 1, Time Dependent

&u Su _
eaﬂti +da5t B

u =[Mal1, Maz2|"

~ Source Term
solid.eel 11/ tauh1
solid.eel22/tauM2

~ Damping or Mass Coefficient

1
1]

d,

~ Mass Coefficient

1]
o

€5

Figure 3.16. Coded function of the Maxwell module applied as an ODE.
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External Sirain
Label:  External Strain - Maxwell model

Domain Selection
Override and Contribution
* Equation
Show equation assuming:
| Study_ 1, _'!:!-me Bégen d.e_r_j.t.
Finel = FetFing|

Model Input

Coordinate System Selection
v External Strain

Strain input:
;S-tréin.i-:.ensor
Strain tensorn:
€oq | User defined
Mat1
0

Figure 3.17. Maxwell strains applied External Strain.

KELVIN MODULE (REVERSIBLE CREEP):

Ma22

The model parameters are shown in Figure 3.18, the internal variables of the model
are shown in Figure 3.19. The coded function (ODE) to calculate the Kelvin strain is
presented in Figure 3.20 (discretization) and Figure 3.21 (code), and the main
components used as External Strain are shown in Figure 3.22.

Parameters

Label: Parameters - Kelvin model

* Parameters
e
Name Expression Value Description
t_aulf_:ref 52*24*3&?{} [s] 'I _.?ZEES s | Rt_afe_ren_ce C_hargc__teristic T|rr_1_g_fu_[ _Ma__xw_'e!l M_odel
Psik 4

Figure 3.18. Kelvin module parameters.
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Variables

Lakel: Wariables - Kelvin model (Reversible Creep) |E

Geornetric Entity Selection

Geometric entity level: | Entire model ~|
~ \Variables
(1] . " Lt
Mame Expression Unit Description
tauk | taukrefCTw CH |5 | Characteristic time associated with the Kelvin strain component

Figure 3.19. Internal variables of the Kelvin module.

Demain ODEs and.DAES
Label:  Kelvin Model =]
MName: Ka

Domain Selection
I Units
= Discretization
Shape function type:
| Discontinuous Lagrange i |
Element order
! Quadratic x|
Value type when using splitting of complex variables:
|_Gamptex - |
Frame:
| Spatial -

* Dependent Variables

Field name: Ka
Mumber of dependent variables: 2

Dependent variables: Kall
Kaz2

Figure 3.20. Discretization of the Kelvin module applied as an ODE.
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Distributed CBE
Label: Kelvin model

[ Domain Selection

I Qverride and Contribution

I+ Equation

¥ Source Term
___(solid.eel‘l'IfPsiK—Ka‘I‘I];’tauK
(solid.eel22/Psik- I_(a?_?_],r‘tauK

¥ Damping or Mass Coefficient

1

ds
0

¥ Mass Coefficient

0
€s
0

Figure 3.21. Coded function of the Maxwell module applied as an ODE.

wternal 5

(nit]

Label: External Strain - Kel\rin rmodel
i Domain Selection

I Override and Contribution

* Equation

Show equation assuming:

o

]

I_ study 1, Time Dependent

1 e
Iﬁnel_P FE*TFinEI

Foxt =1 + £apr

Moclel Input
Coordinate System Selection
= External Strain

Strain input:

| Strain tensor

Strain tenson

€oxe | User defined

Figure 3.22. Maxwell strains applied External Strain.




CHAPTER 4

4. RESULTS AND DISCUSSION

In this chapter is presented the main simulations and the respective results of the
models separately. The implementation in COMSOL was done by two different types of
calibration: theoretical and experimental.

First, is presented the theoretical evolution of the advancement of the reaction in a
parametric study, comparing with the results shown by Morenon (2017).

The second part is dedicated to present the results of the creep model. First is
presented the theoretical behavior of a concrete specimen subjected to a loading,
followed by unloading, compared to the theoretical behavior shown by Mehta & Monteiro
(2014) — see Figure 2.26. Next, the creep model was compared to the numerical
benchmark shown by Sellier et al. (2016), which is focused in the comparison with
experimental data found in the literature. An advantage of this procedure is the fact that
the parameters were already calibrated by the developer of the model.

For the sake of simplicity, the chemical model was evaluated through simulations
in a 0-D framework, and for the creep model, the simulations were done in a 2-D
framework.

4.1 RESULTS OF THE CHEMICAL MODEL

In order to evaluate the implementation of the chemical model in COMSOL
Multiphysics®, it was analyzed the evolution of the advancement of the reaction (4%5"),
the main vector in the chemical model to produce a volume of gel (Morenon, 2017). It
was done a parametric study regarding to the influence of the three main parameters
which influences on the advancement of the reaction: (i) characteristic time (z757); (ii)

temperature (T); (iii) saturation degree (Sr). The main material parameters are available
in Table 1.

This first approach was modeled in a 0-D framework, without explicitly modeling a
material such as concrete. Actually, the material is substituted by a point, and the
chemical response is observed regardless of the material behavior. It was done in a way
to analyze and validate the chemical model only.

In the Figure 4.1, it's presented the parametric study on the characteristic time
(t7ef), Which this material parameter was set in 50, 100, 150 and 200 days. The
saturation degree was set in 100% and the temperature was set in 38° C. The evolution
of A% is in very good agreement with the results shown by Morenon (2017).

In the Figure 4.2, it's presented the parametric study on the temperature (T'), which
this environmental parameter was set in 10, 20, 30 and 40° C. The saturation degree
was set in 100% and the characteristic time was set in 50 days. The evolution of A% is
in very good agreement with the results shown by Morenon (2017).
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In the Figure 4.3, it's presented the parametric study on the saturation degree (Sr),
which this environmental parameter was set in 25, 50, 75 and 100%. The temperature
was set in 38° C and the characteristic time was set in 50 days. The evolution of A%" is
slower than shown by Morenon (2017). This discrepancy can be due to an alteration of
the parameters presented by Morenon, because the curves for the same parameters
(St =100%, T = 38°C, t/.; = 50 days) don't match, as seen in Figure 4.4.

1.1

Advancement of the reaction (4as7)

-t ref=50d

-t ref=100d
==t _ref=150d

t ref=200d

(Mor.) t_ref=50d
a (Mor)t ref=100d
o (Mor.)t_ref =150 df

o (Mor)t ref=200d

Fixed parameters:
sr=1,00

T=38°C

100 200 300 400 500 600 700
Time (days)

Figure 4.1. Effects of the characteristic time over the advancement of the
reaction — comparison with the results shown by Morenon (2017).

11

Advancement of the reaction (44s7)

—T=10°C

A|===T=20°C

=T =30°C

T=40"C

(Mor) T=10°C
e (Mor)T=20°C

o (Mor)T=30°C

>

(Mor.) T=40°C

Fixed parameters:
trer = 50 days

sr=1,00

100 200 300 400 500 600 700
Time (days)

Figure 4.2. Effects of the temperature over the advancement of the reaction —

comparison with the results shown by Morenon (2017).
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Advancement of the reaction (4%s7)

=51 = 0,25 (t=50d)
—=Sr = 0,50 (t=50d)
== Sr = 0,75 (t=50d)

Sr=1,00 (t=50d)

A

a (Mor.) Sr=0,25

(Mor.) Sr=0,50

(Mor.) Sr=0,75

o

(Mor.) Sr=1,00

Fixed parameters:

Trer = 50 days

T=38"C

300 400 500

Time (days)

600 700

Figure 4.3. Effects of the saturation degree over the advancement of the reaction
— comparison with the results shown by Morenon (2017).

Advancement of the reaction (4%*")

11

¥

0.9

0.5

0.7

0.6

0.5

0.4

0.3

»

0.2

21

= = «{lMor.) t_ref=>50d

= = {Mor) 5r="100

Fixed parameters:

T=238"¢C
Ty = 5Cdaye
Sr =.L00

200 300 400

Time (days)

100

500 G600 700

Figure 4.4. Difference of the evolution of the advancement of the reaction for the
same main parameters, shown by Morenon (2017).
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4.2 RESULTS OF THE CREEP MODEL

In order to evaluate the implementation of the creep model in COMSOL
Multiphysics®, it was necessary to simulate the creep tests performed by Kim et al. (2005)
and Ladaoui ef al. (2013). Sellier et al. (2013) calibrated the main material parameters
and compared the results of their model with the experimental data, and the results
presented were in very good agreement.

Multiaxial creep test:

The tests performed by Kim et al. (2005) consist of multiaxial creep tests of 27
cubic concrete specimens (200mm x 200mm x 200mm) with different strengths (26, 44
and 54 MPa), and the creep strains were measured in three principal directions. The
tests were divided in uniaxial compression, biaxial compression and triaxial compression.
For the sake of simplicity, the numerical simulation was performed only for uniaxial and
biaxial compression, as the simulation was done in a 2-D framework.

The geometry and boundary conditions of the simulation are presented in Figure
4.5, for both uniaxial (Figure 4.5 b) and biaxial compression (Figure 4.5 c). The test was
performed for three different types of concrete (C1, C2 and C3) which had different
material parameters. The loading scenarios varied for each type of concrete and also for
uniaxial (U1 and U2) and biaxial compression (B1, B2 and B3). Next, on Table 5, it's
presented the loading configuration for each scenario and type of concrete.

a) 200 mm b) % o
(— 111111 | 111111
-
] |- &=
E En |.' ¢=]G;£
= &=
& ‘—} . [ &=
£
) AAdidaA L w il
—»y =222 22 02 AAAAA

Figure 4.5. (a) Geometry of the problem; (b) Boundary conditions for uniaxial
compression; (c) Boundary conditions for biaxial compression.

Table 5: Loading scenarios for the multiaxial creep tests by Kim et al. (2005).

Concrete Uniaxial Compression Biaxial Compression
Type U1 (MPa) U2 (MPa) B1 (MPa) B2 (MPa) B3 (MPa)
C1 G,=49 0,=9.8 0‘;’ :5‘;38 00”’ 3 ,’36 aa,,l 3 ,136
c2 0, =735 0,=98 o~ 7135} o 72392 o s 29,7984
c3 0,=9,8 0,=1225 (gl’ z 19 ,'986 o'(j,l y :39,7982 ?11==132:§§
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Next, on Table 6, there is a resume of the calibrated parameters used to simulate
the creep tests performed by Kim et al. (2005).

Table 6: Main material parameters to simulate the multiaxial creep tests performed by
Kim et al. (2005).

Concrete Type Parameter Value Unity

Rc 26 MPa

E 24.010 MPa
v 0,18 -

Tref 2 days

C1 Tror 15 days
ngef 10.9’5 -
Y- 4 -
Erer 211.e® -

Rc 441 MPa

E 29.841 MPa
v 0,18 -

Tref 2 days

C2 Tyer 15 days
Erer 9.6 -
s 4 -
ek, i 246.e° =

Rc 54,3 MPa

E 34.006 MPa
v 0,18 -

Tier 3 days

C3 [ 20 days
Erer 7,5 -
P~ 4 -
Erer 288.e° -

The results for the uniaxial compression for concrete C1, C2 and C3 are presented
in the Figure 4.6, Figure 4.7 and Figure 4.8, respectively. The maximum discrepancy
between the simulation and experimental results is approximately 10%, which is
considered satisfactory for numerical simulation of experimental benchmark.

The results for the biaxial compression for concrete C1, C2 and C3 are presented
in the Figure 4.9, Figure 4.10 and Figure 4.11, respectively. The maximum discrepancy
was approximately 13%, very close to the one found in uniaxial compression
comparison.

The discrepancy observed on the results of the strain g; — parallel to the load g, —
was higher than observed on the strain g;;, — parallel to the load gy;. It can be inferred that
higher loads induces to higher discrepancy, as g, was 2.5 and 5 times higher than g;;.
Also it can be seen that the discrepancy is higher for longer periods of time, as the creep
strain increases with time.
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Figure 4.6. Evolution of the total strain for concrete type C1 under uniaxial

compression.
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Figure 4.7. Evolution of the total strain for concrete type C2 under uniaxial

compression.
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Figure 4.8. Evolution of the total strain for concrete type C3 under uniaxial

compression.
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Figure 4.9. Evolution of the total strain for concrete
compression.
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Figure 4.11. Evolution of the total strain for concrete type C3 under biaxial

compression.

Uniaxial creep test in different temperatures conditions:

The tests performed by Ladaoui et al. (2013) consist in a uniaxial creep test in
different temperature conditions of 24 cylindrical specimens (220mm x 110mm) of high
performance concrete (HPC), with 86 MPa of compressive strength and 45 MPa of
Young’s modulus. The creep strains were measured in the principal direction (direction
of the loading). After one year of curing, an uniaxial compression stress of 26 MPa was
applied for specimens under 20, 50 and 80°C. For the sake of simplicity, the numerical
simulation was performed only for uniaxial and biaxial compression, because it was done
in a 2D-axisymetric framework. The geometry and boundary conditions of the simulation

are presented in Figure 4.12.
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Figure 4.12. (a) Geometry of the problem; (b) Boundary conditions for uniaxial
compression.

Next, on Table 7, there is a resume of the calibrated parameters used to simulate
the creep tests performed by Ladaoui et al. (2013).

Table 7: Main material parameters to simulate the creep tests performed by Ladaoui et

al. (2013).
Parameter Value Unity
Rc 86 MPa
E (T=20°C) 34.800 MPa
E (T=50°C) 41.600 MPa
E (T=80°C) 45.450 MPa
v 0,28 -
E} 23.700 J/mol
Tyer 5 days
Trer 10 days
Erer 55.6° -
P 5 -
Erer 590.e° -

The influence of the temperature in the creep tests can be visualized through the
results of the simulation for the temperatures of 20, 50 and 80 °C. The results are
presented in Figure 4.13. The experimental results for the temperature of 80°C after 56
days were not given due to a malfunction in the strain measurer, because the high
temperature condition lead to a failure on the electric parts of the measurer.

The curves for 20° e 50°C presents higher discrepancy for longer periods of time,
as expected regarding the results for multiaxial creep test. The maximum discrepancy
was approximately 6% which can be considered in a very good agreement with the

experimental benchmark.

In the other hand, the curves for 80°C already presents discrepancy of
approximately 5% already at the early days (56 days). If the experimental results were
available, it would be possible to check if the maximum discrepancy overtime would be
much higher than the ones calculated for the curves of the other temperature conditions.
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Figure 4.13. Evolution of the total strain for the different temperatures in the

creep test performed by Ladaoui et al. (2013).
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CHAPTER 5

5. CONCLUSIONS AND SUGGESTION FOR FUTURE WORKS

In this chapter is discussed the main conclusions about the results presented on
the previous chapter, and also about the limitations of the work. At the end, some
suggestions and perspectives are presented in order to serve as a guideline for the next
works in this same subject.

Analyzing the results, both chemical and creep models seems to work properly
well, with low error values for numerical simulations. The method to compare the
simulation results with the experimental benchmark - proposed by the developers of the
models — guarantees that the implementation of such models in COMSOL Multiphysics®
was a success.

Although such models require a huge number of material parameters that must be
calibrated by the user. The values of those parameters can be found in the papers
published by the developers of the models, but to implement in a real concrete structure
assessment, there must be done a careful investigation over the structure. If those
models are used still in the design phase of such structures, a parametric study is
necessary to verify the variation in the mechanical response due to the variation of such
material parameters.

First, as the reader was capable to observe, the chemical and creep model were
not coupled. The attempts to do this result in numerical instability regarding time. The
author was not capable to verify the reason behind it, neither identify which condition
must be satisfied in order to do this.

Secondly, the pressure of the gel was not calculated, because to do so is
necessary the creep strains and also the diffuse cracking (micro-plastic cracks) in order
to generate this intrapore pressure.

Thirdly, the shrinkage model was not resulting in any significant strain, therefore it
was not even compared to any experimental benchmark. Probably is due to the
increment on the effective stress, which formulation in COMSOL Multiphysics® seems to
be different from the formulation proposed by Sellier et al. (2016). More tests must be
done to look carefully how to reproduce shrinkage in concrete materials.

Finally, to fully reproduce a concrete structure subjected to AAR, is necessary to
implement a coupled chemo-creep-damage model. The author tried to use the isotropic
damage model proposed by Gasch & Ansell (2016), which was already developed in
COMSOL Multiphysics® (Damage subnode for elastic materials). The creep model
somehow doesn’t converge with the damage model, mostly because numerical instability
over time due to plastic strains interacting with creep strains. A lot of effort was put on
the resolution of this problem, but no significant results were achieved.

Therefore, the next works in this subject must have as the principal aim the
coupling of such models, comparing with numerical and experimental benchmark, firstly
in a 2D approach for the sake of simplicity, and once the numerical stability is reached,
the models must be tested in a 3D framework. The first approach on more complex
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simulations regarding AAR-affected concrete structures must verify the experimental and
numerical benchmark, found in the works of Morenon (2017) and Sellier (2018).

The author of this work is currently working on the execution of subnodes for
COMSOL, using the Model Builder tool in order to pre-set the equations and set of
parameters, making them available for all users in an easy way, regarding all the careful
measures which are necessary to use such models.
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